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Introduccion

1.1 Formacién y evolucion de galaxias

El estudio de cédmo las galaxias se forman y evolucionan ngsopciona informacién esencial
acerca de la creacion y evolucion del Universo mismo. Eahdti galaxias locales y con alto
desplazamiento al rojo nos encontramos en una situacigiegiada para analizar su evolucion
a través del tiempo, lo que nos permite recomponer las p@elapuzzle para comprender el
Universo desde su nacimiento hasta hoy.

Histéricamente, dos escenarios se han propuesto paraaXpk propiedades de las galaxias
observadas en el Universo local.colapso monoliticGEggen et al. 1962; Arimoto & Yoshii 1987;
Bressan et al. 1994) & modelo jerarquico de fusiones de galax{@somre 1977; White & Rees
1978; White & Frenk 1991).

En el colapso monolitico, los sistemas esferoidales sediorem una época muy temprana
del Universo como resultado del colapso de gas primordglide de un estallido de formacion
estelar. Desde ese momento evolucionan de forma pasivalhagtoca actual. La formacion es-
telar sucede en todas partes y el gas enriquecido en mejaéese eyecta al medio interestelar en
los ultimos estadios de la evolucion de las estrellas, cam leh centro de la galaxia. La mayor
parte del gas se transforma en estrellas por el colapsdagmrial y el resto es expulsado por su-
pernovas, explicando asi la poca cantidad de gas que sengéracer las galaxias de tipo temprano
(Es).

Por otro lado, en el escenario jerarquico, las estructui@s pequeiias como las galaxias
enanas, son los primeros sistemas que se forman, despapsaropara construir estructuras mas
grandes como son las galaxias masivas o los cumulos. Lasméssgque dan lugar a la formacion
de galaxias masivas pueden ser, dependiendo de si lasagafawigenitoras son ricas en gas o
no, de dos tiposusiones humedas y seq&aber et al. 2007). En el primer tipo, la colision entre
galaxias ricas en gas provoca nuevos eventos de formadiéiaregue dan lugar a una galaxia
con una poblacion estelar distinta de la de sus progenitoras la fusion, si la formacion estelar
esta activa, consume la mayor parte del gas y el restantepessado de la galaxia a través de
vientos galacticos. Las fusiones secas consisten en lanfule galaxias pobres en gas, como
consequencia las poblaciones estelares sblo se mezcldardugar a nuevas estrellas. Estos dos
tipos de fusiones consiguen reproducir las propiedadesraddas en galaxias locales. Debido
a gue las fusiones son mas probables a alto desplazamierdm,ala mayoria de las fusiones
tuvieron su ultimo evento de formacion estelar hace ya mtiehtpo, lo que explica el color rojo
de las galaxias elipticas en comparacion con los sistem@gadardio. Dado que las fusiones se
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2 1. Introduccion

producen preferentemente en regiones de alta densidaakycésapsan antes, el modelo jerarquico
también predice una dependencia de las poblaciones estelam la masa y el entorno, de forma
gue se espera que las galaxias mas masivas sean las masasetdis que se encuentran en
regiones densas presenten poblaciones estelares m&s vieja

El acuerdo entre el modelo jerarquico y el modelo cosmotbgie materia oscura fria
(ACDM) ha propiciado que este escenario sea el mecanismomadam de galaxias mas acep-
tado. Ademas es capaz de reproducir tanto la distribucitnam gscala de las galaxias como la
distribucion general de las estructuras observadas enebfcosmico de microondas.

El modelo cosmolégico de materia oscura fria y energia as¢uCDM) se basa en que
la materia baridénica que observamos, que son las partiquagorman el gas, las estrellas, el
polvo, etc., sélo representa e¥bde la masa total del Universo, lo que significa que €r9te la
materia no es luminosa. Esta gran cantidad de materia desdarse divide en materia oscura fria
(CDM) y energia oscura\(). La CDM representa el 25 de la masa total del Universo y consiste
en particulas no barionicas que so6lo interaccionan a trdeda gravedad. Estas particulas son
necesarias para explicar las curvas de rotacion de las@skspirales y el movimiento relativo de
las galaxias dentro de los cimulos. EI%@estante, la energia oscura, es necesaria para explicar la
expansion del Universo. En este modelo cosmolodic®M, las simulaciones numéricas predicen
la formacion y evolucion del Universo a través de la fusiomakes de materia oscura que actian
como anclas de la materia luminosa. Esta materia lumindapsamas tarde como consecuencia
de las inestabilidades gravitacionales que genera la imatsura.

El analisis detallado de las propiedades de las galaxias @nieerso local han aportado
nuevas evidencias de como las galaxias se forman y evolrtion

e En vez de tratarse de los objetos mas viejos del Universopamprincipio sugiere el
modelo jerarquico, las galaxias enanas quiescentes paesgoblaciones estelares que en
ocasiones son mas jovenes que las de las elipticas gigaatgsof ejemplo Mateo 1998;
Grebel et al. 2003; Michielsen et al. 2008; Koleva et al. Z2)0Esto sugiere que el proceso
evolutivo de las galaxias sufre un efectodi®vnsizing Este efecto implica que la masa de
las galaxias es el parametro que determina la evoluciéotgaasiendo las galaxias de baja
masa las que presentan historias de formacion estelar neérsdada en el tiempo que las
galaxias masivas (Cowie et al. 1996; Gavazzi et al. 1996eBas al. 2001; Caldwell et al.
2003; Nelan et al. 2005; Bundy et al. 2006). A pesar de quessgdancia no esta en contra
del modelo jerarquico, ha propiciado que el colapso manolituelva a considerarse.

e Se ha obsevado una segregacion morfolégica en la distbibda las galaxias: las galaxias
enanas de tipo temprano dominan la poblacién de galaxiasmeunlos y las galaxias de tipo
tardio dominan en el campo (ver por ejemplo Dressler 198tgdaili et al. 1988; Ferguson
& Binggeli 1994). Esta segregacion sugiere que el entoeretuna gran influencia en la
formacion y/o evolucién de las galaxias.

e Las simulaciones que se enmarcan en el escenario de fusiéaqujea predicen una funcion
de luminosidad (nimero de galaxias por intervalo de madhitoucho mas pronunciada
gue la observada, por lo tanto el nimero de galaxias enarsasvallas es mucho menor
gue el esperado por estos modelos. Este hecho se conocétmmissing satellite problem
(Kauffmann et al. 1993; Mateo 1998; Moore et al. 1999; SimoG&ha 2007).



1.1 Formacion y evolucion de galaxias 3

e Los modelos semi-analiticos de De Lucia et al. (2006), l@desuse basan en el escenario
de fusion jerarquica, encuentran que, mientras que lagigalmasivas de primeros tipos se
pueden formar a través de un numero finito de fusiones, lasigalelipticas enanas tienen
una probabilidad nula de ser el resultado de un evento dérfusi

1.1.1 Galaxias enanas

Para poder comprobar los diferentes mecanismos de formgadolucion de galaxias, las ga-
laxias enanas se han convertido en un objetivo importaatgug, ademas de ser la poblacion
dominante del Universo (Ferguson & Binggeli 1994), su bagsany su pozo de potencial poco
profundo nos ayudan a entender el papel de la masa y el ergartzoevolucion galactica. Para
comprender la importancia de la masa en los mecanismosdigie generan a las galaxias, lograr
el régimen de baja luminosidad que alcanzan las galaxiasmeryacomparar sus propiedades con
las de las galaxias mas masivas, nos da una visiéon Unicaalefesto. Su pozo de potencial poco
profundo las convierte en sistemas facilmente perturlsgie el entorno, por lo tanto, si la den-
sidad del medio en el que se encuentran juega algun papelfemsacion y evolucion, entonces,
las galaxias enanas seran los objetos mas afectados. Adexpé&sraciones de galaxias enanas
enfocadas especificamente en la busqueda de sistemasesstelaluminosidades en los limites
de deteccion, son esenciales para resolvetigsing satellite problem

Trabajos anteriores basados en el estudio de estos sistei@ass han encontrado impor-
tantes similitudes en las propiedades estructurales dglagias enanas con formacion estelar y
guiescentes en el Universo cercano. Por ejemplo, ambaaqioiés de objetos tienen perfiles de
luminosidad exponenciales (Lin & Faber 1983; Binggeli etl&i84; Ferrarese et al. 2006). Este
hecho sugiere que las elipticas enanas son el resultadopdedi@a del gas y posterior trunca-
miento de la formacion estelar en galaxias de baja lumiadsittas en gas. Varios escenarios se
han propuesto para explicar esta transformacion a pargaldias enanas de los ultimos tipos.

El escenario mas simple consiste en considerar que la Bxtidel gas, y por lo tanto el
enrojeciemiento de las galaxias, sucede a través de pst#emos. Las explosiones de super-
nova que se producen en una galaxia como consecuencia dduaién estelar es el mecanismo
mas facil para barrer el gas interestelar (ver por ejempkhiY@& Arimoto 1987). Otro procedi-
miento posible es a través de los siguientes episodios dafidn estelar que agotan el gas de la
galaxia (Davies & Phillipps 1988). Estos mecanismos soapeddientes del entorno en el que se
encuentran las galaxias.

El entorno donde habitan las galaxias puede alterar tantdgipariencia de las mismas (un
resumen de los efectos del entorno sobre la evolucion dealagigs puede verse en Boselli &
Gavazzi 2006)Starvationes un fenomeno tipico del entorno: en una regién densa la ciid
material necesario para alimentar la formacion de estrebadetiene, de forma que una vez que
el gas frio se consume, la galaxia se hace méas ténue (Larabri®80). Existen dos mecanismos
puramente ambientales que estan en algida discugabaxy harassmenb acoso entre galaxias,
y ram-pressure strippingpérdida de gas como consecuencia de la presion de chogesdan
al entrar la galaxia en un medio intergalactico denso. Eniglgr escenario las galaxias enanas
se ven afectadas por multiples interacciones con galaxdesas y como consecuencia sufren
una transformacién completa convirtiéndose en enanagpaléstinprano (Moore et al. 1998). Este
proceso requiere que las galaxias estén ubicadas en regionele el nimero de vecinos sea
muy elevado, como sucede en el centro de los cumulos (Méstiret al. 2005). Simulaciones
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recientes han demostrado que las galaxias enanas con fomestelar que estan entrando ahora
en los cumulos practicamente no van a sufrir ningarassmentLos Unicos casos que podran
dar lugar a una eliptica enana son aquellos que adquiera@rbita con un apocentro pequefio

(< 250 kpc). Sin embargo, estas o6rbitas son muy improbablesgmaxias que estén cayendo
ahora debido al profundo pozo de potencial del cimulo (Setith. 2010). Por otro lado, en el
escenario deam-pressure strippingel gas de las galaxias enanas que entran en el camulo es
extirpado parando de forma abrupta la formacidn estelanas escalas de tiempo muy cortgs (

150 millones de afos), pero este proceso no afecta al moraegtdar de la galaxia (Boselli et al.
2008a).

En resumen, el estudio de las galaxias de primeros tipos jesriamte para entender la
formacion y evolucion de las galaxias en general. Al ser l@gmon dominante en cimulos, nos
ofrecen una vision privilegiada sobre los efectos del extoy como el estar rodeado de muchas
otras galaxias afecta a su evolucion. Ademas, el estudiosipablaciones estelares aporta una
informacion crucial acerca de cuando se formaron y como haln@onado.

1.2 Obijetivos del trabajo

Este trabajo pretende proporcionar nuevos conocimientm®das galaxias enanas y gigantes de
primeros tipos situadas en diferentes entornos. Estasaiidasqiones de galaxias han sido elegidas
por las siguientes razones:

e El estudio de galaxias elipticas masivas es un método exegbara analizar los modelos
monolitico y jerarquico de formacion de galaxias, ya quesntias que la fusion jerarquica
de sistemas predice que las regiones de mayor densidadssgundaolapsan primero y se
fusionan mas rapidamente (Thomas et al. 2005; Renzini 2@0&plapso monolitico no
depende de la densidad del medio. Por lo tanto, el estudiasdedblaciones estelares de
galaxias masivas situadas en diferentes entornos nosatanadion acerca de la escala de
tiempo de su formacion y de su dependencia con la densidadzisé donde habitan. Un
procedimiento eficaz, y casi inexplorado, para analizasesscalas de tiempo es el estudio
de las abundancias quimicas presentes en las galaxiaseyjagydiferentes elementos se
producen en escalas de tiempo distintas actuando asi ctojesreosmoldgicos.

e Las galaxias enanas son los candidatos perfectos parseestgafectos del entorno sobre la
evolucién galactica debido a que su pozo de potencial esgrofando, lo que las convierte
en objetos facilmente perturbables por cualquier tipo teraacion.

e La comparacion entre elipticas masivas y enanas es espacd@atomprobar del escenario
de fusiones jerarquicas. Si las galaxias enanas fuerorolustituyentes originales de las
galaxias mas masivas entonces uno esperaria que ambasiquédatuviesen propiedades
similares, siendo entonces las galaxias enanas la coritdgpa baja luminosidad de las
gigantes.

Para abordar estos estudios hemos dividido la tesis ergo®estes apartados:
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En el Capitulo 3 se describen las propiedades basicas dalasag de primeros tipos y
hacemos una introduccion a los diferentes métodos utdzpdra su estudio. Explicamos la infor-
macion fotométrica y espectroscopica que se puede obtem@otiservacion de galaxias elipticas,
presentando sus problemas y soluciones, asi como lasa&d&jealizar estudios espectrofoto-
métricos para obtener una vision mas completa de las pragesde estas galaxias. Este Capitulo
describe los conocimientos necesarios para analizarigalenasivas y enanas con los métodos
empleados en los Capitulos 5y 6. En el Capitulo 4 se preskEstd&erramientas utilizadas en los
estudios de espectros de objetos de los primeros tiposearados por lineas de absorcion. Este
Capitulo esté dedicado a la presentacion de la biblioteetae$MILES. El objetivo de este Capi-
tulo es resumir el papel que las bibliotecas estelares jagarualquier estudio espectroscopico,
haciendo especial hincapié en los puntos fuertes y déb@ldasdbibliotecas estelares empiricas
actualmente disponibles. Aunque no fui parte del equipo &8 en el momento en que se de-
finio el proyecto, tuve la oportunidad de participar en ébaés de mi colaboracion en el segundo
articulo de MILES (Cenarro et al. 2007). Este Capitulo 4 teancon una descripcion de mi con-
tribucion a la biblioteca estelar MILES y la importancia duetenido, como herramienta, en el
desarrollo de esta tesis.

Los Capitulos 5 y 6 presentan el andlisis de una muestra d&igslelipticas masivas y
enanas. Los resultados cientificos que se encuentran en@epitulos han sido publicados en
diferentes articulos en revistas con arbitro.

El Capitulo 5 presenta una nueva técnica para analizar tedabgias de carbono y nitrégeno
en los sistemas de lineas de absorcién. Hemos utilizadaipoera vez un indice espectroscopico
gue mide Unicamente abundancias de N y nos ha ayudado ardésenas contribuciones de C
y N en galaxias masivas de tipo temprano localizadas eredifes entornos (en los cimulos de
Comay Virgo, y en el campo). Este método lo hemos utilizada patudiar el modelo jerarquico
de formacion de galaxias, para ello hemos buscado difeeeailas historias de formacion estelar
de galaxias ubicadas en regiones de densidad distintablsasvaciones, la reduccion y el andlisis
de estos datos los he realizado yo misma con la ayuda de latocesidel articulo Toloba et al.
(2009b). El Capitulo 4 también incluye un resumen de lodtedos presentados en Serven et al.
(2010), donde soy coautora. Este estudio posterior fuevadiipor los resultados encontrados en
Toloba et al. (2009b), y pretende ahondar en las conclusiobienidas a través de la comparacion
de los datos con una serie de modelos desarrollados espexfite para ese fin.

El Capitulo 6 presenta el estudio espectrofotométrico @enmmestra de galaxias enanas de
primeros tipos (dEs) localizadas principalmente en el darde Virgo. En este Capitulo pretende-
mos comprobar si las galaxias elipticas enanas son la pantida a baja luminosidad de la mas
masivas, esto implica que las dEs se formaron y evoluciorgguiendo la fusion jerarquica, o si,
por el contrario, se trata de objetos que han tenido su pagpiono evolutivo y la Unica caracte-
ristica en comuan con las galaxias gigantes es que a simpdeprissentan un aspecto muy similar.
Para comprobar la hipotesis de fusion jerarquica en estextonhemos realizado un estudio muy
detallado de las caracteristicas fotométricas y espedipisas de dEs en Virgo. En primer lugar,
hemos hecho un analisis de su contenido estelar basado ewvaxtisnes espectroscopicas a baja
resolucion. Los resultados de este primer estudio fuertigagos en Michielsen et al. (2008),
donde soy coautora. Todo el andlisis posterior se ha realizsando espectroscopia de resolucion
intermedia que he observado, analizado y reducido, estamiation la hemos combinado con una
serie de parametros fotométricos en diferentes bandasaue galculado. El estudio cinematico
de la muestra de dEs ha incluido el desarrollo de simulasideeMonte-Carlo para comprobar la
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calidad de las medidas. Tanto los perfiles de rotacion contbisgpersion de velocidades han sido
publicados en (Toloba et al. 2011). Al final de este articuemy(Toloba et al. 2009a) profundi-
zamos en las caracteristicas cinematicas de galaxiassedamimeros tipos combinandolas con
parametros fotométricos y compararandolas con eliptieesvars y galaxias espirales. Por altimo,
en este Capitulo se incluye el estudio que estamos desadolsobre las relaciones de escala de
las galaxias enanas en comparacion con elipticas masivas.

Los dos ultimos Capitulos, el 8 y el 9, presentan las cormhes obtenidas de los estudios
realizados en los Capitulos 5y 6 y el trabajo futuro que set@éa Debido a la naturaleza de esta
tesis, donde se han estudiado de forma independiente dadraside galaxias masivas y enanas
de primeros tipos, las conclusiones se dividen en dos padda una dedicada especificamente a
la descripcion de los principales resultados y conclusiaienidas para cada muestra. Después
hemos incluido unas conclusiones finales integrando legliest anteriores anteriores en el con-
texto general del estudio de la formacion y evolucion dexjaga que es el objetivo principal de
esta tesis.

El trabajo futuro descrito en el Capitulo 9 discute los pobgga corto y largo plazo que estoy
actualmente desarrollando, que tengo previsto realizamefuturo cercano y que se proponen
como un reto para el futuro de los grandes telescopios.



Introduction

2.1 Formation and evolution of galaxies

The study of how galaxies form and evolve provides us esseanformation about the creation
and evolution of the Universe itself. Studying high-redistind local galaxies we have a privileged
look at the Universe as a function of time that enables usderable the pieces of the puzzle that
lead to the understanding of the Universe from its birth ttago

Historically, two main scenarios have been proposed toagxphe properties of the galax-
ies observed in the local Universe: the so-calednolithic collapse moddEggen et al. 1962;
Arimoto & Yoshii 1987; Bressan et al. 1994) and thierarchical merging modg[Toomre 1977,
White & Rees 1978; White & Frenk 1991).

In the monolithic collapse scenario, spheroids form at & warly epoch as a result of a
primordial cloud collapse followed by a starburst, and thassively evolve to the present epoch.
The star formation processes occur everywhere in the galastyhe metal-enriched gas, expelled
in the last stages of the stellar evolution, falls towarasadanter of the galaxy. Most of the gas is
transformed into stars by the gravitational collapse apdist is expelled by supernovae, explain-
ing the low gas content found in early-type galaxies (ES).

On the other hand, in the hierarchical scenario, small siras, like dwarf galaxies, are
the first systems formed, and later they collapse to builgelastructures like massive galaxies or
clusters. The mergers that lead to the formation of massilaxges can be, depending on whether
the galaxies are gas-rich or not, of two type®t and dry merger@aber et al. 2007). In the former
type, the collision between gas-rich galaxies triggers pgents of star formation generating a
galaxy with a stellar population content distinct from it®genitors. After the merger, if any
star formation is ongoing, it consumes the gas while the neimgiis expelled from the galaxy via
galactic winds. The latter type of mergers consists of teefuof gas-poor galaxies and the stellar
populations are just mixed, without new stars being formitese two types of mergers are able
to reproduce the observed appearance of the local galdxiesto the fact that mergers were more
probable at high redshift, most merger remnants have hadaisestar formation event long ago,
which explains the redder colours of the elliptical galaxie comparison with late-type systems.
Since mergers occur preferentially in high density regiemg these dense environments collapse
earlier, the hierarchical scenario also predicts a depealef the stellar populations on mass and
environment, expecting more massive galaxies to be moralinetind galaxies inhabiting dense
clusters to present older stellar populations.

Since it agrees with the Lambda-Cold Dark Matt&COM) cosmological paradigm, this

7
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hierarchical scenario became the most accepted formagchamism. It reproduces both the large
scale distribution of galaxies and the general distributibstructures observationally detected in
the cosmic microwave background.

This ACDM model is based on the fact that the baryonic matter thatlygerve, the ordinary
particles that builds the gas, stars, dust, etc., compossthe 5% of the total mass of the Uni-
verse, which means that 9bof the matter is non-luminous. This enormous fraction ofnown
matter is divided in cold dark matter (CDM) and dark energjy. (The CDM represents the 250f
the total mass of the Universe and consists on non-baryamtecles, thus they are collisionless,
interacting only through gravity. These dark particlesrageded to explain the rotation curves of
spiral galaxies and the relative motion of the galaxieswithusters. The remaining 78 the dark
energy, is required to explain the accelerating expanditimeoUniverse although its nature is yet
unknown. In thisA\CDM context, numerical simulations predict the formatiowl @volution of the
Universe through the creation and merging of dark mattevdsathat are the anchors of the lumi-
nous matter which, as a consequence, collapse followingrénétational instabilities generated
by the dark matter.

Detailed analyses of the properties of galaxies in the I0caverse have provided new evi-
dences of how galaxies form and evolve:

e Instead of being the oldest objects of the Universe as, imcjpie, suggested by the hi-
erarchical scenario, dwarf quiescent galaxies exhibiestpopulations that sometimes are
younger than those of giant ellipticals (e.g., Mateo 199&u@l et al. 2003; Michielsen et al.
2008; Koleva et al. 2009a) which suggesthavnsizingeffect in the evolutionary process of
galaxies. This downsizing implies that it is the mass of thkagjes the parameter that drives
galaxy evolution, being low-mass galaxies those with stamftion histories more extended
than massive galaxies (Cowie et al. 1996; Gavazzi et al.;1838¢€elli et al. 2001; Caldwell
et al. 2003; Nelan et al. 2005; Bundy et al. 2006). Although @vidence is not contrary to
the hierarchical scenario, it has led to a reconsideratidineomonolithic collapse.

e A morphology segregation has also been observed, beind dedy-type galaxies the main
population of clusters and late-type galaxies those dotnig¢he field (e.g., Dressler 1980;
Binggeli et al. 1988; Ferguson & Binggeli 1994). This se@ttémn suggests that the envi-
ronment highly influences the formation and/or the evolubbgalaxies.

e The simulations under the hierarchical merging scenagdipt a luminosity function (num-
ber of galaxies per magnitude bin) much steeper than olisamadly found, therefore the
number of observed dwarf galaxies is much lower than thag¢ebgoal from the models. This
fact is calledhe missing satellite proble(auffmann et al. 1993; Mateo 1998; Moore et al.
1999; Simon & Geha 2007).

¢ In the semi-analytic models of De Lucia et al. (2006), basedhe hierarchical merging
scenario, it is found that whereas massive early-type gedavan be formed through a finite
number of mergers, dwarf elliptical galaxies have a nulbatality of being the result of a
merging event.
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2.1.1 Dwarf galaxies

In order to test the different mechanisms of galaxy formmadad evolution, dwarf galaxies are,
therefore, an excellent target of study as suggested bywillerees described above since, apart
from being the dominant population of the Universe (Fergu&dinggeli 1994), their low mass
and shallow potential well provide the clues to understdmedrole of the mass and the environ-
ment in galaxy evolution. To comprehend the importance®htlass of the galaxies in the physical
mechanisms that originate them, achieving the low lumigasgime of dwarf galaxies and com-
paring their properties with those of more massive galagiess us a unique insight of this effect.
Their shallow potential well make them fragile systemslggsrturbed by the environment, thus
if the density of the area where galaxies are located playsaa on their formation and evolu-
tion, then, dwarf galaxies are expected to be the most affedbjects. Moreover, surveys of dwarf
galaxies, specifically seeking for the lowest luminosityadfs, are essential to solve the missing
satellite problem.

Previous works based on the study of these dwarf systemsfband strong similarities
in the structural properties of star-forming and quiesckwarf galaxies in the nearby Universe.
For instance, both of them have similar exponential ligltfipes (Lin & Faber 1983; Binggeli
et al. 1984; Ferrarese et al. 2006). This fact suggests thatf etllipticals are the result of gas
removal and subsequent suppression of star formation migakw-luminosity galaxies. Several
scenarios have been proposed to explain this transformftm late-type to early-type dwarfs.

The simplest scenario consists of just considering the vahf the gas through internal
processes and, hence, the fading of the galaxies. The siyaeerplosions that occur in a galaxy
as a consequence of the stellar evolution is the easiestamisoh to sweep away the interestellar
gas (e.g., Yoshii & Arimoto 1987). Another plausible progeglis through the subsequent episodes
of star formation that exhausts the gaseous content of aygébavies & Phillipps 1988). These
mechanisms are independent from the environment whereathgigs are located.

External perturbations induced by the hostile environnrenthich galaxies evolve can also
alter the appearance of a galaxy (for a review of the effefdissoenvironment on galaxy evolution
see Boselli & Gavazzi 2006) Starvationis a typical environmental phenomenon: in a dense
region the infall of fresh material needed to feed star faromas stopped, thus, once the cold gas
reservoir of the galaxy is consumed, the galaxy fades (lrees@l. 1980). There exist two more
fully environmental mechanisms that are widely debatedauays:galaxy harassmergndram-
pressure strippingln the former scenario dwarf galaxies are perturbed vidiplalgalaxy-galaxy
interactions suffering a complete transformation into arlyetype galaxy (Moore et al. 1998). In
order to be affected, this process requires that galaxiss lpelocated in regions of high density of
neighbours, like in the center of clusters (MastropietraleR005). More recent simulations have
probed that new star-forming dwarfs infalling in a clusteperience from little to no harassment
processes. As a consequence, the transformation to dwaptiical galaxies does not occur unless
the dwarf star-forming galaxy acquires an orbit with a snagibcentric distance<( 250 kpc).
However, such orbits are highly improbable for newly infajl galaxies due to the deep potential
well of the cluster (Smith et al. 2010). On the other handhimram-pressure stripping scenario,
the gas of the dwarf galaxies that enter the cluster is blomayaguenching their star formation
in short time scales<{ 150 Myr) but conserving the angular momentum of the progeigalaxy
(Boselli et al. 2008a).
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To summarise, the study of early-type galaxies is an impodpproach to disentangle the
formation and evolution of galaxies since, as they are theidating population in clusters, they
provide a privileged insight into the effect of the envircamh, and how being surrounded by many
other galaxies affect their evolution. Furthermore, thelgtof their stellar populations yields
crucial information about when they were formed and how tieye evolved.

2.2 Aims of this work

This work is devoted to provide new insights into the studgwérf and giant early-type galaxies
in different environments. Those populations have beesamdor the following reasons:

e The study of massive elliptical galaxies is an excellentrapgh to test the monolithic and
hierarchical scenarios. Due to the fact that the hieraathieerging scenario predicts, in
contrast to the monolithic collapse, that those regioné wie highest density of material
collapse earlier and merge more rapidly (Thomas et al. 2R65zini 2006). Therefore, the
study of the stellar populations of massive galaxies latataifferent environments gives
us information about the time scale of their formation aisddiépendence on density. An
efficient and almost not explored procedure to analyse tiegescales is to study the abun-
dances of the chemical species present in the galaxiesctinsfiace the different elements
are produced in different time scales, they can act as cagiwal clocks of the galaxy
evolution.

e Being fragile objects due to their shallow potential wells easily perturbed by any kind
of interactions, dwarf galaxies are ideal candidates tdysthe effects of the environment
on galaxy evolution.

e The comparison between Es and dEs is essential as a finaf tast loierarchical merging
scenario. If dwarf galaxies were the building blocks of morassive galaxies then one
would expect them to have similar properties as giant gatalieing in this sense their low
luminosity counterparts.

To develop these topics, this thesis has been arranged@asdgol

In Chapter 3 we describe the basic properties of early-tgtexges and an introduction to the
different methods used to study them. | explain separakelyphotometric and spectroscopic in-
formation that can be obtained from the observation of &t galaxies, presenting the problems
and successes in each case as well as the advantages ainpegfepectrophotometric studies that
combine both regimes to give a deeper insight in the pragsedf these galaxies. This Chapter
establishes the necessary knowledge to develop the studgssive and dwarf early-type galaxies
performed in Chapters 5 and 6, whereas in Chapter 4 | presergssential tools to analyse any
absorption features that characterise the early-typdrspddhis Chapter is devoted to the presenta-
tion of the MILES stellar library. The objective of this Chapis to summarise the role that stellar
libraries play in any spectroscopic study, giving speamphlasis to the usual strengths and weak-
nesses of the empirical stellar libraries available in cangon with other methods to accomplish
the same analysis, such as theoretical stellar librarié#tiog functions. Although | was not part
of the MILES team when it was defined and observed, | had thertypity to participate in the
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project through my collaboration to the second paper of ithray (Cenarro et al. 2007). There-
fore, this Chapter 4 finishes with a description of my conitiin to the MILES stellar library and
the importance that it has had, as a tool, in the developniehisathesis.

Chapters 5 and 6 contain the scientific analysis of a sampieaskive elliptical galaxies
and of dwarf early-types. The scientific results found hagerbpublished in different papers in
refereed journals.

Chapter 5introduces a new technique to analyse carbon tandem abundances in absorption-
line systems. The usage of an index that measures purely dlabues has been used for the first
time to disentangle C and N abundances in early-type galda@ted in different environments
(Coma and Virgo clusters and in the field), which has alsodtelps to test the hierarchical merg-
ing scenario looking for differences in the star formatiaostdéries of galaxies located in areas of
different density. The observations, data reduction aralyars of these data was performed by
myself guided by the coauthors of the paper that resulted tias study (Toloba et al. 2009b).
Also in Chapter 5 | include a summary of the results preseim&rven et al. (2010), where | am
coauthor. This posterior study was motivated by the regoiliisd in Toloba et al. (2009b) with the
aim of further investigating them with the help of modelsa@peally developed for that goal.

Chapter 6 consists of a spectrophotometric study of a saofl&s mainly inhabiting the
Virgo cluster. This Chapter is aimed to test if dwarf ellgati galaxies are the low luminosity exten-
sion of more massive early-types, in such a case dEs weretbamd evolved in the hierarchical
merging cosmology, or, on the contrary, they were objeds llave had their own evolving path
and the only common characteristic with the bigger earpetgalaxies was their similar appear-
ance. To test the hierarchical merging scenario in thisecdnwe have performed a very detailed
study of the photometric and spectroscopic charactesisticlEs in Virgo. Firstly, we made an
analysis of their stellar content based on low-resolutibseovations. The results were published
in Michielsen et al. (2008), where | am coauthor. From thismpa@ll the analysis was done using
medium-resolution spectroscopic data that | observedicetiand analysed and photometric data
in different bands where | measured all the necessary paeasnavolved in the study presented
here. Secondly, we made a kinematic study that we improveelalging Monte-Carlo simulations
in order to test the quality of the data in our hands and tdoéistatheir limitations. The kinematic
profiles of the sample of galaxies and these simulations webdished in (Toloba et al. 2011).
At the end of this paper and in (Toloba et al. 2009a) we dig th® kinematic characteristics
of dwarf early-type galaxies combining them with some phwtric parameters and comparing
the observed results with massive ellipticals and spirbges. Finally, in this Chapter | include
the study that we are about to finish about the scaling relatad dwarf early-type galaxies in
comparison with massive ellipticals.

The last two Chapters, numbered 8 and 9, present the cooictugbtained from the studies
of Chapters 5 and 6 and the future perspectives of this wornlke 1 the nature of this thesis,
where we have studied independently two samples of massivelwarf early-type galaxies, the
conclusions are divided in two parts, each one specificalyoted to the description of the main
results and conclusions obtained for each sample. To tharae summaries, we have included a
final remarks where we integrate all the previous conclissioithe general context of the study of
the formation and evolution of galaxies, which is the maialgd this thesis.

The future work described in Chapter 9 discuss the immediadeong-term projects that |
am currently developing, that | have planned to accomphsh mearby future and that | propose
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to perform as a challenge for the next era of large telescopes



Early-type galaxies

Este Capitulo pretende ser una introduccion general afliestie las galaxias de primeros tipos.

Después de una breve discusién sobre el descubrimienttodeobgetos y sus propiedades basicas,
he detallado los diferentes métodos de estudio aplicaddrizamente al andlisis de galaxias

elipticas, desde los estudios fotométricos a los espedipaos.

He diferenciado entre dos grupos de técnicas de estudioribhepgrupo cuyo objetivo es
analizar el contenido estelar de las galaxias, es deciedages, metalicidades, si la mayor parte
de las estrellas son jovenes, viejas, etc., y un segundo gnfpcado al analisis de los parametros
estructurales de las galaxias, es decir, aquellos que ae paacipalmente en la forma matematica
gue describe el perfil de brillo superficial de las galaxiagy@ son el radio efectivo, la magnitud
absoluta, brillo superficial efectivo.

Para cada método presentado en este Capitulo, ademas dbidescqué consiste y qué
informacion se puede sacar de él, he intentado resumirag@sictual del método en concreto, es
decir, cuéles han sido los avances mas novedosos en esadtirec

Debido a que las galaxias enanas de primeros tipos son tambjétos caracterizados por
espectros de lineas de absorcion, los métodos descritagayalaxias masivas pueden aplicarse
igualmente a estos sistemas de bajo brillo superficial. Yul & mas, de su comparacién entre
gigantes y enanas es posible extraer informacion muy eadosrca de la formacion y evolucion
de galaxias que pone restricciones importantes a los n®detmmoldgicos.

La ultima Seccion de este Capitulo hace un resumen del esfoealizado por diferentes
investigadores por analizar las galaxias enanas y dejgabmuchas preguntas, algunas de ellas
son las que se han intentado dar respuesta en este trabagisle t
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3.1 Definition

On 1749 the first early-type galaxy was observed by Le GeviBR. This galaxy, a companion of
Andromeda (M31), is the nearest early-type galaxy andhatrteason, also the brightest elliptical
galaxy in the sky. However, it was not until 1926 that EdwinbHle introduced the concept of
elliptical galaxy. The so-called 'Hubble Sequence’ is &fshaped diagram where different types
of galaxies are defined according to their morphologicakapgnce (see Figure 3.1). Two main
groups of galaxies were introduced by Hubble, a possibleigea from one to another provoked
the definition ofearly-typesandlate-types The early-type galaxie®llipticalsandlenticularg are
designated with an E or SO plus a number (e.g., EO, E3, E7d#sribes the flattening of the
galaxy, being EO nearly spherical and E7 remarkably flatteibe late-type galaxiesgiralsand
irregulars) are divided in two groups: those with and without bars. Ehsgiral galaxies without
bars are called Sa, Sb and so on. This sequence is in degeadar of importance of the bulge
in relation to the disk of the galaxy. The barred late-typkagjas are categorized as SBa, SBb and
so on according to the importance of the bar.

Of the total baryonic mass of the local Universe ellipticalaxies represent the22%,
a fraction amounting te-75% when all spheroids are considered (i.e., including SO atélisp
bulges). On the other hand, disks contribute orB5% and dwarfs are an irrelevant fraction in
mass (Fukugita et al. 1998). However, when the number okgeas considered instead of the
mass, dwarfs are by far the dominant objects (Ferguson &d&ing 994, see Figure 3.2). The
range in masses covered by the family of elliptical galagiess from dwarfs{/ ~ 10°M.) to
cD galaxies {4/ ~ 10'3M.) and they are characterised by an ellipsoidal shape, remlicoin
comparison to late-type galaxies (Tinsley 1978; Aarons®#8), almost purely stellar absorption-
line spectra and a low content of dust and gas. These spbeaxogd in addition, preferentially
found in clusters (Dressler 1980; Sandage et al. 1985; Berg& Binggeli 1994; Blanton et al.
2005; Croton et al. 2005) and the massive ones follow a dedtdears surface brightness profile,
also calledR!/* law due to the typical radial behaviour.

All these characteristics have favored the common use olfy*®&gpe” to refer to red galaxies
or galaxies with absorption spectra rather than only to fitiseor SO's (ellipsoids). However,
samples selected using only one criterion (morphologytsper colours) do not fully overlap (see
Table 3.1). This fact was found by Bernardi et al. (2006), whtected~123,000 galaxies with
14.5< rpy < 17.75 {pet, the Petrosian ratio, is defined as the ratio of the locabserbrightness
in an annulus of radius to the mean surface brightness within that same radius t@aet al.
2001) and 0.004& z < 0.08 from the Sloan Digital Sky Survey (SDSS, York et al. 20D@ta
Release 1 (DR1, Abazajian et al. 2003). Adopting in turnsphology, spectra and colour criteria
for early-type galaxies, the number of Es fulfilling eacheamibn is different in each case, as it can
be seen in the diagonal numbers of Table 3.1 from Bernardi €@06). Out of the diagonal are
the fractions of galaxies that satisfy two criteria. Forrexée, out of the colour selected Es,’%8
satisfy also the morphological selection. This emphagize$act that when the term "early-type”
is used it must be specified the selection criterion used.



3.1 Definition 15

E3 E7

Sd-Sm
Sc
Normal Spirals
Sb
Sa ?

S0

E0
O ® - o

SBO
Ellipticals e

SBbh
SBa
SBc
Barred Spirals
SBd-SBm

SBc

Figure 3.1: Hubble tunning-fork diagram. In the upper diagram it is sh@adrawing scheme of the classification of
the galaxies. In the lower diagram, some examples of reakggs are plotted for comparison.

| [ MOR | COL | SPE |

MOR | 37151 70% | 81%
COL | 58% | 44618| 87%
SPE | 55% | 70% | 55134

Table 3.1: Morphology versus colour versus spectrum-selected satam Bernardi et al. (2006).
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The different mass bins are derived from the best-fit masstifums of Baldry et al. (2004).
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Figure 3.3: Figure from Visvanathan & Sandage (1977). It shows the tigbs of the colour-magnitude diagram for
all the galaxies in their sample as well as how closely both&@M@ Es follow the relation. The ridge line is the best fit
solution for Virgo galaxies, and the boundary lines arg-2t in the colour residuals.

3.2 Stellar content

The study of the stellar content of galaxies provides infation about their formation and evolu-
tion. Analysing the colours or the absorption line featyressent in their integrated spectra using
the techniques described below, gives us the age and royadli the dominant stellar population
of the galaxy, two key parameters to learn about their eiaiuthrough the cosmological time.

3.2.1 The Colour-Magnitude and Colour-Mass Relations

A powerful tool to analyse the stellar populations of gad@xs to study the shape of their Spectral
Energy Distribution (SED). Usually it is not possible to aisithe complete SED of a galaxy since
it requires to acquire its complete spectrum covering aMfavelength ranges or, at least, its mag-
nitudes in adjacent photometric bands. A way to solve tloblem is to use colours, the difference
between two different luminosities within specific windoumstwo different wavelength ranges.
These colours are tightly related to the shape of the SEDdmetvthe two photometric bands anal-
ysed, and they are generally used to quantitatively cherigetthe underlying stellar population of
a galaxy. Roughly speaking, if the colour is blue or red thgdgtgalaxy is young/metal-poor or
old/metal-rich depending on the colours in study.
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Figure 3.4: Figure from Bower et al. (1992). Panel (a) presdiits 1 colour versus the velocity dispersion; panel
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versusl/ — V, colour-colour diagram. Open symbols denote galaxiesarMirgo cluster; filled symbols, galaxies in
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The colour-magnitude relation (CMR) was first found by Baut@59) (see Figure 3.3).
Faber (1973) used differences between absorption linésadwf broad-band colours and con-
cluded that more luminous elliptical galaxies had stromdpsiorption lines. Visvanathan & Sandage
(1977) and Sandage & Visvanathan (1978a,b) establishethtn@M diagram is universal, mean-
ing that it looks the same independently of the environmdrene early-type galaxies are located.
This fact indicates that this relation can be used, in ppiecias a distance indicator and that the
stellar content of the galaxies is roughly uniform. As a @mgence, this uniformity in the stellar
populations of elliptical galaxies suggests that theseabjmust have suffered a passive evolution,
at least in the last few Gyrs.

Bower et al. (1992) found also a tight relation between coblnd s (the central velocity
dispersion of the galaxies, see Figure 3.4). The scatterdfguthe colours is determined by both
the scatter in the ages and in the metallicities, but it isegaty interpreted that the scatter in the
ages is the dominant driver, at leastlin— V' in quiescent galaxies (Bower et al. 1992; Gallazzi
et al. 2006). As a result, Bower et al. (1992) argued that theur scatter observed in the colour-
o relation should be equal to the time scatter in the formag¢ipachs of the elliptical galaxies,
concluding that ellipticals in clusters formed the bulk béir stars at: > 2. This approach
provided for the first time a robust probe that cluster atigds are made of very old stars.

Interpreting colours of galaxies is difficult due to tage-metallicity degeneracyOne can
mimic the effects of a change in age to integrated galaxywslby changing the metallicity of
the galaxy by a certain amount, making it impossible to dggiish if a blue/red colour is a purely
effect of age or metallicity. The problem has been tried tsddeed through spectroscopic studies,
where specific line-strengths can be studied.

3.2.2 Line-strength indices

The absorption lines that characterise the spectra of-6gvl/objects are the result of the combi-
nation of the individual spectra of the stars that popullagestystem, thus the strength of the lines
gives insight into the stellar population of the galaxy.

In order to exploit thisidea, Burstein et al. (1984) defirteglltick/IDS system: a compilation
of indices defined to measure the strength of an absorptatrie by comparing the flux in a
specific line and two continuum regions at both sides of idusereference levels. A total of 21
indices were defined and thoroughly studied by Burstein.€1.8B6); Faber et al. (1985); Gorgas
et al. (1993); Worthey (1994) and Worthey & Ottaviani (199Mpwadays they still are the most
widely used index system to analyse the stellar populatbgalaxies.

From this collection of 21 indices, three of them are widedgdito study age and metallicity
effects on early-type galaxies: Mgor Mgb), <Fe> andHg. These three indices measure respec-
tively the strength of MgH-Mgl at A ~ 5156— 5197 A, the average of two Fel linesat- 5248
— 5315 A and the Balmer linH; located at\ ~ 4861 A. The first two indices are mainly sensitive
to metallicity and the last one to age (O’Connell 1980; Guinal .€1981; Rabin 1981, 1982).

3.2.2.1 Mgb — <Fe> diagram

The first diagnostic considered was the comparison of tlengths of Mgb and<Fe>. This
diagram is an indirect indication of the time scale for thelation of galaxies because these two



20

3. Early-type galaxies

L Bulge GCs

[a/Fe]=0.0

| oBulge light

<Fe>/A
L B

H
I

PR R T N N ST VAT T AN TN M T S A

| | 1 i | | |

4
Mgb /A

Figure 3.5: <Fe> vs. Mgb diagram from Maraston et al. (2003). The red filled bgta show galactic and bulge
globular clusters. The open circle is the average value dfudges. Small open grey symbols show the central values
of the indices for ellipticals: field and cluster Es from Bagiiet al. (2002, pentagons); Coma Es from Mehlert et al.
(2002, stars); Fornax Es from Kuntschner (1998, squaret);dind Virgo Es of Gonzalez (1993, triangles). Standard
SSP (simple stellar population) models in blue, metaiésiiZ/H] = (—2.25,-1.35,—-0.55,—0.33, 0.00,4-0.35,
+0.67) from bottom to top, and ages 3, 5, 10, 12 and 15 Gyr frdderight. The black lines show 1&yr SSP
models with the same total metallicities and varigugFe] = 0, +0.3,+0.5 from Thomas et al. (2003).

elements are produced in different evolutionary procesbgse Il and Type la supernovae (SN)
respectively. These two kinds of SN are the last stages oévb&utionary process of stars of
different masses and occur on distinct time scales. The IB/S& is the result of the evolution of
a binary system formed by two typical main sequence stafs{2 M) that evolve slowly in time,
whereas the Type Il SN is the final stage of the evolution ofntlost massive stars\( > 8M,)
that evolve very quickly. As a consequence the Type Il SN,reviMy is predominantly produced,
is a much rapid process than Type la SN, where Fe is mainlyrgtte

The measurement of these two indices in elliptical galasieswved that while the low-
luminosity Es had MgFe consistent with the solar neighbourhood, the most luosrgalaxies
presented an enhancement (Peletier & Valentijn 1989; Gargal. 1990; Faber et al. 1992; Davies
et al. 1993; Jorgensen 1997). This implies that the masggitive formation and evolution of
galaxies: the most massive Es experienced a shorter staation and as a result they suffered an
enrichment in Mg from Type Il SN, or equivalently, their starmation was not long enough as to
incorporate the Fe, and, as a consequence, their conteatignsmaller in comparison with lower
luminosity Es, which experienced a more extended star foomand had the time to incorporate
Fe through Type la SN (e.g., Trager et al. 2000; SanchezgB&zet al. 2003).

Thomas et al. (2003) introducedenhanced models to reproduce the properties of the most
massive ellipticals through the increaseneélements (O, Mg, Si, Ca, Ti) with respect to the solar
neighbourhood. These models were first tested in Marastah 003, see Figure 3.5), finding
that massive ellipticals as well as globular clusterscasnhanced objects.
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3.2.2.2 Hz — Mgb and Hs — <Fe> diagrams

Measuring ages and metallicities of early-type systemsas a problem throughout the years
because these two parameters appear degenerated in #eiasplhis means that an increase
in the metallicity produces a similar effect in the colourglanost indices as an increase in the
age (Faber 1972, 1973; O’Connell 1980; Rose 1985). In pdaticwhen Worthey (1994) used
his Single Stellar Population models (SSPs, those consglenly one burst of star formation)
to quantify this degeneracy, he found the so-caB¢@ law. This law implies that an increase in
the age by a factor of 3 produces the same effects in the codmuan increase in the metallicity
by a factor of 2. The key to solve this degeneracy was provieWorthey models (although
is was suggested before by Rabin (1982) and Gunn et al. (128Bplmer index plotted versus
a metal line or colour yields a two-dimensional theoretgradl where the equivalent single-burst
age and metallicity for a population can be directly readsTinethod has extensively been tested
(e.g., Gonzalez 1993; Fisher et al. 1995; Kuntschner & Ba¥f98; Jargensen 1999; Trager et al.
2000) and it is nowadays the most used procedure to obtas awk metallicities of the stellar
populations of evolved stellar systems. The most commograias used are those that plot the
Balmer lineH; versus Mgb ok Fe> because, for this combination of indices, the models appear
nearly orthogonal, i.e. the degeneracy is almost brokenveder, it must be noted that a small
amount of young stars dominate the strengtlilgf making the galaxy appear younger although
the bulk of stars may be old. As a result the ages obtained Balmer lines has to be taken as
luminosity-weighted ages

When the line-strengths of elliptical galaxies are plotbegr SSP models oHz — Mgb
andHz — <Fe> diagrams, an anticorrelation between age and metallieitybe detected, where
young galaxies tend to be more metallic than the old onegéFret al. 2000). However, it must be
noted that thél; — Mgb andH; — <Fe> are not fully orthogonal: thuH s is primarily sensitive
to age, but also t@Fe/H] and[a/Fe|, <Fe> is sensitive tdFe/H], but also to age anfMg/Fe],
etc. Hence, the resulting errors in adis/H] and [Mg/Fe] are tightly correlated (Trager et al.
2000).

3.2.2.3 Index — o relations

The index-velocity dispersion diagrams can be used to stuelyrends of the stellar population
properties with the mass of galaxies. Thus, if the mass ip#nameter that drives the formation
and evolution of the galaxies, then it should be manifestidtiese indexs relations.

Séanchez-Blazquez (2004) found that all three parametges, raetallicity (Z/H]) and a-
enhancemenid/Fe]), correlate strongly withr: low mass ellipticals€ 10'°A/,,) present intermediate-
age stellar populations with nearly solar Mge, while massive galaxies (10! M) appear dom-
inated by old stellar populations and areenhanced. The same test was performed in high and
low density environments finding that galaxies in clustersied the bulk of their stars at redshift
between~ 2 and 5 and galaxies in low density regions were delayed {02 to 1. This trends
were also confirmed by Nelan et al. (2005); Thomas et al. (@08 Sanchez-Blazquez et al.
(2006b) (see Figure 3.6).

Therefore, the utility of these diagrams resides on thetfaatt the comparison of an index
with the velocity dispersion of the galaxies gives us thesslof their star formation histories
as a function of their masses. Thdg/Fe| — o diagram indicates that the duration of the star
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Figure 3.6: Age, metallicity andx-enhancement relation with the masses of the galaxies fierdift environments
from Thomas et al. (2005). Ages and element abundances avedi®ith the[«/Fe] enhanced SSP models from
Thomas et al. (2003). Red circles are elliptical galaxiesmhs blue circles are S0s. Black circles are Monte Carlo
simulations taking into account the observational erroid @n intrinsic scatter. Typical error bars are given in the
bottom right corners.
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Figure 3.7: Correlations between different parameters of ellipticabgies. R, is the effective radius measured in
kpc, < I. > the mean surface brightness within tRgin mag arcsetc?, o, is the central velocity dispersion expressed
in km s™! and L. is the luminosity in G band (from Djorgovski & Davis (1987jitérior to R, in magnitudes, from
Binney & Merrifield (1998) based on the data of Djorgovski &ix(1987).

formation activity decreases with increasing mass andithe- o plot evidences the downsizing
effect, because the star formation activity extends to geuages for decreasing mass.

3.3 Structural Properties

The structural properties of the galaxies are measuredghreome parameters that are based on
their light distribution. These structural propertiesretate strongly with other physical charac-
teristics of the galaxies, such as mass, size and luminoBitgse correlations are calledaling
relationsand among them, the most studied ones for early-type galaxethdormendy relation
theFaber-Jackson relatioand theFundamental PlaneThese relations are independent of the en-
vironment of the galaxies in the Universe, therefore thedremexistence provides insights into
both the formation and evolution of galaxies. Moreoverytaee also used as distance indicators.

3.3.1 Kormendy relation

Kormendy (1977) found a correlation between the effectadius, R.q, radius that contains half
the total luminosity of the galaxy) and the effective suefécightness(.«, originally defined as

the surface brightness measured at g but nowadays alternatively measured as the averaged
surface brightness within thB.¢, < p >.¢). This correlation, shown in the left lower panel of
Figure 3.7 (where< I, > /u, gives the mean surface brightness within the effectiveusadi

mag arcsec?), indicates that larger early-type galaxies have fainffectve surface brightnesses.
Defining the effective luminosity inside thB.g as Ly = ™ < 1 >eg R, from the peg-Reg
relationitis inferred that more luminous early-type gashave lower surface brightnesses (lower
right panel of Figure 3.7).
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3.3.2 Faber-Jackson relation

The Faber-Jackson relation (right upper panel of Figurg, 8alled after its discoverers (Faber
& Jackson 1976a), relates the effective luminosity) with the central velocity dispersiom()
finding that more luminous elliptical galaxies have largentcal velocity dispersions. Quantita-
tively this relation indicated..; ~ ;. Sinceo is correlated withl.; and L.g is correlated with
R, it follows thato, must be correlated witlR.; (left upper panel of Figure 3.7).

3.3.3 D, — o relation

Dressler et al. (1987) defindd, (the diameter within which the mean surface brightness i820
1), @ photometric parameter based on the mean surface keggimthe3 band that shows a very
tight relation with a very small scatter with the centralo@ty dispersion of early-type galaxies.
This strong relation is found to be independent of the chubie early-type galaxies are inhabiting
(Dressler et al. 1987; Jorgensen et al. 1993; Kelson et 80)2@vhich means that wheh,, is
measured in kpc for a reference object for which its distam&aown, the offset between the rest
of the systems and this reference object provides the distato all of them. As a consequence,
the D,, — o diagram is considered as a good distance indicator.

Comparing spiral bulges and elliptical galaxies in thg — o plane, it is seen that both
populations present the same trend, suggesting that timair structures are very similar. This fact
was found and interpreted by Dressler et al. (1987) as awatidn of both populations having a
common origin.

3.3.4 Fundamental Plane

In all the correlations of Figure 3.7 the scatter of the ppfndm the mean relations is larger than
what can be accounted by the observational errors. Morgthisrscatter is correlated between
the different diagrams. For example, galaxies which lievalihe mean Faber-Jackson relation
in the right upper panel tend to lie above the mean surfaghtmess-luminosity relation in the
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Figure 3.9: Fundamental Plane plotted in thespace as defined in Bender et al. (1992). Virgo ellipticaésthe
closed squares and Coma Es are the crosses.

right lower panel. To understand the meaning of these dmagand the correlations between their
residuals it is useful to create a three-dimensional sgataé¢presents all the parameters together.
The effective luminosity can be excluded because it isedl&b . and R ¢ as described above.
As a result, a three-dimensional spacefQf, < u.s > ando can be generated. It relates the
structural and dynamical properties of the galaxies tor theillar content. In such diagram the
early-type galaxies lie in a tight surface known as thendamental Plan€FP; Djorgovski &
Davis 1987; Dressler et al. 1987, see Figure 3.8).

The most common representation of the FP in a two-dimensagraim is its edge-on view,
commonly expressed as:

log(Regr) = alog(oeg) + 0 < fleg > +7 (3.1)

where the velocity dispersion is now measured inside tleet¥e radius to have all the magnitudes
coherently measured, and § and~ are the coefficients that minimise the scatter of the plade an
determine its tilt.

The FP can be understood as a manifestation of the viriaténedor relaxed systems, un-
der the assumption that dynamical galaxy mass-to-lightsdfi/,,,, /L) are constant, or at least
smoothly varying, for all galaxies. The physical charasters that involve the virial theorem, the
total mass {/), root-mean square speed of the stafg and the gravitational radius,f), can be
substituted by the observables;.. >, o.¢ and R, leading to the coefficients for the edge-on
view (Equation 3.1) oiv = 2.0 and = 0.4 while ~ is just the offset that depends on the dis-
tance to the objects plotted in the FP. Therefore it can adsoded as a distance indicator. The
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existence of the FP implies that elliptical galaxies: (&) @rialised systems, (b) all of them have
homologous structures (e.g., the shape of the mass disbribwr their structural characteristics
vary along the plane, and (c) they form a homogeneous familgrms of ages and metallicities.

The observed FP presents a certain inclination with redpetie virial theorem prediction
(e.g., see the coefficients in Figure 3.8), and it also ptsseriinite thickness (e.g., Jorgensen
et al. 1996; Forbes et al. 1998; Wuyts et al. 2004; Hyde & Belin2009; Gargiulo et al. 2009),
in contrast to the infinitely thin prediction of the virialdbrem. Faber et al. (1987) and Prugniel
& Simien (1996) proposed that this tilt could be due to ddfeces in the stellar populations.
They suggested that when the luminosity of the galaxieeasas, systematic differences in their
stellar populations appear. Other authors, like Pahre €1298a) and Trujillo et al. (2004), have
proposed that the tilt is a consequence of early-type gedaxot having homogeneous structural
properties. For example, the content and/or distributibthe stars and dark matter could vary
with the luminosity as well as the anisotropy and rotaticugdport (Ciotti et al. 1996; Prugniel &
Simien 1996; Ciotti & Lanzoni 1997). The origin of this ingdition is still an open question and
many efforts are yet being devoted to its analysis (see@rgves & Faber 2010a).

In order to represent almost perfectly the edge-on prajeaif the FP, Bender et al. (1992)
defined an orthogonal coordinate system (-, x3) in which each new variable is a linear com-
bination oflog 02, log R.s andlog 1. (see Figure 3.9). The-space FP is defined as follows:

k1 = (log o + log Reg )/ V2 (3.2)
k2 = (log 0 + 2108 fresr — log Rer) /V/6 (3.3)
k3 = (log o® — 10g fier — log Regr) /V/3 (3.4)

The main advantage of thisFP is that each variable is physically meaningful. Speaifyc
K1 ~ M, ko ~ peg andks ~ M/L. Bender et al. (1992) found that when the FP was analysed
in this new space of parameters, luminous ellipticals, &silgf spiral galaxies and most compact
ellipticals define a smooth continuous plane. In particulaey found that, defining the FP as
the region covered by the luminous ellipticals, bulges hewmewhat lower\// L while dwarf
early-type galaxies have slightly high&f/ L. They also found that some of the dwarf spheroidals
present an extreme excess\df L setting them apart from the rest of the dynamically hot syste
which they interpreted as the consequence of being dondimgtelark matter.

3.4 Dwarf early-type galaxies

Although they are the most numerous galaxies in clustees Eggure 3.10; Sandage et al. 1985;
Binggeli et al. 1988; Ferguson & Binggeli 1994; Blanton et2005; Croton et al. 2005) dwarf
early-type galaxies (ellipticals and spheroidals, heesafEs) have not been studied as extensively
as massive ellipticals due to their low luminosify ¢ > —18). As far as kinematic parameters are
concerned it was not until the first decade of the 21st centdign a systematic study of dwarf
galaxies has begun and the first comparisons with giantielis has been performed in order to
determine if dEs and Es are the same family of objects (Gaegat 1997; Pedraz et al. 2002;
Geha et al. 2002, 2003; van Zee et al. 2004b; Lisker et al. 200@007, 2008, 2009; Ferrarese
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Figure 3.10: Luminosity Function (LF, number of galaxies per bin in magde) of field galaxies and Virgo cluster
members from Binggeli et al. (1988). Extrapolations arekedby dashed lines. In addition to the LF of all spirals,
the LFs of the subtypes Sa+Sb, Sc and Sd+Sm are also showtted claves. The LF of Irr galaxies comprises the
Im and BCD galaxies in the case of the Virgo cluster, the BCiesatgso shown separately.
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Figure 3.11: Colour-magnitude diagram for the early-type galaxies twamprise the ACSVCS (left panel Ferrarese
et al. 2006) and those from SDSS analysed by Janz & Lisker920@ht panel). Left panel: Black open circles
are galaxies fitted with a Sersic profile that are not nuctbdtéack filled symbols those with a Sersic profile that
are nucleated. Red open triangles are those fitted with a®ergc profile non-nucleated and filled red triangles
core-Sersic nucleated. Blue dots are those fitted with plalitomponents. The dashed and dotted line correspond to
least-squares fits to galaxies fainter and brighter thgn= —18 mag, respectively, while the curved line represents
the best quadratic fit to the entire sampiRight panel:Open circles show dEs with blue cores and filled circles the
remaining galaxies. The grey line indicates the "runningidgram” as found in successive magnitude bins with a
width of 1 mag and steps of 0.25 mag, clipped one tinafThe white histograms show the distributions in bins of
the same width, normalized to the square root of the numbgalekies in the bin. The white error bars show indicate
typical photometric errors at the respective brightness.

et al. 2006; Michielsen et al. 2008; Janz & Lisker 2008, 2008ilingarian 2009; Koleva et al.
2009a; Paudel et al. 2010).

3.4.1 Colour-Magnitude Diagram

Regarding the CM diagram, it is still an open question if Ed di&s follow the same trend and
whether this trend is linear.

The most recent survey made in Virgo (ACSVCS - ACS Virgo Glusturvey, Ferrarese
et al. 2006) reported a parabolic curve to describe the Cticgl from dwarfs to giant early-type
galaxies. However, Andreon et al. (2006) indicated that garabolic curve could be linearised
if the intrinsic scatter in the statistical analysis wassidared. In contrast, Janz & Lisker (2009)
fitted an S-like shape for this diagram (see Figure 3.11).

Although the discussion about the best curve that fits sanelbusly massive and dwarf
elliptical galaxies still remains open, there are two casins in common to all the studiedl)
there is no gap between dEs and Es @)dhe CM relation is still well defined for faint magnitudes
(Mp ~ —14 mag).
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Figure 3.12: Left panel: Absolute B-band magnitude vs. logarithm of tiéesi& indexn from Graham & Guzman
(2003a). Dots are dEs from Binggeli & Jerjen (1998), trimsgllEs from Stiavelli et al. (2001), stars Coma dEs from
Graham & Guzman (2003a), asterisks intermediate-to-bEglirom Caon et al. (1993); D’Onofrio et al. (1994), open
circles represent the power-law Es from Faber et al. (198d)fi#led circles represent the core-E from Faber et al.
(1997). Right panel: Absolute r-band magnitude vs. lobamiof half light radius from Janz & Lisker (2008). dEs are
shown with open triangles and E and SO with filled squares.-&B2 candidates are drawn with open squares.

3.4.2 Stellar Populations

The analysis of the Lick/IDS indices has revealed that dEgaio intermediate to old ages-(
5 Gyr, with a rather large scatter), subsolar metallicifies < [Fe/H] < 0), and around solar
a-element abundances (Gorgas et al. 1997; Geha et al. 200Zemet al. 2004b; Michielsen
et al. 2008; Chilingarian 2009; Koleva et al. 2009a; Pautlal. 2010), evidencing that their stellar
content is remarkably different from those of massive gdgds.

An important question still under debate is whether theesagre correlated with their lu-
minosities. Poggianti et al. (2001) found that the agesedess with decreasing luminosity while
Gehaetal. (2003) found the same trend with velocity disperdHowever, Michielsen et al. (2008)
did not find any correlation with luminosity within the dwagfgime and Paudel et al. (2010) found
indications of an anticorrelation.

The gradients of the stellar populations have been studigdfor the brightest dEs. The
pioneer study on this topic was Gorgas et al. (1997) studgisgmple of 6 dEs in Virgo, nothing
else has been conducted in this direction until Chilinga(2009) and Koleva et al. (2009a) for
Virgo and Fornax dEs respectively. Concerning the metgllichas been found that the gradients
decrease with the radius or they remain constant. With otdpehe age, the gradients usually
stay constant with the radius or exhibit a small increasé vatius. These results are consistent
with the picture of dEs having their last star formationatyiat their centers, specifically those
with blue cores (Lisker et al. 2006a).

3.4.3 Structural Characteristics

Dwarf early-type galaxies have surface brightness profileish are less steep than massive ellip-
ticals, (exponential profiles versus de Vaucouleurs pofila & Faber 1983; Binggeli et al. 1984;
Ferrarese et al. 2006), but both populations can be desddniba Sérsic profile (Sérsic 1968; Ciotti
1991):
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Figure 3.13: Scheme of dE subclasses from Lisker (2009).

I(R) = Ig10~bel(B/Be)!/" 1] (3.5)

wherel(R) is the intensity measured in the isophote of radid.¢ is the intensity measured at
the R.g, b, Is a constant chosen such that half the total luminosityipted by this law comes
from R < R.z. Es and dEs have light distributions described by this S@rsifile where the index
n changes linearly with their luminosity (Graham & Guzman 280see Figure 3.12).

According to the sizes of dEs in comparison to Es, it has bhews that in the magnitude
were both families overlap, there are two trends in size® toand is the extrapolation of the
Es relation all the way to compact Es (CEs), being M 32 theqtype of this kind of galaxies,
and another independent trend for dEs (Janz & Lisker 20@8Fggure 3.12). Therefore, in the
low-luminosity regime, dEs appear larger than their cEstexparts.

By using SDSS images, a morphological subclassificationairtiearly-type galaxies has
been introduced. Lisker et al. (2006b) systematicallyysed the residual shapes that appear after
removing the smooth surface brightness profiles of dEs invitgo cluster. It was found that a
non-negligible number of dEs present disk-like structysee Figure 6). This study provided a
new insight into the nature of dE galaxies suggesting theddlgalaxies are not as simple as they
were originally thought.
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Resumen

En este Capitulo se explica la importancia y el uso de laglbdégias estelares, que no son mas que
una coleccion de espectros de estrellas observados o des¢edricamente.

El uso de estas bibliotecas es muy diverso dentro del campe ekgpectroscopia. Por un
lado son el ingrediente principal de los modelos de sintesfgoblaciones estelares. Por otro lado
se utilizan como plantillas para el calculo de dispersiateegelocidades y velocidades radiales de
objetos estelares. Una biblioteca bien calibrada en flugglesnas muy util para calibrar espectros
observados.

Pese a su gran importancia, las bibliotecas estelares asaran ciertos problemas. El cu-
brimiento del espacio de parametros que caracterizan sttaflas (temperatura efectiva, gravedad
y metalicidad) es insuficiente, de forma que en este espadiménsional hay huecos e incluso
areas completamente vacias. Estos huecos se suelenrrbierendo interpolaciones entre estre-
llas con parametros similares, con las consecuentesiohomttres que esto acarrea. Para evitar
estas interpolaciones se utilizan bibliotecas tedricamcpor ejemplo Coelho et al. 2007), que
cubren todo el espacio de parametros completo. El prinzipahveniente de este método es que
estos espectros tedricos se obtienen modelando la ewolesiélar, y no todos los pasos de dicha
evolucién son conocidos, de forma que los espectros tedaisioobtenidos no se corresponden al
100% con los observados. Otra forma de cubrir estos huecos epa&tiesde parametros es la
utilizacion de funciones de ajuste. Estas funciones reteei los indices de intensidad de lineas
con los pardmetros atmosféricos de las estrellas, de foumamnvez de interpolar entre espectros
estelares similares, se interpola dentro de una funcidresua

Vista la importancia del cubrimiento de parametros ests|da Dra. Patricia Sanchez Blaz-
guez empled buena parte de su trabajo de tesis en la elalodedia biblioteca estelar denominada
MILES (Medium-resolution Isaac Newton Telescope LibraiEmpirical Spectra) con el objetivo
de incrementar sustancialmente este cubrimiento (comdepusrse en la Figura 4.1).

En el momento de mi incorporacién a este grupo de investigdai biblioteca MILES ya
estaba completada, pero se me di6 la oportunidad de fornni&r gh&@l equipo y colaborar en el
desarrollo del segundo articulo de MILES dedicado al caldel los parametros estelares de esta
biblioteca (Cenarro et al. 2007).

He creido necesaria la incorporacién de un Capitulo de ests ¢énteramente dedicado a
esta biblioteca estelar ya que se trata de una herramientaaliasa que ha estado presente en
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todo momento en el desarrollo de todos los analisis espedipicos realizados en los siguientes
Capitulos. Para especificar un poco mas, en todas las casngaitbservacion se han obtenido
espectros de estrellas de esta biblioteca que después stlizado para calibrar en flujo las gala-
xias observadas y para calcular sus parametros cinemaidemas, los modelos de poblaciones
estelares utilizados en ciertos andlisis de esta tesisses lem MILES (Vazdekis et al. 2010).
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4.1 Introduction

A stellar library is a collection of stars generated (if itheoretical) or observed (if it is empirical)
with the same resolution and spectral coverage. Having d goality stellar library is essential in
any spectroscopic analysis because they are used as todiffd¢cent kinds of studies.

Firstly, the stellar libraries are the main ingredient illsir population synthesis models that
are used to derive ages, metallicities and/or abundancs®ldr objects. Secondly, a properly
flux calibrated stellar library is also used to flux calibrtte observed spectra by comparing the
general shape of the spectrum of a star in common betweeibtheyland the sample of observed
objects under study. Finally, the stellar libraries are aised as radial velocity templates to obtain
the redshift of the objects observed.

In the analysis of star formation epoch of early-type gaaxdnd their subsequent evolution,
the usage of stellar population synthesis models has deadvantages over other methods. As
we discussed in Chapter 3, the colours can give us some iafammabout the stellar populations
of the galaxies, but they present an age-metallicity degeyehat is not possible to break. Using
index-index diagrams (see Section 3.2.2) it is possible¢albthis degeneration and, therefore, a
luminosity-weighted age and metallicity for a given gal@an be obtained (see Section 3.2.2.2).
Another advantage of using absorption lines instead ofghetric colours is that they offer the
possibility to study the chemical abundances of the elesnprgsent in the spectrum of a stellar
object. The different abundances provide good insighttinéoevolution of the underlying stellar
population of galaxies since they act as cosmological dpdue to the fact that they are generated
in different stages of the evolution of the stars that pojguthe galaxies (see Section 3.2.2 and
Chapter 5).

One source of uncertainty in the measurement of ages andlicieés through stellar popu-
lation synthesis models comes from the stellar librariepleyed in their computation. The main
problem of the empirical stellar libraries is the usual droaverage of the atmospheric parameters
of the stars. These parameters (metallicity, effectivepenaturel s, and gravity) represent the
main properties that characterise different stars. Thl ddicstars with all kind of atmospheric
characteristics is generally overcome by interpolatingyvben stars with similar parameters to
generate those missing. Therefore the uncertaintiesaserdramatically with the decrease of the
coverage of the atmospheric parameters space.

One way to solve this problem is to use theoretical stellmalies based on stellar atmo-
spheres models (e.g., Kurucz 1992; Lejeune et al. 1997) ndie advantage of these theoretical
stellar libraries is that they provide model spectra ofstavering the complete space of atmo-
spheric parameters, thus avoiding any interpolations. é¥ew due to the fact that the complete
physical mechanisms involved in the stellar evolution asewell-known, the strength of the ab-
sorption lines predicted by the synthesis models basedase ttheoretical libraries are not always
observed afterwards in the galaxies. This is the reason idgettheoretical stellar libraries are
"specialised” in some spectral characteristics that ateebanderstood (as it is the case e.g. of
Coelho et al. 2007, specialised on Fe andlements, whereas C and N are less accurately pre-
dicted). Another way to overcome this problem of the coverafjthe atmospheric parameters
is to use fitting functions. These functions relate the Btrength indices with the fundamental
atmospheric parameters, thus the interpolations in thelsm@mials are much smoother than in-
terpolating within the stellar libraries. The most widelsed fitting functions are those based on
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the Lick/IDS library (Gorgas et al. 1993; Worthey 1994). tgsfitting functions has the disadvan-
tage of providing just a limited amount of information besauhey are restricted to line-strength
indices, and as a consequence the synthesis models basednan provide synthetic Spectral

Energy Distributions (SED), as can be made when they are fidstellar libraries.

As it can be inferred from this discussion, the best way toroue the stellar population
synthesis models is to observe high quality spectra of & lawgmber of stars that cover as much
as possible the atmospheric parameter space.

4.2 MILES (Medium-resolution Isaac Newton Telescope Libra ry of
Empirical Spectra)

In order to have an improved stellar library specially des) for stellar population modeling
(Sanchez-Blazquez et al. 2006c) developed MILES (Mediesplution Isaac Newton Telescope
Library of Empirical Spectra), a spectral library in the quete optical range with medium-
resolution and an improved coverage of the atmospherianetea space (Table 4.1) in order to
cover stellar properties never reached before or with a poweerage due to the low number of
stars. In particular, the number of cool and super-metdl-stars, metal-poor stars, and hot stars
(T.g¢ > 6500 K) was greatly enhanced with respect to previous wags Figure 4.1 for a com-
parison of the coverage of the atmospheric parameter spaoeriparison to the most widely used
optical empirical stellar libraries). The observationawwised a total of 25 nights in five different
observing runs during the years 2000 and 2001 using the Z&atINewton Telescope (INT) at
the Roque de los Muchachos observatory (La Palma, Spaie)stBiiar spectra were observed at
the paralactic angle, favouring to have flux calibrated speone of the weakest points of previous
works (such as e.g., Worthey 1994). The result was an emaplifirary that consists of around
1000 stars observed with a resolution of 2.3 A (FWHM) in theglangth range\A3525 — 7500A.
This library is up to now one of the best empirical stellardittes because it successes simultane-
ously in several aspects: (i) MILES provides a large numbstars; (ii) it also covers the complete
optical region; (iii) it is flux calibrated, advantaging INBUS (Valdes et al. 2004) in this last step;
and (iv) it presents the best coverage of the stellar atneygpparameters available.

To derive ages and metallicities of stellar systems it isessary to plot index-index dia-
grams (see Section 3.2.2) where the theoretical grid isebeltrof measuring the indices under
study in the population synthesis models fed with the stdélbmary. Historically, the reference
resolution used to measure the indices has been the sd-tadldIDS system. This spectropho-
tometric system consists of the measurement of each ind@spécific broadening that changes
with wavelength, between 10.4 A to 9 A (200 km'sto 325 km s!) for Lick/IDS indices.
MILES, which resolution is constant as a function of wavelienand much higher than that of
Lick/IDS stellar library (Table 4.1), has led to the defiaitiof a new reference systeirS (Line
Index System, Vazdekis et al. 2010), that avoids the largadening imposed by the Lick/IDS
system when measuring stellar objects of small velocitpelision, such as globular clusters or
dwarf early-type galaxies. This LIS system consists of Bd#nt spectral resolutions (5.0, 8.4 and
14.0 A, FWHM) and it is not restricted to the Lick/IDS set oflines but can be used for any index
in the literature (e.g., Rose 1994, Serven et al. 2005). Tée advantage of the LIS system is that
indices in high-resolution spectra can be measured witlosirtg the spectral resolution achieved
in the observations. MILES is also the core of the stellarytaioon synthesis models of Vazdekis
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Table 4.1: Some of the previous libraries in the optical region devdtedtellar population studies. Compiled by

Sanchez-Blazquez et al. (2006c¢).

Reference Resolution | Spectral range Number of starg Comments
FWHM (A) A
Spinrad (1962) Spectrophotometry
Spinrad & Taylor (1971) Spectrophotometry
Gunn & Stryker (1983) 20-40 3130-10800 175
Kitt Peak (Jacoby et al. 1984) 4.5 3510-7427 161 Only solar metallicity
Pickles (1985) 10-17 3600-10000 200 Solar metallicity except G-K giants
Lick/IDS (Worthey 1994) 9-11 4100-6300 425 Not flux calibrated, variable resolution
Kirkpatrick et al. (1991) 8-18 6300-9000 39 No atmospheric correction
Silva & Cornell (1992) 11 3510-8930 72 groups Poor metallicity coverage
Serote Roos et al. (1996) 1.25 4800-9000 21
Pickles (1998) 1150-10620 131 groups Flux calibrated
Jones (1999) 1.8 3856-4476 684 Flux calibrated
4795-6800
ELODIE (Prugniel & Soubiran 2001) 0.1 4100-6800 709 Echelle
STELIB (Le Borgne et al. 2003) 3.0 3200-9500 249 Flux calibrated
INDO-US (Valdes et al. 2004) 1.0 3460-9464 1273 Poor flux calibrated
MILES (Sanchez-Blazquez et al. 2006c) 2.3 3525-7500 985

et al. (2010). These models are therefore provided in the8tsp resolutions defined by the LIS
system as well as at the resolution of the stellar libraslfit®.3 A, FWHM).

During the course of this thesis | have contributed to thestroistion of the empirical MILES
stellar library by being coauthor of Paper Il (Cenarro eR@D7). This paper is devoted to generate
a homogeneous dataset of atmospheric parameters for allaisein the MILES library. Specif-
ically I have helped in the compilation of the literature iéadale for each one of the stars of the
library, homogenising them, looking for the last and beddaips. These are essential steps to
calculate the final values of effective temperature, gyaaitd metallicity that will be used, for
example, in the generation of the fitting functions. We deditb use Soubiran et al. (1998) as
reference system, to obtain the fundamental parametessmtesl in that Paper Il of MILES, due
to the fact that it computes self-consistent atmospherarmaters for a total of 211 echelle spectra
covering a wide rage of effective temperatures and graviiéose stars not included in Soubiran
et al. (1998) are calibrated and corrected for systemdifierdnces. In the case of stars not avail-

able in the literature, botl,; and gravity were estimated from its spectral type and lusitgo
class.

MILES has been an important tool throughout this thesis. unabserving campaigns we
selected several calibration stars from the MILES stellzmaty to be observed under the same
conditions as our target galaxies. Comparing the obsenad with the same ones in MILES
we obtained the flux calibrating curve that we applied to calagies. These observed stars,
instrumentally affected in the same way as the galaxiese wkso used as kinematic templates.
Instead of using a single template, we made a linear combimaf the observed stars in order to
have a spectrum that resembled the target galaxy. Then, mpared this linear combination of
stars with the galaxy in study, shifting and broadening tilurfitted the target galaxy. The result
of applying this procedure for the spectra of each galaxp@glbeir radius is the radial velocity
and velocity dispersion profiles. These two kinematic csiae essential to analyse the rotation
of the galaxies and their dark matter content, together atiler parameters that will be described
in Chapter 6.



36

4. MILES stellar library

MILES STELIB Lick/IDS INDO=-US ELODIE
T RS i FUERL RRTES - ek RACEUREERS EARES: - LR LR i SRR TURREN - uEar LR R REREE
Dwarfs H Dwarfs 1 Dwarfs Dwarfs Dwarfs
|--;° T T - ]
L .
=}
S .
I T R T ..: '?‘ ]
o RIELE & . & 'ﬁ
., . . 2
7|-|||\||‘||\-||||| | e
i R T ] RS SRR e B ™
Giants Giants
l—?’ T T n. T ]
S '-;:-.'s. ‘o
- b . % A . s
= L
¢ % e "T. - - . . '
% £ : -3- A > el = - -L‘E
f -1 .‘ |.- . T e |..'. ~, - . AN
® Poae . - .
* . . \ -
5 E o < 1 . ) 4
sl .|.\..\..‘-J....\V..'.I.\ 1 ITTI RUETUIN N MUV ISR BL W TR
T =2 -1 0 T =2 -1 6} 1T =2 =1 0 1
[Fe/H] [Fe/H] [Fe/H] [Fe/H] [Fe/H]

Figure 4.1: Effective temperature vs. metallicity for MILES stars imgparison with other stellar libraries (Sanchez-
Blazquez et al. 2006c¢).



Chemical abundances of early-type
galaxies in different environments

Resumen

Como ya vimos en el Capitulo 2, el modelo de formacion jerigegde galaxias predice que la
historia de formacion estelar depende de la densidad d&irenén el que se encuentran las gala-
xias (por ejemplo Kauffmann & Charlot 1998; De Lucia et al0&)) de forma que sera mas rapida
para aquellos objetos que se originen en zonas de alta ddnbitentras que el modelo de colapso
monolitico no predice ninguna dependencia con el medioagimdea.

En este Capitulo hemos comparado la historia de formaci@taesle galaxias masivas de
primeros tipos localizadas en entornos de alta y baja datisi®ara hacer este estudio hemos
medido abundancias de elementos quimicos presentes espledi®s de estas galaxias. Hemos
escogido este método porque los elementos quimicos aatamrelojes cosmoldgicos, es decir,
cada elemento se eyecta al medio interestelar en un mometetodnado que viene caracterizado
por el proceso evolutivo de la estrella que lo eyecta, carnaeido a su vez por la masa de la estrella.

Estudios anteriores (por ejemplo Sanchez-Blazquez eb@B,2006b) ya demostraron que
la historia de formacion estelar en galaxias en cimulosadger®mo el de Coma, es mas rapida
gue en cumulos de menor densidad o en galaxias que se ercuemil campo. Para este analisis
utilizaron como elementos de referencia el magnesio, gidiel carbono y el nitrégeno. Mientras
gue el magnesio es generado en las supernovas de tipo Ir @adle1992; Worthey et al. 1992;
Matteucci 1994, la tGltima etapa en la evolucion de estratlasivas, M> 8M.,), el hierro se genera
en supernovas de tipo la (Nomoto et al. 1984; Woosley & WeB985; Thielemann et al. 1996, la
Ultima etapa en la evolucion de estrellas de masa interme&imembargo, en cuanto al carbono
y al nitrdgeno no esta tan claro aun el tipo de estrellas qoéutdgr a estos dos elementos.

Del estudio del magnesio y el hierro sabemos que la escalerdpd en que se eyecta el
primero es mucho mas corta que la necesaria para eyectagugidse Esto es la consecuencia
directa de que uno proviene de las estrellas mas masivadrp@elas menos masivas. Pero solo
usando estos dos elementos no podemos saber qué sucederipelintermedio entre los dos.
Aqui es donde entran en juego el carbono y el nitrégeno, poegtos elementos podran datar
entonces estadios intermedios de la formacion estelar.

Los estudios realizados hasta el momento sobre el carbolmaitydgieno utilizaban indices
de intensidad de lineas donde las contribuciones de estoslémentos estan mezcladas junto
con el oxigeno (Worthey 1998; Burstein 2003; Sanchez-Biézat al. 2003; Kelson et al. 2006;
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Sanchez-Blazquez et al. 2006b; Schiavon 2007; Graves &a@&uhi2008). Mientras que el indice
C4668 es basicamente carbono (Serven et al. 2005), el @itodge ha estudiado hasta este mo-
mento utilizando las bandas de CN, donde contribuyen |esdiementos simultdneamente. En
este Capitulo hemos introducido por primera vez el estuglimitrégeno independientemente de
cualquier otro elemento a través del indice NH3360.

El procedimiento que hemos seguido para realizar estesemiaéi consistido en la observa-
cion de una muestra de 35 galaxias que se encuentran en lososttie Coma y Virgo y en el
campo. Las galaxias seleccionadas son una submuestra dee3@diazquez et al. (2006b), con
el objetivo de poder tener el rango optico ya observado, tedaue so6lo es necesario observar
el ultravioleta cercano para poder medir este indice NH3B6Método de estudio ha consistido
en analizar los indices que detallamos en la tabla 5.1 emdiune la densidad del entorno de las
galaxias y en comparacion con modelos de sintesis de pobé&scestelares.

Los resultados obtenidos en este estudio, y que fuerongaalols como una carta al editor
en Toloba et al. (2009b) nos permitieron afirmar que el carlesta generado, casi en la misma
proporcion, por estrellas masivas y de baja masa, mienti@glcnitrogeno es eyectado al medio
interestelar por estrellas también masivas y con una aeriribucion de estrellas de masas in-
termedias. Esta conclusion nos ha permitido saber que atesages el elemento que se genera
antes, seguido del nitrégeno, del carbono y por ultimo dataipor este orden.

En la Ultima Seccion previa a las conclusiones de este Qapitesento un trabajo que reali-
zé en colaboracion con el Dr. Guy Worthey, su estudiantaiddiServen y con la Dra. Patricia
Sanchez Blazquez que ha sido publicado como articulo ersetal. (2010). Este estudio pre-
tende ahondar mas en la naturaleza del nitrégeno a travas eglio con modelos generados
por el Dr. Worthey y el Sr. Serven. Al realizar un estudio maxfyndo del indice NH3360 con
los modelos vimos que este indice esta contaminado por msiaguke modo que procedimos a
redefinir el indice en NH3375 donde el magnesio dejaba deverie. También definimos un nue-
vo indice de magnesio que comprendia la contaminacion wwata anteriormente, Mg3334. Y
aprovechando los datos que yo misma observé para mi trabafHB360, hicimos un estudio
de estos dos indices nuevos en funcién de las metalicidaasdgalaxias, utilizando para ello el
indice Fe4383.
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5.1 Introduction

As discussed in Section 2, there are two main formation smento explain the star formation
history of elliptical galaxies observed in the local Unser themonolithic collapseand thehi-
erarchical merging The natural outcome of the hierarchical merging scenartbat the regions
with the highest density of dark matter collapse earlier muigige more rapidly (e.g., Kauffmann
& Charlot 1998; De Lucia et al. 2006). If star formation falle this merging scenario galax-
ies in high density environments have older underlyingatglopulations. On the contrary, the
monolithic collapse do not predict any distinction as a fiorcof the environment.

Our strategy to analyse the star formation history of gaskbcated in different regions of
the local Universe is to study the chemical species presetiteir stars. This is justified by the
fact that chemical elements are ejected into the intessteledium on different time scales as a
consequence of being generated in different evolutionayggsses. Whereas magnesium (Mg) is
mainly produced in type Il supernovae (Faber et al. 1992 théyret al. 1992; Matteucci 1994, the
last stage in the evolution of the most massive stars, 8M.,), iron (Fe) is mainly released by type
la supernovae (Nomoto et al. 1984; Woosley & Weaver 199%[€hann et al. 1996, the last stage
in the evolution of intermediate-mass stars in some bingstesns). On the other hand, carbon (C)
and nitrogen (N) are mainly produced in low and intermednagess stars (Renzini & Voli 1981;
Chiappini et al. 2003), although there are suggestiongQlean also be produced in massive stars
(e.g., Carigi et al. 2005). The pioneer studies on this tegich began in the 1970s, have shown
that abundance ratios in early-type galaxies are oftersudar (O’Connell 1976; Peterson 1976).
Later on, it was found thdiMg/Fe] was overabundant in massive elliptical galaxies with respe
to the solar ratio, whereas the low-luminosity early-tydagies were consistent with the solar
neighbourhood (e.g., Peletier & Valentijn 1989; Gorgad.€t290; Worthey et al. 1992; Vazdekis
et al. 1997). These evidences prove that galaxies of differ@ss underwent a different star for-
mation history (Greggio & Renzini 1983; Matteucci & Gregdi#86; Gibson et al. 1997; Thomas
et al. 1998), with low-luminosity galaxies being charaisted by an extended star formation his-
tory necessary to release the elements produced by low rtaassirgto the interstellar medium
and the consequent incorporation of those elements in tktegeaeration of stars, while massive
galaxies experienced such a rapid star formation that tvelyetements generated in massive stars
had the time to be incorporated (Worthey 1998). SeveraloastfWorthey 1998; Vazdekis et al.
2001) also noted a strengthening in other absorption-hdees, in particular C4668 and GN
suggesting also an enhancement of C and N relative to Fe wdmpared with the solar values.

This last evidence has made C and N an alternative to theestbdised on Mg and Fe to
characterise the star formation history of early-type gak(e.g., Worthey 1998; Burstein 2003;
Sanchez-Blazquez et al. 2003; Kelson et al. 2006; SanchéEzyez et al. 2006b; Schiavon 2007;
Graves & Schiavon 2008). These two elements appear in thetrapeof a galaxy almost ex-
clusively in molecular species, such as NH, CN, CH and CO, making the study of a single
element at a time a very difficult task. In the work presentethis Chapter we try to disentangle
the contribution of these two elements (C and N) using, foame of 35 early-type galaxies,
the following near-ultraviolet (NUV) and optical indiceBtH3360, defined by Davidge & Clark
(1994) and principally dependent on N (Bessell & Norris 1,98@mkin & Lambert 1984), and
CNO3882, CNO4175 and C0O4685, three new optical indices etkfiy Serven et al. (2005),
where the contribution of C, N and O varies as indicated ingahl.

In order to study the star formation history of galaxies ifieslent environments we select
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Index NH3360 | NH3375| Mg3334 | CNO3862| CNO4175| C0O4685| Mgb
elements| N, (-Mg) | N, (-Ti) | Mg, (-O) | N, (C,-O)| C,N,-O | C, (-O) | Mg, (-Fe)

Table 5.1: Dependence of each index on the abundances of differenealsr{Serven et al. 2005, 2010). The elements
appear in importance order. Brackets mean much lower @onitoh and negative symbol means that an increase in
the abundance of that element makes the index weaker. NHB&88@lefined in Davidge & Clark (1994), NH3375
and Mg3335 in Serven et al. (2010), CNO3862, CNO4175 and @®#6Serven et al. (2005) and Mgb in Burstein
et al. (1984).

classical elliptical galaxies in Coma, Virgo and the fielckeaamples of Es located in high and low
density regions. The methodology we follow to approach tteblem consists of two different
techniques. In the first place we make a direct comparisomefridices under analysis with
stellar population synthesis models with typical ages ofshee early-type galaxies, and solar and
supersolar metallicities. The goal of this procedure ishteak the contribution of each element
to the absorption feature within the C and N indices, as wetbaanalyse any sign of a different
star formation history for galaxies inhabiting high and Idensity environments. The technical
procedure conducted to achieve this goal is based on thidrsgeaf all the spectra of the galaxies
in two different groups defined according to their environmeThis technique provides a high
S/N spectrum representative of a high and low density regispeetively, that we compare with
the SSP models. The second technique used in this studyas#iigsis of the indices as a function
of the velocity dispersion of the galaxies. These indediagrams give additional information
about the dependence of the abundances of these elementthwitnass of the galaxies (see
Section 3.2.2.3), and conducted with the previously meetibanalysis is a powerful tool for
understanding the role of mass and environment on galaxytevo.

The missing piece of this study is the lack of specific modeds investigate the effect of
N, and any other chemical species, in the NH3360 index in dineesway as it has been done in
Serven et al. (2005) for all the optical indices. For thissteg we developed a new set of models
that covers the near-ultraviolet of NH3360 in order to makather investigation of N abundances
in early-type galaxies (Serven et al. 2010). The analysth@$e models suggests the definition
of two new near-ultraviolet indices, Mg3334 and NH3375. Triferred influence of the different
elements to these indices is presented in Table 5.1. Witkitheof trying to understand the N
abundances observed in elliptical galaxies we presentahdeb.3 the analysis of the three near-
ultraviolet indices, NH3360, NH3375 and Mg3334, in additio some other optical indices, in
the same sample of galaxies as the one presented in Se@ion 5.

We end this Chapter (Section 5.4) presenting final remarlal ¢the results found, empha-
sizing those aspects that are new in this thesis with respgecevious works in the same topic.

Appendix A includes a table presenting the sample of gasaxged in this Chapter, a sum-
mary of the reduction procedure followed, and some extrigsabhat contain the indices measured
in Toloba et al. (2009b) and Serven et al. (2010) as well asesteof Lick/IDS indices and those
defined by Serven et al. (2005).

| would like to emphasize that the study developed in thispgidrafor massive early-type
galaxies is a pilot analysis that can be applied to dwarbgesa Due to the difficulty of observing
such a blue wavelength, as it is 33004, using a optical speaph as I1SIS, we decided to test
this technique in massive galaxies and assure that it igljeds be conducted at the WHT. In
our run at La Palma, apart from the sample of 35 massive ielilstanalysed in this Chapter, we
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observed one of the dwarf galaxies that will be presentedhap@r 6, and we proved that the
William Herschel Telescope is capable of gathering enoygt t8 extend this same study to low
luminosity early-types.
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5.2 Toloba et al. (2009) ApJ, 691 L95

Carbon and Nitrogen Abundances in Early-type Galaxies
E. Tolob&, P. Sanchez-Blazqued. Gorgasg, B. K. Gibso#

aUniversidad Complutense de Madrid, 28040, Madrid, Spain
bCentre for Astrophysics, University of Central Lancashifeeston, PR1 2HE, UK

Abstract—For the first time, we undertake a systematic examination of
the nitrogen abundances for a sample of 35 early-type gadaspanning a
range of masses and local environment. The nitrogen-sensiblecular fea-
ture at 3360A has been employed in conjunction with a suitatomic- and
molecular-sensitive indices to provide unique and defi@itionstraints on the
chemical content of these systems. By employing NH3360,re@aw able to
break the carbon, nitrogen, and oxygen degeneracies imtterthe use of the
CN-index. We demonstrate that the NH3360 feature shows ttpendency
upon the velocity dispersion (our proxy for mass) of the gials, contrary to
what is seen for carbon- and magnesium-sensitive indicefaca value, these
results are at odds with conclusions drawn previously usidges sensitive
to both carbon and nitrogen, such as cyanogen (CN). With ithefastellar
population models, we find that the N/Fe ratios in these gedeare consistent
with being mildly-enhanced with respect to the solar ratle also explore
the dependence of these findings upon environment, by anglilze co-added
spectra of galaxies in the field and the Coma cluster. We cortfie pre-
viously found differences in carbon abundances betweeaxigs in low- and
high-density environments, while showing that these thifiees do not seem to
exist for nitrogen. We discuss the implications of theseifigd for the deriva-
tion of the star formation histories in early-type galaxi@sd for the origin of
carbon and nitrogen, themselves.

5.2.1 Introduction

Uncovering the star formation histories of early-type gada has proved to be a challenging en-
deavor for several decades now. Perhaps the most commareappp date has been via the com-
parison of Lick/IDS spectral indices, each with varying e of sensitivity to age and metallicity
(Worthey 1994). Alas, the lack of indices which gmerely sensitive to age and/or metallicity has
limited the uniqueness of the claimed results. Despitehalitierature, there remains fundamental
disagreement on the magnitude and even veracity of impdremds, including those linking age,
metallicity, and relative elemental abundances, with naaskenvironment. A further limitation to
this technique is its sensitivity to the youngest stellanponent in a given galaxy, as opposed to
the more representative underlying population.

An alternative approach, and one employed successfullpdoiown Galaxy, is to use our
knowledge of galactic chemical evolution to inform our eation of star formation histories.
In massive early-type galaxies O’Connell (1976) first nedi¢hat Mg abundance was enhanced
relative to Fe; Other works confirmed this by comparing apison line indices with isochrone-
based stellar population models. Because Mg is predontynprdgduced in Type Il supernovae
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while Fe production is dominated by Type la supernovae, éhisancement is often interpreted
as the result of very short timescales for the formation afssin these galaxies. Apart from Mg,
other elements (eg. C, N, Na) have been claimed to be enhamdadye ellipticals (Worthey
1998; Burstein 2003; Kelson et al. 2006, Sanchez-Blazquak 2003, 2006a (SB03 and SB06a
hereafter); Schiavon 2007; Graves et al. 2008) and to begdiir@orrelated with their velocity
dispersions (although see Kelson et al. 2006; Clemens @086) for an alternate perspective
regarding Mg and C).

Claims have been made for a strong N/Fe correlation with 1f&866a, Kelson et al. 2006;
Schiavon 2007; Graves & Schiavon 2008). Nitrogen is prodwbgring hydrogen burning via
the CNO and CN cycles, and it is created as both, primary aconskry element. In primary
nucleosynthesis N is produced at the same time as C and O anohdependent of metallicity
while in secondary production nitrogen is synthesized ftbencarbon and oxygen already present
in the star, and its abundance is therefore proportionah¢ohieavy elements abundance. The
correlation of N/Fe with mass have been interpreted as @letion between N/Fe and metallicity
(through the mass-metallicity relation) and has lead thtbas above to conclude that most of
the N produced in ellipticals is of secondary origin. To demitrogen abundances, the CN-band
at 4175A has typically been used; however, disentangliegeffects of C, N, and O using the
CN-band is difficult (Burstein 2003). Direct observationtbé NH feature at 3360A offers a
more direct, and robust estimator as the NH-feature is sigeato C and O (Sneden 1973; Norris
et al. 2002) and it is directly measuring N abundances (Ble&$¢orris 1982; Tomkin & Lambert
1984). In addition, the near-UV light is produced primablydwarf stars (Davidge & Clark 1994,

, DC94), while the optical cyanogen indices result from aenoomplex mix of both dwarf and
giant star light. This avoid the variation in the stellar aspheric abundances due to mixing during
the first dredge-up.

There are fewer than 15 early-type galaxies with publistabdes of NH3360 in the literature
(Ponder et al. 1998; Boulade et al. 1988; Davidge & Clark 198de in large part to the relative
insensitivity of detectors in the near-UV. We present hdrseovations of the NH feature in a
sample of 35 early-type galaxies in the field, Virgo, and Carusters. We show that previous
claims of correlations between nitrogen and velocity disjpa are incorrect and that the NH3360
index-o relation is almost flat.

5.2.2 Observations and Data Reduction

Long slit spectroscopic data for 35 ellipticals were obedimt the 4.2m William Herschel Tele-
scope at Roque de los Muchachos Observatory, using the @&regraph. The instrumental
configuration provided and spectral coverage from 3140 49Adn the blue arm with an spectral
resolution of 2.3A (FWHM) and a typical sigmal to noise per #46. Our sample is a subset of
those presented in SB06a, allowing us to supplement ourl¢atata with the associated optical
indices (3500-5250A). We measure the NH3360 index in our new data, and theeseWorthey
& Briley (2005, SWBO05 hereatfter) optical indices in our SBQfptical spectra.

In SB03, we claimed that galaxies in the Coma cluster had nowbr CN and C4668
indices than those in lower-density environments. We wearable then to conclude whether
the differences were due exclusively to differences in @arbr if nitrogen was also overabun-
dant in galaxies in lower-density environments. With tha af resolving this issue, we selected
our sample to include field, Virgo and Coma ellipticals, spag a range in velocity dispersions
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Table 5.2: Index definitions
Name Blue passband (&) Index passband (A) Red passband (AfereRee

NH3360 3320-3350 3350-3400 3415-3435 DC94
CNO3862 3768.1-3812.3 3840.3-3883.4 3896.4-3916.2 SWBO05
CNO4175 4082.5-4123.3 4129.4-4219.8 4243.3-4284.2 SWBO05
CO4685  4557.3-4589.5 4626.4-4743.3 4805.1-4835.3 SWBO05
Mgb 5142.6-5161.4 5160.1-5192.6 5191.4-5206.4 Lick

(130<0<330 km s1). Following the nomenclature of SB03, we denote our Comstehlsample
as High-Density Environment Galaxies (HDEG), while gadedin the field and Virgo are denoted
Low-Density Environment Galaxies (LDEG).

We have followed the standard reduction procedure for litgpectra, using EDHE (Cardiel
1999). Galaxy spectra were extracted within a central edgit aperture of’4at the distance of
NGC 6703 (corresponding to a physical aperture of 0.76 RMe)measured the NH3360 index us-
ing the definition of Davidge & Clark (1994) (see 5-2nd the CNO3862, CNO4175, and CO4685
indices, as defined by SWBO05. All indices were measured asgedsion ofr=200 km s and
corrected for the effects of velocity dispersion broadgnising a combination of synthetic spectra
from Bruzual & Charlot (2003, BCO3 hereafter) and Vazdekiale(2008, VO8 hereafter).

5.2.3 Results

Figure 5.1 shows the co-added spectra in different wavéheregions of LDEG (blue) and HDEG
(red), with velocity dispersions in the range ¥50<250 km s!. Before being added, the spec-
tra were shifted to the same radial velocity and broadenetthéomaximume of all spectra
(250 km s'). The spectral regions correspond to the bands of fourrdiffeindices: NH3360,
CNO3862, CNO4175, and CO4685.

Overplotted in these diagrams are the models by BC03 for tH8360 and the models
of V08 for the remainder of the indices. We could not use VO8tf@ comparison of the NH
index because the spectra start at 3500 A. However, we piefese it for the other regions of
the spectra as the stellar library used in the BC03 modefersufrom wavelength calibration
problems. Nevertheless, we have checked and ensured ¢éhedghlts obtained are independent
of the models employed. All synthetic spectra were degraolése same broadened resolution as
the galactic spectra. We have plotted four models in eachefjguith ages~6 and15 Gyr, and
metallicities solar and supersolar ((M/H]=+0.4 for BCO31gM/H]=+0.2 for V08).

Comparing the empirical spectra with the models in Fig. :\d t&king into account the
element dependence of the indices (see inset of the figureawsee: NH3360 is slightly over-
abundant with respect to the scaled-solar models; CNO3862ampatible with the scaled-solar
models at lower metallicities (for older ages) or higheraligties (for younger ages); CNO4175
and C0O4682 are overabundant in the field galaxies, but nah#ocluster galaxies. In consort,

1A case could be made to amend the Davidge & Clark (1994) definsbmewhat, in light of Carbon et al. (1992;
Fig 13). Specifically, the NH3360 continua sit within the &dowings of the NH feature itself, reducing its optimal
sensitivity to nitrogen. Redefining the red continuum to B8@-3520A would mitigate this effect to some degree,
but for consistency with the canonical definition, we havemosued this approach.
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these data require nitrogen-based indices be overabunithrespect to solar, carbon-based in-
dices be overabundant with respect to solar only for LDE@,@&tygen be similarly overabundant.

5.2.3.1 The index-velocity dispersion relations

In Fig. 5.1 we present the behavior of the four indices aredyzn addition to Mgb, as a func-
tion of the velocity dispersion of the galaxies. We distirsijubetween three different groups of
plots, depending on the chemical element dominating tlemsity of the index: N-based indices
(C0O3862 and NH3360), C-based indices (CNO4175 and CO4&88)Mgb. Indices dependent
on C show a strong dependency upon velocity dispersion, imidas way to Mgb. However, the
trends between the N-sensitive indices and velocity dsperare much flatter; indeed, they are
even flatter than that found fetFe> (see SB03).

Differences in the slope of the indexdiagram could appear due to a different sensitivity
of the indices to age and/or metallicity and do not necelysagilect differences in the chemical
abundance ratios. Figure 5.2 shows the variation of the@sdivith age for different metallicities.
It can be seen that each of the SWBO5 indices show a strongdepee on metallicity, particularly
C0O4685. The Lick/IDS index Mgb also shows a strong met&jflidependence. On the other hand,
for metallicities relevant for elliptical galaxies/ (> 0.004), NH3360 is essentially constant with
age and overall metallicity. This behavior allows NH3360éased successfully to derive nitrogen
abundances in integrated spectra, with Boulade et al. {188&irming its strong sensitivity to
nitrogen abundance .

Can we explain the relations between the other indicescaad the consequence only of
a relation between the overall metallicity and/or age with To answer this question we have
parametrized the models of BCO3 and V08 as a function of agenagtallicity, in the age and
metallicity restricted to the range covered by our sampké~17 Gyrs and -0.7@[M/H] <0.40.
If we allow for the same age variation with(from 5-12 Gyr in ther range 125-350 kmgs) for all
the indices, we need0.13 dex more metallicity variation to explain the CNO41@bd CO4685-
o relations — the most C-sensitive indices — while and exti@.3 dex variation in metallicity is
needed to explain the relation of the Mglslope. At a face value, this would be indicating that
[C/M], [Mg/M] and [Mg/C] increase witho. The conclusions, however, remain very speculative
until the oxygen abundance and its variation witls calculated in these galaxies. In addition,
the indices strongly dependent on C show a systematic diftseteen LDEG and HDEG, with the
indices for HDEG systematically weaker than those for LDEG.

5.2.4 Discussion

We present here the NH3360 indices for a sample of 35 eaply-gwlaxies. Unlike the ambiguities
which exist when inferring nitrogen abundances from cyamagdices in the optical (due to con-
tamination from carbon and oxygen in the bands and assdaiatginua), the near-UV molecular
feature of NH isolates the nitrogen abundance. The mainlgsionis of this work are: (1) a flat

relation exists between the NH3360 index and the velocepetision of the galaxies, contrary to
what has been previously claimed by other authors from #reitysis of the more ambiguous CN-

2This behavior is also visible in the near-IR C-sensitivdded (Marmol-Queralté, in preparation).



46 5. Chemical abundances of early-type galaxies in diffeg@mironments

| NH3360= 2.627+ 0.68 log o N =
o
e Cr % -
M & | = 3
I ©
= i + P
N — ~
1 ] 1 ] 1 . M o
3350
0 ' | : | ' ' - o
o — [CNO3862=-4.70+7.12 log g 1~
(o) v < (C,—O) -
B o
o — \ P a
pd _ ]
O W/ 3
.3800. — ‘3850.
o | T T L L
o = —14.99+9.3g|ogmr c, N, =0
N~ o e
S
o 19}
prd
(@)
M P N B R Y
4100 4150 4200
T U 0
A.C (-0) 2
n ©
% -~
5 © A %
S Sk
O <«
o
N N N 1 N N 1 N ©
4600 4700 4800
F T T T T v Yy ) )
N FMgb=—4.32+3.87 log o Mgb
; o ¢ -
§°F :
= 0 F @ < g
<+ F w 00 ®
L ] ] ] ] ] ] \ \ \ ] \ ] o
9 99 2.4 5140 5160 5180 5200
log o A (R)

Figure 5.1: Left column: Line-strength indices versus velocity disien. Red solid circles correspond to HDEG,
while blue open circles are LDEG. Right column: Blue, greamd red boxes represent the bandpass of the index
definition: In blue and red are the two-bands used to defin@seedocontinua. The flux in both, the data and the
models have been normalized to these bands. The centraivifzere the feature is located is indicated in green.
Black lines represent stellar population models. Only niwdéth solar (dashed lines) and supersolar (dotted lines)
metallicity are plotted; 6 and 15 Gyr models are plotted fmtemetallicity. The stacked spectra for LDEG are plotted
in blue, while the HDEG are represented in red. Dominantisgeand other important species (within brackets)
contributing to the indices defined by SWBO05 are shown in tiset of the panels. A - symbol indicates that an
increase in the abundance of that element makes the indéewea
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Figure 5.2: Variations of the analyzed indices with age at differentatligities as indicated in the inset. BCO3 models
are used for the NH3360 while V08 models are employed forehgainder of the plots.

index; (2) N is independent of local environment, whereapears stronger for LDEG relative
to HDEG. In this sense, carbon and nitrogen production apipelae essentially decoupled from
one another.

Our results can be useful for constraining the origin of C BldNitrogen is produced in
both intermediate-mass and massive stars, and it can hawaary and secondary origin (Carigi
et al. 2005; Chiappini et al. 2006). The abundance ratio acdcaisdary element is predicted to
increase with metallicity. If elliptical galaxies show a ssametallicity relation, as it has been
claimed by many authors (eg., Kodama & Arimoto 1998), thersthwvauld expect the secondary N
to increase with the mass of the galaxies, as suggestedviopseworks based upon cyanogen-
inferred nitrogen abundance determinations (eg., Kelsah 2006; Schiavon 2007). However, we
have shown here that when a more “pure” nitrogen-sensitigieator is used, there is no relation
between the nitrogen abundance and the mass of the galaiies.lack of correlation may be
indicating primary production of nitrogen.

Nucleosynthesis studies predict that primary N can be predioth in the third dredge-up
along the Asymptotic Giant Branch (AGB) phase, if nucleaming at the base of the convec-
tive envelope is efficient (Renzini & Voli 1981, hot-bottorarhing), and recent yields, including
rotationally-induced mixing, also predict significant guztion of N in massive stars (Meynet &
Maeder 2002). Chiappini et al. (2003, 2006) has shown thatrblusion of these yields in a
Galactic chemical evolution model of the Milky Way predieis N/O gradient consistent with
observations. Having said that, this primary nitrogen paidn pathway is apparently only sig-
nificant at low metallicities and is not predicted to be pafarly relevant for systems such as
elliptical galaxies that can reach supersolar metalisitrery rapidly. In a system more similar
to elliptical galaxies — that of the bulge of our galaxy — Batl et al. (2007) (see also Matteucci
1986) need to include primary N from massive staralbmetallicities (and all masses), in order
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too explain the data from planetary nebulae.

In elliptical galaxies, the offsets between LDEG and HDE®famassive stars as the main
contributors to primary nitrogen, because for the elemprisluced by intermediate mass stars,
no offsets are detected. However, if that is the case, thewoudd expect a similar correlation
between N and, as seen for Mg and. As we have shown though, the B€orrelation appears flat
from our new data and analysis. A possible solution is thattmntribution frombothmassive and
intermediate mass stars is shaping therMelation in ellipticals. The delay in the N release from
intermediate mass @M <8 M) stars is~100 Myr, so even in a relatively short star formation
burst, some contribution from these stars is expected. beleved that the star formation in
ellipticals is both more efficient and of a shorter timesaaih increasing galactic mass. If this
is the case, N would be produced increasingly more pronmiyndayt massive stars in the most
massive galaxies, while the less-massive galaxies withitin@re protracted star formation history
would have an additional contribution from intermediatessistars. As mentioned, the delay in the
release of N from intermediate mass stars' 100 Myrs (the lifetime of 5-6 M., solar metallicity
stars); intermediate mass stars do not release significantirats of Mg at high metallicitie3,
which would explain the different behavior of the Mg relation compared with the M-relation.

Carbon is another controversial element. While some as#irgue that it is mainly produced
in intermediate mass stars (Chiappini et al. 2003) (withseadetween-14 M) others suggest
that massive stars are the main contributors (eg., Caraji @005). The offset between galaxies
in different environments that is not seen in other elempraduced mainly in massive stars, such
as Mg, favors the suggestion that C is produced mainly in toneass stars. However, if low- and
intermediate-mass staage the main producers of C, it is difficult to explain the stromgrelation
between C and and the overabundance of C/Fe with respect to the Sun. Orstbpidg is that
C is produced in both, massive and lower mass stars in coilpgpeoportions. The significant
slope in the relation would be the consequence of C produationassive stars while the offset
would come from a different production in lower mass statfsisTatter C release would increase
the C budget in LDEG while in the HDEG, star formation ceassfstte this can happen.

Of course these are very simplified scenarios. The relathmitance of the different N-
sites and the origin of C in elliptical galaxies will be exg@d in a future paper using o@Et ool
chemical evolution code (eg., Hughes et al. 2008).

In summary, we report the first determination of “pure” nifem abundances for a sample of
early-type galaxies and compare these with stellar popunlabodels. Contrary to what has been
claimed previously, the nitrogen abundances do not vary thigt velocity dispersion of the galax-
ies. The environmental differences found for C and N abucésimmpose an important constraint
on chemical evolution and galaxy formation models. It wéldrxitical to independently constrain
the oxygen abundance and its dependence upon galaxy masst because of the obvious syner-
gies between CNO in low- and intermediate-mass stars, apdrirbecause oxygen is simply the
most dominant component-60%) of global metallicity.

We thank Francesca Matteucci and Reynier Peletier for abvery useful discussions. The
expert guidance of the referee, Judy Cohen, is gratefukp@eledged. This work has been par-
tially supported by the Spanish research project AYA200752-C03-03, the Marie Curie Intra-
European Fellowship scheme within the 6th European CommymErmework Programme (PSB),

3note that significant contribution from AGB stars to the heigetopes’®Mg and?%Mg is predicted at metallicities
lower than [Fe/Hk —0.5 (Fenner et al. 2003)
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Figure 5.3: NH3360 bandpasses are shown with horizontal lines. Blackrad lines present, respectively, the
relative spectral responses due to 0.3 dex increase in N @nd Me same spectral region. Here it is seen that the Mg
absorption line is partially introduced in the definitiontbé blue passband of NH3360.

5.3 NH and Mg trends in elliptical galaxies (Serven, Worthey , Toloba,
Sanchez-Blazquez, 2011, in press)

The previous analysis has shown that early-type galaxiestéd in different environments do
not present any difference in purely N-based indices, irtreshto C-based indices. It has also
shown that NH3360 is nearly independent of the velocity elisipn of the galaxies. These results
constrain the formation time scales for these two elememigpsing that N must be formed on
time scales longer than C. These findings are, however,amyrtio previous works based on the
analysis of CN-indices, where C and N contributions are ohixe (e.g., Sanchez-Blazquez et al.
2006b; Kelson et al. 2006; Schiavon 2007; Graves & Schia@®8 In an attempt to explain the
differences observed in the time scale production of N datexd through the analysis of the near-
ultraviolet (NUV), using NH3360, or the optical, using Ch#is, in a work in collaboration with
Dr. G. Worthey and his PhD student J. Serven we developed a&aiesf simple stellar population
models specially tailored to vary individual abundanceglements and analyse their effects on
the absorption features present in the spectrum of eaplg-gglaxies.

Specifically, the PhD student Jedidiah Serven developethtuels that we describe below
this paragraph. The data presented on this publicatioreisime spectra of the 35 massive el-
liptical published in Toloba et al. (2009b). In this regattte observation and reduction of these
galaxies was conducted by myself as well as the measureritdetiodices needed for the analysis
described below.

The new set of models presented in Serven et al. (2010) is aexsion of those of Worthey
(1994) and Trager et al. (1998) with the improvement of usirgyid of synthetic spectra in the
optical (Lee et al. 2009). These models allow us to vary iedeently the age, overall metallicity
Z, and 23 individual elemental abundances to synthesiggesburst stellar population spectra.
The method for determining the response of the indices tdifferent element abundances is the
same as the one presented in Serven et al. (2005) with thewexpent that now, instead of using
a G dwarf star and a K giant to simulate a typical spectrum oflptical galaxy, single stellar
population models are employed, thus better to represeaaayg This method consists of taking
one base model of solar metallicity and then 23 variatioashene with a particular abundance
doubled. Then, the ratios of these spectra were taken to fipdpectral influence due to any
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Index | Blue Passbandl Index Passbhanl Red Passbanfl Reference

NH3360| 3332-3350 3350-3400 3415-3435 | Davidge & Clark (1994)
NH3375| 3342-3352 3350-3400 3415-3355 Serven et al. (2010)
Mg3334| 3310-3320 3328-3340 3342-3335 Serven et al. (2010)

Table 5.3: Definition of the near-ultraviolet indices. The passbandsaeasured in A.

55 T
5
4.5

4
35 ¢t

3
25|

NH3360 ——
| NH3375

N W R M NN

L5 ¢

Equivalent Width in Angstroms
Egquivalent Width in Angstroms

1 1 L L L 1 L 1 L 1 L L L L L
03 02 01 0 01 02 03 04 05 03 -02 -01 0 01 02 03 04 05

[N/Fe] [Mg/Fe]

Figure 5.4: N and Mg abundances from Serven et al. (2010). This Figurstithites the sensitivity of these indices to
changes in N and Mg abundances at fixed metalli¢iyH/] = [Fe/H| = 0.0 and age (8yr), with [Mg/Fe] = 0.0
for the left panel andlV/ Fe] = 0.0 for the right panel.

particular element.

We analysed the contribution of the 23 individual elementshe index NH3360 and we
found that it is contaminated by Mg. Due to the fact that the filgture is located only in the
blue continuum of NH3360 (see Figure 5.3), it was possiblsdtate this contamination in the
definition of the new index Mg3334, and redefine the NH indexiéding the Mg contribution in
NH3375, thus this new NUV index is nearly only dependent orsé&e(Table 5.1 for the contribu-
tion of the different chemical species into these indices Bable 5.3 for their definition). Figure
5.4 shows the sensitivity of these three indices (NH336038IF5 and Mg3334) with N and Mg
abundances.

Now that we had a new index, NH3375, that measures almosthateundances without
any important contribution from other elements, we stuglgé@pendence on the velocity dispersion
of the 35 galaxies from Toloba et al. (2009b). We found th& trew index presents a slight
dependence on in contrast to NH3360 (see Figure 5.5), which was expecteduse the Mg
line is contaminating the blue passband of NH3360, thusxgedawith stronger Mg were more
affected.

In order to dig more into the origin of that lack of trend, weabse the behaviour of the
indices used in Toloba et al. (2009b) in addition to the twe medex definitions, Mg3334 and
NH3375, as a function of metallicity, using Fe4383 as a rtieityl ([Fe/H]) indicator. The aim
of these index-index diagrams is to disentangle the timke sfahe formation of the elements in
the same way as the Mgh-Fe > diagram discussed in Section 3.2.2.1. If a strong corpias
found, the element analysed versus Fe is formed in a shorterscale than Fe. In this regard, we
found that both NH3360 and NH3375 show an anticorrelatiaih wWe4383, thus their behaviour
as a function of the metallicity is similar, as expected lsegheir contribution of N is equivalent.
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Figure 5.5: Indexo relation for NH3360 as shown in Toloba et al. (2009b) and NF83he new index defined in
Serven et al. (2010). Red solid circles are galaxies intmapé high density environment and blue open circles are
galaxies in a low density environment. The fits shown have loeae for the blue symbols.

On the contrary, CN1 is strongly correlated with Fe4383him¢ase of magnesium, while Mgb is
strongly correlated with Fe4383, Mg3334 present a lackeridr(see Figure 5.6). This seems to
indicate that the Mg contribution measured in these twaedifit regions of the spectrum comes
from different stellar populations inhabiting the galaxi®Vith the aim of studying this possibility
we analyse the effect of a metal-poor subpopulation cdegistith the typical underlying pop-
ulation of an elliptical galaxy, that present old agedl 2 Gyr) and solar metallicities ([Fél] =
0.0). The subpopulation considered is old (12 Gyr) and retal ([Fe/H] = —1.5) because it is
photometrically bluer than an old population with solar [A§ and it does not require the exis-
tence of emission lines, not seen in elliptical galaxiesndke case of a young stellar population.
We show in Figure 5.6 the effects of this subpopulation olierdifferent indices when it repre-
sents the 1% of the total mass of the galaxy (blue line), th& Bf the total mass (green line) or
when this metal-poor subpopulation does not exist (red.li@@mparing these three colour lines
with the fit to the data (black line) we find that the increasehef contribution of a metal-poor
subpopulation to the total mass of the galaxy flattens thexbebr of Mg3334 as a function of
Fe4383, which is more similar to what is observed in the taggéaxies than considering alone
an old and solar metallicity population. In the case of NHiged, the presence of a metal-poor
subpopulation changes the slope NH-Fe4383 from positiveetrative, which is what it is seen
in the observed galaxies. However, there is a significarsiedf@ippreciable between the metal-
poor subpopulation and the black line. In fact, this offsetréases when increasing the amount
of metal-poor stars in the galaxy. As a result, this metarmubpopulation can not completely
explain the NH-Fe4383 anticorrelation, as we suspecteausecof the inherent complex nature of
the NUV spectra (Burstein et al. 1988).

From this exercise we have learnt that the light in the NUM@ably highly affected by the
existence of an old, metal-poor subpopulation. To quathigcontribution that this population has
in the NUV may be helpful to compare abundances of differeetical species in the visible and
NUV. This could be done by calibrating the old and metal-pauspopulation until the Mg3334
abundance agrees with that of Mgb. Then we could apply thisration to NH3375 and derive
the N abundances that, in comparison to the N measured frdsorcand nitrogen indices in other
wavelength regions, should provide the same N enhancemefiigtical galaxies.
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Figure 5.6: Index-metallicity relations from Serven et al. (2010). &dgoints are the early-type galaxies from Toloba
et al. (2009b). The black line represents the best fit for Hixges. The red line represents a galaxy model of 12 Gyr
and metallicity varying from solar metallicity to [[?&l]] = 0.25. The green line is the same model of 12 Gyr and solar
metallicity with 5% of the galaxy mass consisting of a 12 Gyr metal-poor (fe= —1.5) subpopulation. The blue
line is the same model except that the subpopulation is nditr @bthe total mass. The pink line represents the galaxy
model of 12 Gyr and solar metallicity where the N abundanciesathat is why these pink lines appear parallel to the
Y-axis. In addition, the relation Mg3334-Mgb is plotted wthe same code of colours and symbols to visualize that
these two indices do not follow the line X Y.

5.4 Conclusions

This Chapter has been devoted to the study of the star fawmaistory of massive early-type
galaxies located in different environments. This work hasrbdone by using the C and N abun-
dances determined from different spectral indices as psoxi the time scale of the stellar evolu-
tion. This has been accomplished through the analysis ahtliees in a sample of 35 early-type
galaxies located in Coma, Virgo and in the field. Our analjias been focused on some new op-
tical indices defined in Serven et al. (2005) that providesarimeasurement of the C abundance.
We confirm that this chemical element depends on the mas® @dlaxies and the environment
they inhabit, as previously claimed by other authors (&&nchez-Blazquez et al. 2006b; Schiavon
2007).

From the innovative analysis of the index NH3360 defined eNluV we have learned that
N abundances do not depend on the mass of the galaxies, arad deesent any differences as a
function of the environment. These results are in cont@#te strong correlation of CN indices
with the velocity dispersiond) of the galaxies found by Sanchez-Blazquez et al. (e.g.6R200
Schiavon (e.g., 2007); Graves & Schiavon (e.g., 2008). Nwein all of these previous works
C and N abundances were completely mixed and could not betdisgled. To better understand
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these results, we have quantified the effect produced bydmetal-poor subpopulation on the
indices. Although a test using NUV and optical Mg indicesicaties that this metal-poor subpop-
ulation must be present in the galaxies, the same analydisrped for N do not provide such
a clear conclusion. It seems that a population of 12 Gyr aegHF= —1.5 is contributing to
the light observed in the NH index but it can not fully expléive observed anticorrelation with
metallicity.

All the results obtained in this Chapter point out that C maesproduced both in massive
and low mass stars in comparable proportions in order tolsameously explain the steep slope
found witho and the offset that appears for galaxies situated in high@andensity environments.
In regard to N, early-type galaxies in high and low densityiwas do not present any offset when
an index based on pure N abundances, such as NH3360, iscsagdgéefunction of galaxy mass.
Moreover, N abundances are independent of the mass of theigml As a consequence, in order
to understand simultaneously these two facts, N must beupsatlin massive and intermediate-
mass stars. These new results establish that magnesiuafiistielement formed, being generated
exclusively intype Il supernovae, after the magnesium the chemical specie formed is nitrogen,
ejected by both massive and intermediate-mass stars, ttltemes carbon, incorporated to the
interstellar medium in the last stages of the evolution ofsnae and low-mass stars, and the last
element in being released to the interstellar medium is waginated exclusively when low-mass
stars explode in type la supernovae, a process with a tinle suach longer than any of the
previous ones.



Spectrophotometric study of dwarf
early-type galaxies in the Virgo cluster

Resumen

En este Capitulo presento el estudio espectrofotométeiemd muestra de galaxias enanas de pri-
meros tipos que yo misma he observado en espectroscopisoliecién intermedia y he analizado
tanto en espectroscopia como en fotometria.

Bajo el modelo cosmologicdACDM las galaxias enanas son una pieza esencial en la for-
macion y evolucién de galaxias, ya que son los componentespos de los sistemas estelares
mas masivos (White & Rees 1978; White & Frenk 1991). Esto bbagmado que en los ultimos
afos, coincidiendo también con las mejoras instrumentalepermiten observar esta poblacion
de objetos estelares de bajo brillo superficial, muchosezhs se hayan concentrado en explorar
la naturaleza de estos sistemas (Gorgas et al. 1997; Pedta2@02; Geha et al. 2002, 2003; Guz-
man et al. 2003; van Zee et al. 2004b; Matko&i Guzman 2005; de Rijcke et al. 2005; Ferrarese
et al. 2006; Michielsen et al. 2008; Koleva et al. 2009a; i@pdrian 2009).

Su apariencia similar a las elipticas gigantes (ver Fergé@sBinggeli 1994) ha hecho pen-
sar que las enanas son la contrapartida a bajo brillo supédi las gigantes. Sin embargo, los
estudios mas recientes han revelado que se trata de unaipahbtauy heterogénea (Lisker et
al. 2006-2009) con indicios de tratarse de galaxias de lowas tipos que se han transformado
debido a su interaccion con el entorno.

Con el objetivo de arrojar un poco de luz sobre el origen dgddaxias enanas de primeros
tipos se inicid la colaboracion MAGPOP (Multi-wavelengtimalysis of Galaxy POPulations),
proyecto en el que se enmarca el trabajo realizado en esteil©ap

Ademas de las observaciones espectroscopicas de resoiniEdmedia, simultaneamente,
y dentro de este mismo proyecto, se observé la misma muestyaldxias a baja resolucion. El
andlisis de la muestra a baja resolucién fue liderado por.éd&lf Michielsen y tuve el placer de
colaborar estrechamente con €l en la elaboracion del mratque dié lugar tal analisis.

En este articulo (Michielsen et al. 2008) hemos calculasipddlaciones estelares centrales
de la muestra de galaxias y hemos analizado sus parametmnost@sles. Para el estudio de las
edades y metalicidades se han utilizado los modelos desssigke poblaciones de Vazdekis et al.
(2010) y el método de diagramas indice-indice descrito 8edaion 3.2.2. El estudio de las carac-
teristicas estructurales se ha basado en el analisis dedosnihados parametr6sAS (Conselice
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et al. 2003), que miden la concentracion, la asimetrid gleimpiness de las galaxias, siendo este
altimo también un parametro de asimetria.

El resto del Capitulo esta dedicado a la espectroscopissdkicgn intermedia y a su es-
tudio junto con la fotometria en diferentes bandas. Con gtiob de poder discernir el proceso
de formacion que han sufrido las galaxias elipticas enaosh@mos centrado en el estudio ci-
nematico de la muestra en buena parte de esta Seccionabititiza técnica de comparacion del
ensanchamiento de las lineas de absorcién de las galaxéaswdesplazamiento por efecto Dop-
pler con las mismas lineas en las estrellas observadas eofireshemos obtenido las curvas de
rotacion y de dispersion de velocidades para toda la mugsigalaxias.

Estas curvas cinematicas han sido analizadas de differfarteas. En primer lugar hemos
comparado su forma general con la de galaxias de los Ultipos de luminosidades similares a
las de nuestras enanas. También hemos analizado, ya quasiigiestas galaxias presentan una
cierta rotacion, cOmo encaja ésta en la relacion de Tubfétitipica de las galaxias espirales. Y
como ultima parte del trabajo presentado en la Seccion éridsdecho un estudio del contenido
de materia oscura en comparacion con galaxias esferoidelé€rupo Local y galaxias elipticas
masivas.

En la Seccion 6.3, publicada en Toloba et al. (2009a), herasarwllado el analisis del
comportamiento cinematico de estas galaxias. Tras medelipticidades de las galaxias en las
imagenes fotométricas utilizando la técnica descrita edelecion 6.2, hemos comparado el co-
ciente entre la velocidad de rotacion y la dispersion decigéales ¢/o) con la elipticidad, vy,
utilizando el modelo de Binney (1978), hemos visto que pdetéa muestra esta soportada por
rotacion y el resto por los movimientos aleatorios de lasekas. En la imagenes fotométricas
obtenidas dentro de la colaboracion MAGPOP, he medido énpetroC; denominadadisky-
ness/boxymesgue mide como de diferentes son las isofotas de las galesiagespecto a una
elipse perfecta. Este parametro ha resultado ser coirteidem la subclasificacion en galaxias
de disco y no disco realizado por Lisker et al. (2006a) contaorica completamente diferente.
Encontrando que las galaxias clasificadas como de disativai@ente tienen las isofotas de tipo
diskyy las no disco soboxy. Para completar este analisis centrado en el soporte ciivenda esta
muestra de galaxias enanas, hemos estudiaden funcion de la edad de las galaxias, sacadas
del estudio a baja resolucion de Michielsen et al. (2008% jadlistancia al centro del cimulo de
Virgo.

La Seccion 6.4 esta dedicada al estudio de las relacionescdt&aajue describimos en el
Capitulo 3. Con el objetivo de estudiar si estas relaciosgEsmaovernadas por las poblaciones es-
telares de las galaxias o por sus parametros estructueldgemos analizado en una banda Optica
(la bandaB), altamente influenciada por la edad y metalicidad de lesxged, y por primera vez
para galaxias enanas, en una banda infraroja (la bAndascogida por no estar influenciada por
las estrellas jévenes que puedan estar presentes en lgéagalaeste Capitulo, que actualmente
esta en desarrollo, estudiamos las propiedades dinamiestsucturales de las galaxias en com-
paracion con galaxias masivas de primeros tipos, e inctlgjezuando ha sido posible, galaxias
enanas esferoidales del Grupo Local.
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6.1 Introduction

In the study of the formation and evolution of galaxies in thaverse, dwarf galaxies have been
identified as a key piece in the puzzle. This is because uhdef@DM scenario they thought to
be the building blocks of more massive objects (e.g., Whiteees 1978; White & Frenk 1991).
In addition, due to their resemblance to massive elliptgalbxies, e.g. elliptical appearance,
red colours, absorption-line spectra (for a review seeudseng & Binggeli 1994), they have been
thought to be the low luminosity extension of massive etypes. However, this scenario is in
contrast to new observational analyses that have probédiHsaare an heterogeneous class of
objects with properties sometimes in between spiral angtiethl galaxies (Lisker et al. 2006-
2009) suggesting that dEs could be dwarf late-type galdketshave been transformed.

Many efforts have been made to unravel the origin of dwarlyegpe galaxies (Gorgas
et al. 1997; Pedraz et al. 2002; Geha et al. 2002, 2003; Gueirgln2003; van Zee et al. 2004b;
Matkovic & Guzman 2005; de Rijcke et al. 2005; Ferrarese et al. 2006hiklsen et al. 2008;
Koleva et al. 2009a; Chilingarian 2009), but the questiostiit open. With the aim of solving
this fundamental question in extragalactic astronomgaeshers from several European countries
joined their wide expertise in the MAGPOP collaboration. GBROP (Multi-wavelength Analysis
of Galaxy POPulations) was a Marie Curie Research Trainiagpdrk funded under the Sixth
Framework Programme of the European Union and leaded by Dme@ere Kauffmann. This
programme run from December 2004 to December 2008. Duriagtime this collaboration
was awarded with a two-year International Time Progamm®)ldt La Palma telescopes. This
ambitious observational proposal was led by Dr. Reynieeketier with the co-Pls Dr. Alessandro
Boselli and Dr. Javier Gorgas.

The overall objectives of the MAGPOP network were to use nwdivelength data to study
the star formation history of galaxies of different natumotgh the analysis of their stellar popula-
tion and metal content, as well as the role of supermassagkibloles in their evolution. These are
the principal ingredients in any models of galaxy evoluti@vithin this network, the ITP focuses
on the study of a sample of star-forming and quiescent dwaleixies selected to belong to high
(the Virgo cluster) and low (the field) density regions.

The MAGPOP-ITP team decided to restrict this analysis tddhal Universe, where dwarf
galaxies can be spatially resolved, are well cataloguety@sli et al. 1985), and there are available
data at different wavelengths, such as HST-ACS survey#{Fese et al. 2006), SDSS (Lisker et al.
2006a,b, 2007, 2008, 2009), ALFALFA survey in HI (Giovanell al. 2005), etc. For all these
reasons, the ITP team chose the closest cluster, Virgo, esaanple of high density environment,
and some field dwarfs located within a distance no much furdimay than Virgo £ 17 Mpc,
Boselli & Gavazzi 2006) as galaxies in low density regionb ti#e dwarfs considered by the team
are present within the GALEX MIS fields (Boselli et al. 2006an the Sloan Digital Sky Survey
(SDSS, York et al. 2000).

The Virgo cluster sample was selected from the Virgo Clu€atalog (VCC) of Binggeli
et al. (1985). We identified 50 star-forming candidates with < 15.5 and 43 quiescent dwarfs
(classified as dE or dS0) withz < 15.

The field sample was selected querying SDSS for nearby2$5Mpc in distance) dwarf
galaxies (-18.5 < M,, < 15 mag, using a Hubble constantdf, = 70 km s ! Mpc—1). They were
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required to have a declination in betweed(’ and+75° to be observed in the Northern hemi-
sphere. The total field sample consisted of 50 dwarf galaXiesolour criterion in the ultraviolet
(UV) using GALEX photometry (Martin et al. 2005) was appliexdclassify the candidates into
star-forming and quiescent dwarfs. Those galaxies withaa nraviolet colour of FUV-NUV

< 0.9 were classified as star-forming and those with FUNUJV > 0.9 as quiescent. For those
galaxies without FUV magnitude, we adopted a cugu= 1.2. The resulting field sample is then
composed by 24 star-forming and 10 quiescent dwarf galaxies

A total of 53 nights were awarded to this project through the ht La Palma telescopes.
These nights were distributed within the 4 largest teleesdNT 2.5 m; NOT 2.5 m; TNG 3.6 m
and WHT 4.2 m). Very different instrumental configurationsrevused in each observing facility
to cover the selected samples of star-forming and quiesiveant's both in photometry and in spec-
troscopy. The observational campaigns for the quiesceatfdwere by far the most successful
ones and have provided long-slit spectroscopy in I&w( 650) and mediumR ~ 3800) resolu-
tion as well as near infrared (NIR) imaging. Among the sangplgalaxies, we selected with high
priority those with the highest surface brightness to makeabservations accessible for the kind
of telescopes we had access to (between 2.5 m and 4 m of diun&ttal of 23 dEs were ob-
served in low-resolution spectroscopy. This sample cotapyi@verlaps with the 21 dEs observed
in the medium-resolution campaings except for NGC3073,ld @iE observed only ak ~ 3800.
The NIR imaging sample consists of a total of 33 dEs% & the optical spectroscopic sample
overlaps with the NIR /- and/orK -band) sample. For the remaining%83H -band images were
drawn from the GOLDMine database (Gavazzi et al. 2003a).

The analysis of the low-resolution spectroscopy was leagédat. Dolf Michielsen (Michielsen
et al. 2008). A summary of the most important results aregmiesl in Section 6.1.1. The medium-
resolution spectroscopy was leaded by myself. | also caedube measurement of the photomet-
ric parameters needed to complete the spectrophotometigsas (Sections 6.2, 6.3 and 6.4).

6.1.1 Low-resolution spectroscopy of dwarf early-type galaxies in the Virgo
cluster (Michielsen, Boselli, Conselice, Toloba, et al. 2008, MNRAS, 385,
1374)

We observed a sample of 18 dEs in the Virgo cluster and 5 inelegedi the NOT telescope. These
observations were done using the spectrograph ALFOSC Wwéhgtism number 14 and a slit
width of 1.2/ oriented along the major axis of the galaxies. The obtaipedtsa had a resolution
of R ~ 650. The analysis conducted with these data consists of dasunement of their stellar
populations inside their central/4hrough the analysis of Lick/IDS indices (see Section /3.
combine this information with some structural parameteeasared in SDSS (York et al. 2000)
g-band images.

My specific contribution to this study began with the obsgores, that were simultaneous
for the low and medium-resolution spectroscopy. | helpezktablish the priority list of galaxies to
be followed during these observing campaigns. In particuflux calibrated the spectra presented
in this work following the technique described in SectioB.@®Regarding the index measurements,
| made a comparison of all the indices in common between tloevtavelength ranges in order
to check that all the values obtained were in complete ageaethese comparisons can be seen
in Appendix B). Thus this work was performed in a very closéatmration between Dr. Dolf
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Figure 6.1: Ages, metallicities and-enhancement from Michielsen et al. (2008). Comparisonufdis (Virgo:
black filled circles, field: cyan filled circles, M32: blue essk) with dE samples of Geha et al. (2003) (red diamonds)
and van Zee et al. (2004b) (blue squares), and with the neassitty-type galaxies from Sanchez-Blazquez et al.
(2006b) (magenta triangles). The average error bars feetbéher samples are plotted with the same colour code.
Overlaid are Thomas et al. (2003) models with different agestallicities and abundance ratios, as indicated on the
left Figure: Hg-[MgFe] diagram overlaid withja/Fe] = 0 model grid. Figure on the right: Mgb < Fe > diagram
with different[«/Fe] models.

Michielsen and myself, being part also of the developmerihefdiscussion and conclusions of
this analysis.

From the study of the stellar content of these galaxies waddhat dEs, on average, are
younger and less metal-rich than more massive Es (see le#l paFigure 6.1). Moreover, their
[a/Fe] abundance ratios scatter around the solar vady&¢] = 0.0), some of the galaxies are even
consistent with having sub-solar abundance rafiegHe] = —0.3, see right panel of Figure 6.1).
Field dEs are found to be generally young, and their meitdigcand abundance ratios are not very
different from those of Virgo dwarfs. These evidences ptordn extended star formation history
in dEs that is in accordance with the downsizing scenariorevldgvarf galaxies have a longer
star formation history than massive ellipticals (Cowie ktl®96; Gavazzi et al. 1996; Boselli
et al. 2001; Caldwell et al. 2003; Nelan et al. 2005; Bundyl.e2@06). Specifically, the fact that
metallicity and«/Fe] do not depend on the location of the galaxy (surroundinglih&er, near its
center or isolated in the field) suggests that the chemicdiigen of dEs is an internally governed
process of slow enrichment. However, preliminary trurcmanf the star formation by a hostile
environment can stop this process.

By analysing the properties of dEs with the Virgocentrictalice we have detected that
galaxies with old stellar populations tend to be locatedhendentral parts of the cluster (see right
panel of Figure 6.2). If a transformation from a star-forguirregular galaxy has occurred, then
we would expect a correlation between some structural petemiand the clustercentric distance.
To investigate this possibility, the structural parametgr, A, S) as defined in Conselice et al.
(2003) were analysed as a function of the distance to M8%idered the center of Virgo. These
structural parameters were measured in the Sp®8nd images of our galaxies. Tlie A, S
parameters have a well-defined range of values and are cethpaing simple techniques. The
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concentration index() is the logarithm of the ratio of the radius that contain§:86f the total
light of the galaxy to the radius which contains’2®f the light. The range i’ varies from 2

to 5, with higherC values for more concentrated galaxies, such as massipécls, and”' ~ 2

for exponential discs. The asymmetry)(is measured by rotating the image of the galaxy by 180
degrees and subtracting this rotated image from the otigim&a Then the residuals obtained are
compared with the original flux of the galaxy. Theparameter ranges from 0 to 1 with merging
galaxies typically found atl > 0.35, and unperturbed symmetric objects with- 0. Finally, the
clumpinessS is defined in a similar way as the asymmetry, with the diffeeetnat the amount of
light in high frequency clumps is compared to the total lighthe galaxy. TheS values range
from O to 2, with star-forming galaxies dominated by HIl r@g$ found at5 > 0.3, while smooth
ellipticals present ~ 0 (see Conselice et al. 2003, for a more complete descripfitime C'AS
parameters).

The left panels of Figure 6.2 present thelS parameters measured in our sample of dEs
as a function of the Virgocentric distance. Whereas the @otnation (') and the clumpinesss)
do not show any clear correlation with the distance from M8@,A parameter, the large-scale
asymmetry, seems to have larger values for those galaxibé® iauter parts of the Virgo cluster.
This suggests that galaxies in the outskirts of the cluskeisbghtly more structurally distorted
than those in the core, but this asymmetry is smaller thainaibserved in star-forming galaxies,
whereS > 0.3.

6.1.2 Kinematics: a key parameter

These stellar population properties and asymmetries faonrMichielsen et al. (2008) and de-
scribed above, in addition to other observed propertieb asahe disky structures observed un-
derneath their elliptical appearance (Lisker et al. 200869, suggest that dEs are transformed
late-type galaxies as a consequence of the interactioreafdtaxies with the hostile environment.
As we discussed in Chapter 2, there are two proposed meamsthiat can be responsible of such a
transformation: ram-pressure stripping and harassmena (feview see Boselli & Gavazzi 2006).

Galaxy harassment was first defined by Moore et al. (1996,,119889) as the combined ef-
fect of high speed galaxy-galaxy close $0 kpc) encounters with the interaction with the potential
of the cluster as whole. Their simulations predict that tinength of the perturbation depends on
the potential wells of the galaxies. This is the reason wigtihidisk galaxies are relatively stable
to galaxy harassment, suffering only a small increase otéméral surface brightness (around 0.5
mag arcsec®), an increase of the disk scale height (by a factor-e#® a positive increment of
the central velocity dispersion and the consequent faditigeospiral features (Moore et al. 1998).
The resulting structural and kinematic properties resenibse of bright lenticulars. However,
due to their low potential well, low surface brightness apgalaxies are strongly perturbed by
their interaction. These galaxies are expected to lose afdkeir stars, up to 5690%, increase
their central velocity dispersion and, consequently,rtbentral surface brightness by 2 mag
arcsec? (Moore et al. 1999). The resulting kinematic and structpraperties resemble would
those of dEs.

Gunn & Gott (1972) first proposed that the interstellar med{iSM) of the galaxies could
be removed if they were moving at 1000 km s through the hot{ 10°—10° K) and dense
(~ 103-10* atoms cnt?) intergalactic medium (IGM) by the ram-pressure mechanigims
physical process is based on the fact that galaxies crossin@M as described above suffer a
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a red horizontal bar are dEs in which disks or spiral straginave been found (certain and probable disks from Lisker
et al. (2006b). Finally the stars highlight those dEs witln rotation (Geha et al. 2003; van Zee et al. 2004b)).
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significant compression ahead of them as a consequence wictiease of the external pressure
due to the distinct density of the IGM with respect to the ISMttcan form a bow-shock and
a low density gaseous tail behind, giving to the galaxy a d¢argeshape (Balsara et al. 1994;
Stevens et al. 1999; Murakami & Babul 1999; Quilis et al. 200@ri & Burkert 2000). The
most recent models developed to analyse the consequenteis ofiechanism on the physical
properties of the galaxies (Boselli et al. 2008a) show thatause of the shallow potential well
of dwarf galaxies, most of their gas is efficiently removedvery short time scales{( 150 Myr),
leading to the formation of extremely gas-deficient objecs a consequence of this lack of
gas, star formation abruptly decreases by a facterd—100 and continues at a very low level
afterwards. Obviously, stopping the star formation makaaxges redder. Since the decrease of
the star formation activity is rapid, the younger stellapplations, those emitting in the ultraviolet,
are the most affected, e.gvUV — H colour increases by 4.5 mag in 1 Gyr, whileB — H by
only 1 mag.

These two mechanisms, harassment and ram-pressurerggrippn explain the red colours
and smooth structural properties of dwarf early-type gakxHowever, in terms of kinematics,
they predict very different effects: from a ram-pressur@ping event, where the gas in the galaxy
is easily removed just by the interaction with the IGM, th&atmn of the progenitor galaxy must
be conserved. On the contrary, in the harassment processe Wie transformation is via galaxy-
galaxy interactions and, therefore, much more violent thasam-pressure, the system is rapidly
heated, the stars migrate from the disk losing the rotatnmhiracreasing the velocity dispersion of
the galaxy, so nearly no rotation should be found if the gakare transformed via harassment.
This makes kinematic parameters a key parameter to try émtdingle how this galaxies have been
formed and have evolved along the cosmological time.

However, the measurement of the kinematics is not an eageguoe due to the spectral
resolution needed (at least 40 km'} the signal-to-noise required (a minimum of 10), and the
radial coverage (the largest the better) to obtain reliilsiematic values, such as the maximum
rotation velocity, that are representative of the inteb®llaviour of the galaxy. The combination
of these parameters with the low surface brightness of thexigs (i .« > 22 mag arcsec)
requires large exposure times (a minimum of one hour in-d8 telescope) to get acceptable
signal-to-noise (around 430 in the center of the brightest and most concentrated dEs$. is
the reason why only a few results have been published onapis (Pedraz et al. 2002; Simien &
Prugniel 2002; Geha et al. 2002, 2003; van Zee et al. 2004b).

In Bender & Nieto (1990) it was found for the first time thatlesdst, some early-type dwarfs
have significant rotation. This result arose several qomesti what fraction of dEs rotate?, are
they a significant population?, how strong is this rotatjonfiat is the origin of the rotation?.
These guestions have been addressed by several studieaz(ledl. 2002; Simien & Prugniel
2002; Geha et al. 2002, 2003; van Zee et al. 2004b; de Rijck @005; Chilingarian 2009).
The conclusion that is common to all these works is that sdnenot all, dEs present significant
rotation. The reasons of why this is the case still remaimomin. With the aim of answering these
guestions and, more generally, of understanding the ooigsuch a heterogeneous population we
began a spectrophotometric analysis of a sample of 21 dEdymiaithe Virgo cluster. The results
of this work are presented in the following Sections of thimter.

First of all, in Section 6.2 we have conducted an extensiayais of the parameters that
influence the kinematic measurements through the develoipofi@ series of Monte-Carlo sim-
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Figure 6.3: Ratio of the rotation velocityi(.) over the velocity dispersiomr{ vs. the mean isophotal ellipticity from
Geha et al. (2003). The solid line is the expected relatiomifooblate, isotropic galaxy flattened by rotation (Binney
1978). Solid symbols indicate Virgo cluster dEs from Gehalet2003) and open symbols are two dEs from Simien
& Prugniel (2002); dEs are plotted as circles,if; /o < 0.1 and as squares otherwise.

ulations. The parameters investigated are the minimunmasiganoise ($N) needed to rely on
the results, the accuracy of measuring velocity dispessi@nhbelow the instrumental resolution,
the advantages of having a wide range of stars of differesittsal types and luminosity classes as
templates to measure and the effects of the stellar populations of the galaxidbeé determina-
tions of the radial velocities and velocity dispersionsotder to perform this exhaustive study we
have used the single stellar population (SSP) models of FEEGIAR (Le Borgne et al. 2003) to
create model dwarf early-type galaxies where their pararaatere controlled at all times (ages,
metallicities, radial velocitiess). In the first part of Section 6.2 we have investigated theierfte

of all these parameters as a function of th&lS

After this technical and detailed report on how to measuneikiatics in the most accurate
way, we have analysed the shapes of the rotation curves obtaeng dEs of our sample. This
analysis has been done by comparing them with the rotatioresiof spiral galaxies of similar
luminosity from Catinella et al. (2006). We have also conegathe rotation velocity measured
in our dEs with the rotation of normal spiral galaxies thrbdige Tully-Fisher relation. With this
analysis we have tried to understand the similarities irkithematics between today’s star-forming
galaxies and our rotating dEs. The aim of this study was te game insight on the possibility
of dEs being transformed late-type galaxies through a reessure stripping event or through
harassment. The dark matter content of these systems isesrmintroversial topic intimately
related to the dynamics of the galaxies. If they are darkenalbminated systems their rotation
curves should continue increasing with the radius of thebgalwhile, if they are luminosity
dominated, the rotation velocity achieves a radius whebegfins to decrease due to the lack of
dark matter that maintains the star rotation at larger radi the end of Section 6.2 we have
studied the dynamical and stellar mass-to-light ratioomgarison to dSphs (mainly dark matter
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Figure 6.4: Left Panel: Faber-Jackson relation for Coma cluster galaxies by Matk&Guzman (2007). This
plot combines the data from Matkd@v& Guzman (2007) with the measurements from Hudson et aQ(pMoore

et al. (2002) and the EFAR sample by Colless et al. (2001).dtted line corresponds t/ = —20.50 mag and
separates bright from faint early-type galaxies (Grahamw&i@an 2003a). The dashed line is the traditional Faber-
Jackson relatior. « ¢* (Forbes & Ponman 1999). The solid line is the least squarés il the faint early-type
galaxies { o 02:01%0:36) Right panel: Edge-on view of the FP by de Rijcke et al. (2005, DR04). Thaight black
line traces the FP indicated in theaxis of the plot. The dEs observed by Guzman et al. (20033h@ve been added

to the DR04, Geha et al. (2003, G03) and Bender et al. (1992) @&asets. The curved black line traces the FP of
zero mass-loss models by Yoshii & Arimoto (1987, YA87). Thizk grey lines give the locus of the YA87 models
after slow (bottom thick grey line) or fast (top thick grepd) gas removal. The white circles show the expected
evolution of amp =16 Fornax dE.

dominated systems) and Es (systems dominated by the banyatier).

In Section 6.3 we present the study of the rotational supplodivarf early-type galaxies.
This analysis is made quantifying the importance of thetimta(v) over the velocity dispersion
(o). Thisv/o parameter is callednisotropyparameter and quantifies the motions that govern the
galaxy (ordered versus random motions). The classical adeth analyse the kinematic support
of galaxies is to compare the anisotropy parameter with tbeahof Binney (1978). This model
is developed from the virial theorem tensor and describedttboretical curve of /o vs. € (the
measured ellipticity of the galaxy) for an isotropic oblagheroid flattened by rotation. Those
galaxies withv /o consistent with or above the model are rotationally supgaband those below
the model are pressure supported. Figure 6.3 shows an exarhfilis diagram by Geha et al.
(2003).

If dEs are transformed late-type galaxies then we shoulddifidrences in the kinematics
of the dEs located in different regions within the cluster. particular, those that are falling in
now should be less perturbed than those that fell some Gagesyago. To investigate this pos-
sibility we have combined the kinematic information thag #misotropy parameter provides with
the Virgocentric distance. We have also studied this seeaara function of luminosity-weighted
ages of our dEs from Michielsen et al. (2008), an estimatich®age of the last starburst in the
galaxy, and the morphological classification of Lisker e{2006a), that informs us if the galaxy
has any underlying disky structure. On the contrary, if dEstead of being transformed late-type
galaxies, are the small pieces that have merged along tineobogical time to form the massive
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Figure 6.5: Face-on and edge-on projections of th&P for dynamically hot systems from Geha et al. (2003). Blac
diamonds are nonrotating dEs, grey diamonds rotating d&& fPom Burstein et al. (1997) are: classical ellipticals
and spiral bulges (open triangles), Local Group dEs (opamdnds), Local Group dSphs (open circles) and Galactic
globular clusters (plus signs).

elliptical galaxies, as suggested by the hierarchical mgriprmation, then dEs are expected to be
the low-luminosity extension of Es. In Section 6.4 we analygs possibility through the scaling
relations followed by dEs in comparison to massive Es.

This possible connection between dEs and more massivéialgpis still in its infancy.
After the early work by Nieto et al. (1990); Bender et al. (2D8nd Guzman et al. (1993), relatively
little attention has been paid to the relation between thermal kinematics and the structural
parameters of these faint, small galaxies. The main reasahit is, as discussed above, the low
surface brightness of dwarf galaxies, which makes spesdpysvery time-consuming. The most
recent studies in this direction are based on the analys&daifons such as the Fundamental Plane
(FP) and their projections over different axis (see Chapyer

In Matkovic & Guzman (2005, 2007) the Faber-Jackson relation wasexuaind it was
found that dwarf galaxies appear more luminous than theyldhmze for their velocity dispersion
if they follow the same Faber-Jackson relation as massiigiehls (see Figure 6.4). Bender et al.
(1992) was the first noting that dEs appear above the FP ddfinerhssive early-type galaxies.
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More recently, de Rijcke et al. (2005) gathering all the Elde spectrophotometric measurements
for dEs, adding some of their own for the Fornax cluster, amtigaring them to Bender et al.
(1992), also found that dEs lie above the FP defined by britliiptieals, with fainter galaxies
lying progressively higher above the FP (see Figure 6.4)eMthe FP is studied in thespace, as

in Geha et al. (2003), it has been found that dEs populatdexelift area of the FP in their face-on
and edge-on projections (see Figure 6.5) but with no diffeee between rotating and non-rotating
dwarf systems. The different trends followed by Es and dEhair scaling relations has been
interpreted as a fundamental difference between the gdtamyation processes of dEs and more
luminous elliptical galaxies (e.g., Bender et al. 1992; &ehal. 2003; Kormendy et al. 2009),
although not all the authors agree with this view. Groups Buzman et al. (2003) and de Rijcke
et al. (2005) explain this difference as a natural consecpi@h dEs being the low-luminosity
extension of giant Es because, claiming that mergers doquatlly affect massive and low-mass
galaxies. To test this possible origin of dEs as the progendf more massive Es we have analysed
in Section 6.4 some scaling relations such as the KormerabgrrJackson and the Fundamental
Plane as a function of the kinematic properties of dwarfxgakand in comparison to Es.

At the end of this Chapter (Section 6.5) we summarise the mesnlts and conclusions
achieved during the spectrophotometric analysis develop8ections 6.2, 6.3 and 6.4.
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Abstract—Wwe present new medium resolution kinematic data for a sample
of 21 dwarf early-type galaxies (dEs) mainly in the Virgostier, obtained with
the WHT and INT telescopes at the Roque de los Muchachos @Gitegy (La
Palma, Spain). These data are used to study the origin ofwhef @lliptical
galaxy population inhabiting clusters. We confirm that dEssrsot dark mat-
ter dominated galaxies, at least up to the half-light radM& also find that
the observed galaxies in the outer parts of the cluster astlynmtationally
supported systems with disky morphological shapes. Ruwtalily supported
dEs have rotation curves similar to those of star formingxjak of similar
luminosity and follow the Tully-Fisher relation. This isgacted if dE galaxies
are the descendant of low luminosity star forming systemishvitecently en-
tered the cluster environment and lost their gas due to a ragspre stripping
event, quenching their star formation activity and transiog into quiescent
systems, but conserving their angular momentum.

6.2.1 Introduction

The processes involved in galaxy formation and evolutionugh cosmic time are still poorly
understood. It is indeed still unclear how matter assemtoléorm the present day galaxy popula-
tion, whether it followed a passive evolution after the ap#lie of the primordial density fluctuations
(secular evolution), through a subsequent merging of grgwiructures (hierarchical formation)
or a combination of the two. A way of quantifying the relatiode of these different mechanisms
is to study dwarf galaxies, the most numerous objects intihestse (Ferguson & Binggeli 1994).
Their importance resides in the fact that these low-lunitg@ystems are expected to be the build-
ing blocks of massive galaxies in lambda cold dark matt€dM) hierarchical merging scenarios
(e.g., White & Rees 1978; White & Frenk 1991).

Among dwarf galaxies, quiescent dwarfs (which we here deér®e all quiescent galaxies
with Mp > —18, including both dwarf ellipticals and spheroidals, ladter indicated as dEs)
are of particular interest since they are the most numeropsilgtion in clusters (Ferguson &
Binggeli 1994). These objects were originally thought tahmelow luminosity extension of giant
ellipticals (Es). Since the 1990s it is known that dEs are posed of several families of objects
(e.g. compact and low surface brightness dwarfs) (Bendak €1992);Kormendy et al. (2009)).
Later on, it was shown that dEs were no longer small Es witlpknold and metal-poor stellar
populations, but much more complex objects exhibiting aewidnge of stellar contents. For
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example, in the Virgo cluster, they have stellar populaticenging from very young (around 1
Gyr old) luminosity-weighted ages to as old as the oldestdaxies (14 Gyr) (Michielsen et al.
2008). Their proximity allowed detailed studies of thenustural properties which indicated that,
behind their elliptical appearance, dEs show a great yaattunderlying structures, like discs,
spiral arms, irregular features, etc, making them a vergrbgeneous class of galaxies (Lisker
et al. 2006a,b, 2007).

These evidences indicate a complex formation processrsipépe evolution of dEs in clus-
ters. Two main different processes have been proposed iliteha&ture: the first mechanism is
based on the idea that dEs are formed through internal pgesglke supernova feedback, where
the interstellar medium (ISM) of the progenitor star formigalaxy is swept away by the kinetic
pressure generated by supernovae (Yoshii & Arimoto 198Hpagh it seems highly unlikely in
dark-matter dominated systems (Silich & Tenorio-TagleD0the second mechanism rests upon
external processes induced by the interaction with theilaastvironment in which dEs reside
(Sandage et al. 1985; Blanton et al. 2005). In a dense emagahseveral mechanisms are af-
fecting galaxies. This might happen through interactioiib the intergalactic medium (IGM), as
ram-pressure stripping (Boselli et al. 2008a,b), galaalaxy interactions (e.g., Byrd & Valtonen
1990) and galaxy harassment (e.g., Moore et al. 1998; Mastro et al. 2005). It has been shown
that all these interactions are able to reproduce some adlibervational properties of local dEs
in clusters, like their structural parameters (Lisker e28l06b, 2007) or their stellar populations
(Geha et al. 2002, 2003; van Zee et al. 2004b; Michielsen 2088; Paudel et al. 2010), but none
of them have been tested versus the kinematic propertieghidmegard, whereas in the harass-
ment scenario the system is rapidly heated, leading to aease of the velocity dispersion of the
galaxy and a decrease of its rotation (Mastropietro et &1520n a ram-pressure stripping event
the angular momentum is conserved (Boselli et al. 2008a,b).

With the aim of using kinematic data to constrain dwarf gglexolution, we recently started
an ambitious observational program at the Observatory EuRBale los Muchachos (La Palma,
Spain) to gather medium resolution spectroscopic data simEhe Virgo cluster. In this paper we
present a detailed analysis of the internal kinematicsdimguour attention into the most rapidly
rotating systems. In Toloba et al. (2009a) we have studiedittematics as a function of local en-
vironment inside the Virgo cluster. Several typical saglielations of pressure supported systems,
such as the Fundamental Plane as well as their stellar gapufaoperties will be analysed in a
forthcoming communication.

This paper is structured as follows: in Sections 2, 3 and 4 egeribe the sample selection,
the observations and the data reduction process. In Segtiem report the kinematic measure-
ments paying special attention to the method employed amdttilar templates used. We also
describe the procedure followed to obtain the radial kintem@ofiles (Section 5.1), the central
velocity dispersion and the maximum rotational speed ok#iected galaxies (Section 5.2), mak-
ing comparisons with previous works (Section 5.3). Comdbingth photometric data (Section
6), the present kinematic observations are used to studgrtiperties of rotationally supported
systems in the framework of various models of galaxy evotu(Sections 7, 8 and 9).

6.2.2 The sample

The sample analysed in this work is composed of galaxies Wjth- —16 classified as dE or dSO
in the Virgo Cluster Catalog (VCC) by Binggeli et al. (1983l galaxies have been selected to
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have SDSS imaging and to be within the GALEX MIS fields (Basetilal. 2005), thus to have
a measured UV magnitude or an upper limit. To these we addesvdiéld quiescent dwarfs
(originally used as fillers in our observing runs) useful domparison in a statistical study. Out
of the 43 Virgo galaxies satisfying these requirements &M C, 18 have been observed for this
work. To make the observations accessible to 2.5-4.2mdabes, we chose those objects with the
highest surface brightness.

The field sample consists of early-type dwarfs in low densstyions with magnitudes be-
tween—18.5< M, < —14.5 and distances similar to Virgo (375 km's v < 1875 km s,
5-25 Mpc). Quiescent objects have been selected assunaraplbur criterion FUV-NUV> 0.9
oru — g > 1.2 when UV detections were not available. We observed omyt3f 10 field dEs
candidates. To these 18 Virgo and 3 field dEs we added M3Z;tedl¢o test the setup of the in-
struments. Thanks to the large amount of available data,iM&2o an ideal target for comparison
with other data available in the literature.

Although we can consider it representative of the bright@ittie Virgo Cluster dE popula-
tion, the observed sample is not complete in any sense.

6.2.3 Observations

The observing time that we obtained for this work was parhefihternational Time Program (ITP
2005-2007) at ElI Roque de los Muchachos Observatory. Heffeous on the medium resolution
(R ~ 3800), long-slit spectroscopy carried out during three obseyviuns. In runs 1 and 3
(December 2005, February 2007) we used the ISIS double4aectregraph at the 4.2m WHT,
and in run 2 (January 2007) we used the IDS spectrograph &8iiThé€2.5m telescope).

The advantage of ISIS over IDS is that it allows us to use ardici{5300 dichroicin our
case) to split the light into two beams to observe simultasotwo wavelength ranges, one in
the blue optical part of the spectra and another in the rets t€bhnique allowed us to cover, in 3
settings in the first run, the full wavelength range from 380@ 8950 A, using a mirror to cover
5000-5600 A, the only range that we could not cover with thiguic. In the third run we used 2
settings to cover the same wavelength range except for theaic gap.

The wavelength range covered by the IDS was smaller (4680-89, since detector and
grating are the same as on the blue arm of ISIS, the data ebt&iad similar resolution. The
spectral resolutionf ~ 3800) is high enough to obtain reliable kinematics for dwarf gada.

All the details of the configurations used in each run areifipdan Table 6.1.

In Table 6.2 we list the observed sample. Column 5 preseetstirphological type clas-
sification according to Lisker et al. (2006a) and Lisker ef{2006b): dE(di) indicates dwarf el-
lipticals with a certain, probable or possible underlyingkd(i.e. showing spiral arms, edge-on
disks andor a bar) or other structures (such as irregular centralifeat(\VCC21)); dE(bc) refers
to galaxies with a blue center; dE to galaxies with no evideterlying structure. Four out of our
21 dwarf galaxies were not in the Lisker et al. sample (NGG3®PGC1007217, PGC1154903
and VCC1947), therefore we classified them as describedcitioBes attending only to their boxy-
ness/diskyness. Column 6 gives the Virgo substructure fohwiihe galaxy belongs, taken from
GOLDMine Database (Gavazzi et al. 2003a) and defined as iaZZaet al. (1999a). Columns 7
and 8 refer to the observational campaign (see Table 6.1)renelxposure time for each setting,
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Table 6.1: Observational configurations

Run 1 Run 2 Run 3
Date Dec.24-27 2005 Jan.21-23 2007 Feb.10-12 2007
Telescope WHT 4.2m INT 2.5m WHT 4.2
Spectrograph ISIS IDS ISIS
Detector EEV12(blue) | Marconi(red) EEV10 EEV12(blue) | RedPlus(red
Grating R1200B(blue)| R600R (red) R1200B R1200B(blue)| R600R(red)
Wavelength range 1 (A) 3500-4300 | 5500-6700 3700-4790 3500-4300 | 5500-6700
Wavelength range 2 (A) 4100-4900 | 7750-8950 4600-5690 4100-4900 | 7750-8950
Wavelength range 3 (A) 4800-5600 — — — —
Dispersion (A/pixel) 0.44 0.87 0.48 0.44 0.97
Spectral Resolution (FWHM, A 1.56 3.22 1.80 1.56 3.23
Instrumental Resolution (knT$) 40 58 46 40 58
Spatial scale’(/pix) 0.40 0.44 0.40 0.40 0.44
Slit width (7) 1.95 1.95 1.94 1.91 1.91

which allowed us to get a typical signal-to-noise rafior the central spectra 6£60 ~!, enough
to obtain reliable central kinematics. The galaxies wergeoled along their major axis. Their
position angles (PA) from the HyperLEDA Database (Paturel.e2003) are given in column 9.
Column 10 gives the Galactic colour excess from Schlegdl €1298).

A total of 37 B to M stars in common with the MILES library (Sdrez-Blazquez et al.
2006c¢) and the CaT library (Cenarro et al. 2001) were obseivélux-calibrate our data and to
use them as templates for velocity dispersion measurements

6.2.4 Data reduction

The data reduction was performed witeRSE (Cardiel 1999), a package specially designed to
reduce long-slit spectroscopy with particular attentiothie treatment of errors. This package is
ideal for treating in parallel the data and error framesdpoing an error spectrum associated with
each individual data spectrum, which means that the errersantrolled at all times.

Due to the similar instrumental configurations used on aleoing runs, the reduction pro-
cess for both telescopes was the same. The standard prededuong-slit spectroscopy data
reduction consists of bias and dark current subtractiotyfilling (using observations of tung-
sten lamps and twilight sky to correct for high and low fregeievariations respectively), cosmic
ray cleaning, C-distortion correction, wavelength caltimon, S-distortion correction, sky subtrac-
tion, atmospheric and interstellar extinction correctaom flux calibration. We give below some
comments on steps of particular importance:

Flat-fielding. The flat-fielding correction is a delicate step at near iftawavelengths due to
the fringing effects. In the first run, the Marconi CCD sufféifrom significant fringing that varied
with the telescope position. Since complete removal of timgiing in run 1 was not possible, we
did not use the red Marconi-CCD data to determine the galagnkatics. The fringing produced

The SN per—! is obtained dividing the 8N per pixel by the square root of the spatial scale along iheTslese
measurement is therefore independent of the instrumedt use



Table 6.2: The observed galaxies.

Galaxy Other name RA(J2000) | Dec.(J2000) Type Env. Run| tep, | PA | E(B-V)
(h:m:s) e (sec)| (°) | (mag)

M 32 NGC 221 00:42:41.84| +40:51:57.4) cE2 M31 group 1 | 1350| 170| 0.062
NGC 3073 UGC 05374 10:00:52.10 +55:37:08.0] dE(di) Field 1 | 3200| 120| 0.010
PGC 1007217 2MASX J02413514-0810243 02:41:35.8 | -08:10:24.8| dE(di) Field 1 |3600| 126| 0.024
PGC 1154903 2MASX J02420036+000053(L 02:42:00.3 | +00:00:52.3 dE Field 1 |3600| 126| 0.031
VCC 21 IC 3025 12:10:23.14) +10:11:18.9| dE(di,bc)| VirgoNCloud | 2 | 3600 99 | 0.021
VCC 308 IC 3131 12:18:50.77| +07:51:41.3| dE(di,bc) | Virgo B Cluster| 3 | 2400| 109 | 0.021
VCC 397 CGCG 042-031 12:20:12.25 +06:37:23.6| dE(di) | VirgoB Cluster| 3 | 3600| 133| 0.020
VCC 523 NGC 4306 12:22:04.13| +12:47:15.1| dE(di) | Virgo A Cluster| 1 | 3400| 144| 0.044
VCC 856 IC 3328 12:25:57.93 +10:03:13.8| dE(di) | VirgoB Cluster| 2 | 2740| 72 | 0.024
VCC 917 IC 3344 12:26:32.40 +13:34:43.8 dE Virgo A Cluster| 3 | 3600| 57 | 0.032
VCC 990 IC 3369 12:27:16.91) +16:01:28.4| dE(di) | Virgo ACluster| 2 | 3000| 135| 0.028
VCC 1087 IC 3381 12:28:17.88 +11:47:23.7 dE Virgo A Cluster| 3 | 3600| 106 | 0.026
VCC 1122 IC 3393 12:28:41.74) +12:54:57.3 dE Virgo A Cluster| 3 | 3600| 132| 0.021
VCC 1183 IC 3413 12:29:22.49 +11:26:01.8| dE(di) | Virgo ACluster| 2 | 3600| 144 | 0.031
VCC 1261 NGC 4482 12:30:10.35 +10:46:46.3 dE Virgo A Cluster| 2 | 6930| 133| 0.028
VCC 1431 IC 3470 12:32:23.39 +11:15:47.4 dE Virgo A Cluster| 2 | 3000| 135| 0.054
VCC 1549 IC 3510 12:34:14.85 +11:04:18.1 dE Virgo A Cluster| 2 | 3300| 13 | 0.030
VCC 1695 IC 3586 12:36:54.79 +12:31:12.3| dE(di) | Virgo ACluster| 3 | 3600| 39 | 0.045
VCC 1861 IC 3652 12:40:58.60 +11:11:04.1 dE VirgoECloud | 3 | 3600| 109 | 0.030
VCC 1910 IC 809 12:42:08.68 +11:45:15.9| dE(di) | VirgoECloud | 2 | 3800| 135| 0.030
VCC 1912 IC 810 12:42:09.12 +12:35:48.8| dE(bc) | VirgoECloud | 2 | 3600| 166 | 0.032
VCC 1947 CGCG 043-003 12:42:56.36| +03:40:35.6| dE(di) | VirgoSCloud | 2 |3060| 126| 0.027

vTT ‘925 'YV (TT0Z) |e 19 eqojol 2°9

TL
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by RedPlus, the new CCD optimised to avoid these patterrs nwech lower, with an amplitude
of only ~1% independent of position.

Wavelength calibrationThe wavelength calibration was performed using betweeth(b-
arc lines depending on the instrumental configuration. Theng fitted with a 8 order polynomial
that led to a typical RMS dispersion of 0.1-0.25 A.

S-distortion, alignment of the spectr®uring the spectroscopic observations, the galaxies
were not perfectly aligned with the rows of the detector. sTdififect is crucial when measuring
gradients of any type (rotation curves, velocity dispargpoofiles or line-strength indices). The
correction of this effect was performed using a routine thahd the position of the galaxy center
as a function of wavelength, fitted all these positions wilibvaorder polynomial and straightened
the spectra using that polynomial. This alignment was dortie avtechnique that minimised the
errors due to the discretization of the signal. This techaigonsists of adopting a more realistic
distribution of the light in each pixel than just assumingatbe constant. To achieve this the
signal in each pixel is fitted with a second order polynomghg the available information in the
adjacent pixels.

Sky subtraction.The sky subtraction is critical for studies where the sgeate analysed
at light levels corresponding to only a few per cent of the signal, as in our case. For each
galaxy observation a sky image was generated fitting theada&ach wavelength with a first order
polynomial in regions at both sides of the galaxy close toaihes of the slit (which has a length
of 3.7 arcmin on the WHT and 3.3 arcmin on the INT). This wassgue since for all targets
except M32 the galaxy filled only a small region of the slit,tss synthetic sky image was free
from contamination from the galaxy. For M32, we observed passte sky frame moving the
telescope from the coordinates of the galaxy to a posiian=-416" (West),Ad =-459” (South)
far enough from M32 to avoid its light but with the same levietontamination from M31.

Extinction correction Atmospheric extinction was calculated using the extinctarve for
El Roque de los Muchachos Observatory (www.ing.ig@dstronomy/ observingmanualgps/tech_notes
tn031.pdf). The Galactic extinction was corrected usirggdhrve of Fitzpatrick (1999) and the
reddening from Schlegel et al. (1998) listed in Table 6.2.

Flux calibration. The relative flux calibration of the spectra was performedgishe ob-
served stars in common with the MILES library (Sanchez-gléez et al. 2006c¢) for the optical
spectra, and with the CaT library (Cenarro et al. 2001) fertbar infrared. For each observed star
we obtained a flux calibration curve. All of them were avedage obtain one unique flux curve
for each run and instrumental configuration. The deviatadresach flux calibration curve from the
averaged one were introduced as uncertainties in the greatrs.. The typical deviation was of
2% reaching~7% in the first and last-150 A of each setup spectra where the noise is the highest.

6.2.5 Measurement of the kinematic parameters

The stellar kinematics of galaxies (radial velocities aalbeity dispersions) were calculated using
the routine MOVEL included in EDHSE package (Cardiel 1999). This routine is based on the
Fourier quotient method described by Sargent & Turner (J@nd refined with the OPTEMA
algorithm (Gonzélez 1993) that allows us to overcome thee&fpemplate mismatch problem. In
order to do this, a number of stars of different spectral $ygoel luminosity classes were introduced
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in the program to create a model galaxy. These stars weresofraptype B9, A0, A3V, GO, G2llI,
G5llII, G8illlI, Galll, KOIII, KOlI, K211, K311, MOl and M21 1I. The model galaxy was created and
processed in parallel to the galaxy spectrum. To build thdehgalaxy all the template spectra
were scaled, shifted and broadened according to a first gliesgmean line-strength); (radial
velocity) ando (velocity dispersion). Then the algorithm looked for theelar combination of
these template stars that best matched the observed gakotylsn. The best linear combination
of observed stars was chosen as the one that minimises thealsshetween the galaxy spectrum
and the broadened optimal template. This provided a firsteingdlaxy with a first kinematic
output ¢, v ando). This model galaxy was then improved using this new gueddarnamatic
parameters. The process was iterated until it converged. enfission lines, found only for the
field dwarf galaxies, and some large sky line residuals, prégent in some cases, were masked,
so that the program did not use them for the minimisation efrésiduals.

To minimize template mismatch effects, it is essential mastemplates a variety of spectral
types and luminosity classes which are representativeefttéllar population of the observed
galaxy; as we will discuss in Section 6.2.5.4, small diffees in ages and metallicities could
lead to a partial fit of the strongest lines and thereforecattee derived velocity dispersion of the
galaxy.

It is also important to check whether the observed stars ¥ilérg the slit during the ob-
servation. If they were not, the instrumental profile woult affect them in the same way as
in the galaxies, and as a consequence,sthiibat one would measure for the galaxy would be

o2 .+ o—gal, whereo,; is the intrinsic velocity dispersion of the galaxy amgl, in this case,
is the quadratic instrumental difference between the gedaand the stars.

To correct for this effect the physical slit widtls required. We calculated it from the spatial
scale and the FWHM (in pixels) of the arc lines, which illusii@ homogeneously the slit. To see
whether the stars were filling the slit completely we chedked the FWHM of their spatial profile
was larger than the physical slit width. If this was not thee;ahe spatial profile of the star was
broadened accordingly. Although this introduced some nangies, the data quality improved
by making this correction. The value efmeasured and adopted in this work is thus the intrinsic
velocity dispersion of the galaxy corrected for possibirmmental effects.

Figure 6.6 shows a typical fit of the observed central spkofra galaxy and the corre-
sponding optimal template broadened with a gaussian watkdéhnived dynamical parameters. The
errors in velocity andr were computed through Monte-Carlo simulations, repeatiegwhole
process (including the derivation of the optimal templ&e)L00 simulated galaxy spectra created
using the error spectra obtained during the reduction gcEhe observed and simulated spectra
perfectly match.

6.2.5.1 Kinematic parameter profiles

To measure kinematic gradients it is important to deterrtheeminimum SN needed to measure
reliable radial velocities and velocity dispersions. Totdat we have designed and carried out a
test exercise based on Monte-Carlo simulations that cainstrthe errors and systematic effects in
the measurement of radial velocities and velocity dispesion fake galaxy spectra with known

2During the observation an indicative width of the slit isesed by the user through a web interface.
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Figure 6.6: Example of the fit computed by MOVEL. Upper panel: in blacle tentral spectrum of VCC523. The
spectrum has been continuum subtracted and normalisedopiimeal template that fits the galaxy is shown in red,
a linear combination with different weights of the starseted with the same configuration as the galaxy. Bottom
panel: residuals of the galaxy-composite template fit.

input kinematic parameters and different ages, metadiciand 3N ratios. This can be outlined
in the following steps: i) from the simple stellar populatimodels from PEGASE.HR (FWHM
0.55 A; Le Borgne et al. (2003)) we selected a subset of 9 nspitra (3 ages and 3 metallicities)
representative of quiescent dwarf galaxies: ages 1 Gyr, 4 IeyGyr; metallicities ofZ = 0.0,

7z = —-0.4,7 = —0.7. The spectral resolution of these models are needed ginaur bluer
configuration the resolution is 1.6 A; i) Taking into account our instrumental resoluti@ach
model was broadened and redshifted to match a set of inpatiteldispersionsg;, (9 values
between 20 km s and 60 km s! in steps of 5 km s') and radial velocitiesy;, (800 km s
and 1500 km st, typical values of Virgo cluster members). This amountstaltof 162 model
spectra. iii) For each one of the above spectra we addeddtitféevels of random noise to match
S/N ratios of 10, 15, 20, 25, 30 and 50, hence ending up with 978eingalaxy spectra. iv)
For each simulated galaxy spectrum we run exactly the sameBll(procedure as we did for
our dE galaxy sample, using the same template stars and M@Z#Eimeters. 100 Monte-Carlo
simulations for each model galaxy were carried out to gédlod errors of the derived kinematic
parameterss, andv, obtained as the mean value of the 100 Monte-Carlo simulatioeach case.
Since the input kinematics; andwv; are set by construction, comparisons and reliability agialy
are immediate to perform.

The above procedure was carried out for each instrumenidigemation in each of the 5
different spectral regions. The results obtained are showigures 6.7, 6.8 and 6.9.

After correcting for any systematic offsets in radial vetp@nd velocity dispersion due to
small intrinsic differences between PEGASE.HR models amabserved stars, we have analysed
the simulations looking at the relative differences betwte measured values and the parameters
introduced in the simulated galaxie&«{/v = (v, — v;)/v; andAc /o = o, — 0;)/0;). Figures
6.7, 6.8 and 6.9 show these differences as a functiory Nfif the wavelength range 4100-4900
A, a range in common between the WHT and INT observations dretavines as important as
the G-band are located. The error bars in these 3 Figures tsigorelative uncertainties obtained
by MOVEL as the RMS scatter resulting from the 100 Monte-@aimulations for each model
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Figure 6.7: Simulations to study the minimuny8 ratio to obtain reliable measurements of the velocity elisn. It
is plottedAc /o (defined ago, — ;) /0;), the relative error introduced when measuringdhe a galaxy as a function
of S/N ratio. Different colours show differemt for the simulated galaxies. Done assuming a stellar populaf 4
GyrandZ = —0.4.

galaxy.

In Figure 6.7 we study the influence of th¢Nsratio and the instrumental resolution on
the measurement of the velocity dispersion of a galaxy. padht represents a galaxy of similar
stellar populations (age 4 Gyr and metallicity0.4) but different velocity dispersion (from 20
to 60 km s!). As expected, the errors increase dramatically at thedoBeN ratios. For low
S/N ratios (§N=10) offsets are found even for galaxies with high, so the velocity dispersions
derived at this $N cannot be trusted. On the contrary, fof\Sratios higher than or equal to 15
we do not find statistically significant offsets, with the egtion of measurements below half the
instrumental resolutions( = 20 km s™1) where special care must be taken. Only fgNSarger
than 20 the measuredcan be fully trusted for velocity dispersions as low as Hadfinstrumental
resolution.

Figure 6.8 presents the influence of the stellar populatariee measurement of the velocity
dispersion of a galaxy. In the upper panel we show the effabecage on a dwarf galaxy of = 40
kms!andZ = —0.4, while in the lower panel we show the effect of the matalifor a galaxy
with o =40 km s! and 4 Gyr old. In this case, although the errors barely depeanuetallicity,
the age-dependence is crucial, and for populations as yasrig Gyr thes measurements are
underestimated for a/8l ratio below 15.

In Figure 6.9 we analyse the effect of the stellar population the computation of the
radial velocity. Neither a change in the velocity dispensior in the metallicity have appreciable
effects on this variable. Only the age of the stellar popoitabhave appreciable influence on the
determination of the radial velocity whenever the age isngpuaround 1 Gyr. The uncertainty
induced by age variations, however, is smalll%, thus rotation velocities can be accurately
measured down to/8l~10.

In Figure 6.10 we plot the expected RMS error (i.e. RMS of therage of all the simu-
lations) as a function of 8\ ratio in order to have a statistical estimate of the unaetta The



76 6. Spectrophotometric study of dwarf early-type galaxiese Virgo cluster

4100-4900&

0 [ t=1Gyr ' t=4Cyr ' o]
(@RS i
o [ I 1
Seb iy bd—h
I [ i
S + $ 0=40 km/s Z=—0.4 ]
I | \ | .
0 z=0.0 ' 7=-04 ' b
(@R i
o [ | 1
Sor--——h-¢-HE-p-0-———-—-—— -
S I S @ o 1
oL 0=40 km/s t=4 Gyr _
I [ . | . | L]

0 20 40

S/N

Figure 6.8: Simulations to study the dependence of the stellar pojpuladf the galaxy on the measurement of its
velocity dispersion. We plot the relative offsets foundamn the measuredand the velocity dispersion introduced
in the simulated galaxy as a function of thé\&ratio. In both panels a typical of 40 km s™! has been considered. In

the upper panel we fix the metallicity of the galaxy-t0.4 and study the influence of the age of the stellar popunatio
In the lower panel the parameter fixed is the age to 4 Gyr, ananatyse the influence of the metallicity en
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Figure 6.9: Simulations to study the influence of the stellar populatiand the $N ratio on the measurement of the
radial velocities. We plot the relative uncertainty wherasiring the radial velocitiegYv /v, defined agv, —v;) /v;)

as a function of the 8\ ratio. Only the results for the radial velocity=1500 km s are shown because the offsets
and errors found are independent of the radial velocity efihlaxy. The results plotted are for a typical dwarf galaxy
with velocity dispersion of 40 km's and metallicity -0.4. The velocity dispersion does not hamg effect on the
measurement of radial velocities nor the metallicitiesteNibe different scale in the y-axis compared to Figures 6.7
and 6.8.
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Figure 6.10: Total scatter in the differences found for the 972 simulaioomputed as a function of théi$ératio. In
this Figure all models for all stellar populations and vélpdispersion parameters have been used.

average of all the simulations (corresponding to differeocity dispersions, ages and metallici-
ties) for each S/N, takes into account that for a target galexdo not have a priori information
about either its velocity dispersion or the parameters @ftellar population.

Figures 6.7-6.10 clearly show that data witfiNSratios below 15 might induce errors as
large as 2% in the determination of, in particular for small velocity dispersions (~20 km
s1), while only 0.4% for radial velocities.

All these tests have been computed for the different wagtteranges covered by our sur-
vey and the results obtained are rather similar. For the nedad ISIS, where the instrumental
resolution is larger, we obtain similar results as thosewha the blue arm (Figures 6.7-6.10) but
with slightly larger uncertainties.

These simulations show that radial velocities can be coetpwith spectra of A\ as low as
10 given that the uncertainty is always belof.1However, in the study of velocity dispersions,
we must discard any measurement witiNSelow 15 because is, in this case, highly dependent
on age and not reliable for as low as half the instrumental resolution.

When running the MOVEL algorithm as a function of galaxy tegjiwe fitted the optimal
template at every radius, rather than using the centraingbtemplate, in order to improve the fit.
As a result, the optimal templates turn out to be radial dépetr The differences, however, are
not very large, because in the linear combination of terepla®-stars always contribute with the
highest weight.

Due to the different instrumental configurations used irolbeervation campaigns (see Table
6.1), more than one kinematic profile per galaxy was obtaiffduese profiles, consistent within
the errors, were averaged to produce a single, hjghSofile per galaxy (see Figure 6.11).

The recessional velocity of each single galaxy, removeth®determination of the rotation
curve (Figure 6.11), has been determined by averaging,amtbighted mean, the recessional ve-
locity measured in each single position along the radiugs ithproved technique for measuring
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Table 6.3: Kinematic profiles for VCC990.
RN [vkms )[R, () o KkmsD)
-543 | 1.8+55 | -4.98 | 36.0£ 6.2
-3.56 | 16.8-6.4 | -2.36 | 47.2+ 6.0
-2.58 | 9.8+:6.3 -1.38 | 39.2+ 5.4
-2.00 | 10.5£6.4 | -0.80 | 35.8+ 4.6
-1.60 | 1.7:6.2 -0.40 | 325+ 3.5
-1.20 | -6.3-4.4 0.00 | 42.2+ 3.1
-0.80 | 3.9+ 2.7 0.40 | 41.3+ 2.8
-0.40 | 0.1+£23 0.80 | 39.7+ 3.6
0.00 | 6.8+2.0 | 1.38 | 37.7+ 3.9
040 | 22+ 24 2.36 | 36.1+ 8.5
0.80 1.0£3.1 497 | 374+ 5.6
1.20 | -5.2£5.2
1.60 | -11.85.6
2.00 | -25.3: 6.4
258 | -17.1+£7.2
3.56 | -29.6+ 5.7
542 | -25.3£ 6.2

NOTES: Column 1: radius for the rotation speed profile. Caluinrotation velocities. Column
3: radius for the velocity dispersion profile. Column 4: @ty dispersions. All the kinematic
profiles are electronically available.

recessional velocities (listed on Table 6.4) can be apliece the rotation curves are symmetri-
cal3

Table A.1 gives an example of the tables electronicallylaisé with the values of the kine-
matic profiles.

6.2.5.2 Central velocity dispersion and maximum rotational velocity

To compute the central velocity dispersiar) (ve shifted all the spectra to the same wavelength
scale using the rotation curves displayed in Figure 6.1d vemcoadded all the individual spectra
up to one effective radius. The typicall$ ratio for the spectrum where the centrails computed

is ~60 ~!. These results are shown in Table 6.4.

The maximum rotational velocityf,...) was calculated as the weighted average of the two
highest velocities along the major axis on both sides of @laxy at the same radius (for non-
symmetric profiles at least three values were required). @saequence values with larger errors
weight less than those with smaller errors. For each galasyet values are presented in Figure
6.11 as purple squares. We show in Appendix 6.2.10 thatndive uncertainty, all galaxies with
Umax < 9 Km s7! can be considered non-rotators.

The ratio between these two kinematic measurements, themaaxrotation velocity,,, .
and the velocity dispersiom, is called anisotropy parametet,,. /o, and it is used to study the

3Note that galaxies as VCC856, those with the poorest quhlitye a non-zero central velocity.
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Figure 6.11: Kinematic profiles of the galaxy sample. Each diagram showise left upper panel the folded rotation
curve of the galaxy and in the left bottom panel the foldede#y dispersion profile. The different sides of the galaxy
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Figure 6.11: Continued
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Table 6.4: Kinematic parameters.

Galaxy [0 Kms™) | vmee KM ST | Wpaz/0)* | Vyea kKM sT)
PGC1007217 35.2£ 0.9 30.6+ 5.0 2.3+ 0.4 | 1592.3+ 3.3
PGC1154903 23.1+4.1 8.6+ 2.6 0.5+0.2 | 1156.3+- 6.4

NGC3073 | 39.8+ 0.3 17.1+£ 6.7 1.1+ 0.4 | 1168.9+ 2.5
VCC21 26.14+-4.0 18.4+ 5.9 0.9+ 0.3 | 463.6£9.2
VCC308 31.4+1.2 30.4f 8.6 1.0+ 0.3 | 1515.34+- 3.2
VCC397 299+ 1.1 52.0+11.6 25+ 0.6 | 24349+ 2.4
VCC523 45.8+ 0.7 39.6+ 5.7 1.5+ 0.2 | 1515.7+ 2.6
VCC856 29.6+ 2.5 9.7+ 1.9 1.0+ 0.2 | 980.2+1.9
VCC917 31.4-1.4 21.6+ 7.5 0.84+£0.3 | 1236.2+ 2.4
VCC990 40.6£ 1.0 26.3t 1.6 094+0.1 | 16915+ 2.1

VCC1087 48.3+- 0.7 7.1+ 6.4 0.2+ 0.2 | 644.6+ 3.2

VCC1122 37.2-0.8 17.3: 7.7 05+0.2 | 447.8+ 2.7

VCC1183 41.3+1.2 10.1+ 2.8 05+0.1 | 1290.7+ 2.3

VCC1261 51.8£ 0.9 13.9+- 5.2 0.44+0.1 | 1806.4+ 2.1

VCC1431 5414-1.2 7.0+ 3.6 0.14+£0.1 | 1472.8+ 3.1

VCC1549 38.9+ 1.9 52+ 2.2 0.3+£0.1 | 1377.3£ 2.9

VCC1695 28.+1.1 14.3+ 3.1 0.9+0.2 | 1706.0+ 3.0

VCC1861 40.4+ 0.9 6.3+ 4.3 0.2+0.1 | 617.2+ 2.6

VCC1910 39.0+ 1.1 6.0+ 2.3 044+0.2 | 178.6+2.2

VCC1912 3714+ 1.0 20.8- 4.5 054+0.1 | -110.54+ 2.0

VCC1947 453+ 1.1 28.3+- 2.1 1.1+ 0.1 | 956.3+1.8

NOTES: Column 1: galaxy name. Column 2: central velocitypdrsions computed within the
R.sr. Column 3: maximum rotation velocities. The,,, adopted for VCC0856, VCC0990 and
VCC1183 have been measured in the rotation curves of Chiliag (2009) due to their larger
extent (see Section 5.3). Column 4: anisotropy parameteected from inclination. Column 5:
mean radial velocity observed. Values in agreement witbétad NED database.

rotational/pressure support of the galaxies. In Table @4kow v,,.../0)*, the anisotropy param-
eter corrected from the inclination. This correction is ddollowing the expressio(v,,../c)* =

”’”Tl/_") wheree is the ellipticity. Note that for those galaxies with ellipty close to zero,
no correction can be done because they are nearly face on.hdése a conservative value of

(Vmae/0)* = 0.8 as the limit between pressure and rotationally supportstesys in order to in-
clude those objects that, within the errors, are consistéht being flattened by rotation. This
assumption is justified by the fact that the measurgd is a lower limit since the rotation curves
are still rising.

6.2.5.3 Comparison to the literature

Displaying simultaneously the kinematic profiles measimehis work with those of other authors
(Figure 6.12), one sees that the radial extent of the kiniencatves varies from one work to
another. In addition, the offsets found in the velocity @isgpons are not always consistent within
the errors (Figure 6.13). These two differences are impgrtaecause different radial extents
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Figure 6.12: Comparison of our kinematic profiles with other works. Inted@agram it is shown the rotation curve
(upper panel) and the velocity dispersion profile (lowerghanThe bottom X-axis is measured in arcseconds and the
upper X-axis is measured as a fraction of the effective (i) of each galaxy in i band (see Section 6). For Van
Zee et al. (2004) we only present their velocity profiles fayi¥] more similar in wavelength to our data.

lead to different maximum rotation velocities and offset$he velocity dispersion profiles lead to
different centrab values.

6.2.5.4 Velocity dispersions

There are two factors that critically affect the measuremnehthe velocity dispersion of the galax-
ies: the not identical instrumentalfor the stars and the galaxies and the spectral types ofdre st
used to fit the width of the galaxy lines.

Caldwell et al. (2003) made their observations wiik,a, = 100 km s, too high to accu-
rately measure velocity dispersions of typical dwarf gelaxbelow 50 km s!.

Concerning the equality of the instrumental resolutionhi@ templates and in the galaxies
Chilingarian (2009) used simple stellar population (SSBylets of PEGASE.HR (Le Borgne et al.
2003), based on ELODIE (Prugniel et al. 200R) & 10000). In this case, the broadening of
the SSP models to;,,; of the galaxies must be cautiously done becatisg of the models is
based on the mean value of the spectral resolution of tharlilthey are based on, therefore small
differences after the broadening between the SSP modelkharmyilaxies can arise.

Continuing with the same effect, in the works of Pedraz e{2002) and van Zee et al.
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(2004b) the stars observed were not filling the slit becdusgwere not defocused and the seeing
was smaller than their slit width. But in the case of Geha e{24l03) and Beasley et al. (2009),
where their slit widths were 0.75and 1.0 respectively, it is possible that some stars were filling
the slit thanks to the seeing. However, in none of these wada@rection was made to assure that
the instrumental profile in the stars was the same as in tlaigal

In reference to the templates used to perfernsome of the authors mentioned above used
only one star to fit the galaxy spectrum, and in such a caseatitdtat the template is not rep-
resentative of the stellar population of the galaxy mightdl¢o large errors. We have computed
Monte-Carlo simulations to see the differences betweendithe galaxy spectrum with only one
star and a linear combination of stars of spectral types fBoto M, with different luminosity
classes. The simulations consisted of a selection of PEGAREnodels of 3 different ages (1
Gyr, 4 Gyr and 10 Gyr) and 3 different metallicities & 0.0,7 = —0.4,7 = —0.7) with Salpeter
IMF (Le Borgne et al. 2003); a total of 9 models. The stars wsetemplates were from MILES
library (Sanchez-Blazquez et al. 2006c¢). First of all weakleel that after broadening the models
(originally at FWHM=0.55 A) to the MILES resolution (FWHM2.3 A) we obtainedr = 0 km
s~! when running MOVEL, thereby showing that there was no zerotpaffset. Secondly, we
broadened the models to 40 km'sto simulate dwarf galaxies of different stellar populaton
And finally, we ran MOVEL using 3 different kinds of templatesly one K1lIII star (as in Geha
et al. (2003) ), only one G8IlII star (as in van Zee et al. (20D4énd a linear combination of B
to M stars with different luminosity classes (as in this worko measurer we have masked the
Balmer lines, especially those bluer thep to avoid possible problems due to emission lines. Our
simulations show that a linear combination of differentsia the most accurate method to obtain
the velocity dispersion of the galaxies, never finding anreabove 2%, independent of the stellar
population considered. Note that if a young population dwatas the light of the galaxy (for ages
of 1 Gyr and below), and a single G or K star is used as a tem@aterror up to 7% can be
done. When a single star is used as template, a dependencgahaity for young populations (1
or 4 Gyr) is also found, in the sense that decreasing the heéiaincreases the uncertainty. This
dependence is likely due to offsets introduced by the megmoployed to compute. The results
obtained have been summarised in Table 6.5.

6.2.5.5 Rotation curves

Different criteria have been used in the literature to meaghie maximum rotation velocity. The
main difficulty here is to have an extended rotation curve tbaches a clear plateau where the
maximum rotation can be measured. As this is not so easy ferattobjective criteria, indepen-
dent of the shape of the rotation curve in each case, mustdygeti The different criteria used
by the various authors have led to maximum rotational vékxcthat are nevertheless in the ma-
jority of the cases nearly consistent within the errors (Fég6.14). The criterion used by Pedraz
et al. (2002) is the same as the one adopted here. Althougkhievad a radial extent of 23or
VCC1122 and Pedraz et al. (2002) onli; ghe latter value was enough to reach the flat part of the
rotation curve, and, as a consequence, both measuremehtsmbBximum rotation are identical.
The explanation for the differences found with Simien & Rrigd(2002) are mainly based on the
fact that only two points were considered to obtain the maximnotation in that paper. The dif-
ferences with Geha et al. (2003) are due to the limitatiormeirtdata to the core of the galaxies,
never reaching radii larger thaff Gsee Figure 6.12). The differences with van Zee et al. (2p04b
and Chilingarian (2009) are related to a different radidgeekof the rotation curves. Note that
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Table 6.5: Uncertainties introduced when different templates arel tsealculate the velocity dispersion of a dwarf
galaxy with different stellar populationdo /o, defined in Figure 6.7, uses as40 km s 1.

| | 27x100 |

Age (Gyr)\ Z=+0.0\ Z=-O.4\ Z=-0.7
Linear combination of B to M stars
1 15% 19% 1%

4 8% 18% 19%

10 7% 14% 23%
G8lll

1 32% 54% 71%

4 15% 18% 20%

10 17% 13% 11%
K1l

1 29% 47% 59%
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Figure 6.13: Comparison between the velocity dispersions measuredsmiirk versus those of other authors. The
colours and symbols are the same as in Figure 6.12. We add paczion with Caldwell et al. (2003) (solid red
points), who only measured central values and no kinenigioéiles.
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Figure 6.14: Comparison between the maximum rotational velocity messur this work and those measured by
other authors. Symbols and colours are the same as in Figl2e §CC1261 from Beasley et al. (2009) is nearly
outside the plot due to its enormous rotation: #084 km s!.

Chilingarian (2009) does not calculate the maximum rotatbut we have applied our criterion to
his rotation curves. Finally, the differences found witheBley et al. (2009) are due to the fact that
Umag 1S Obtained from the analysis of Globular Clusters locatedou~ 7R, ;. When their kine-
matic determined from the stellar component using longspktctroscopy along the major axis of
the galaxy is compared to our data, the agreement is eviBagnirg 6.12). The maximum rotation
values adopted for the analysis (see Table 6.4) are our oluesjeexcept for VCC856, VCC990
and VCC1183, where the data come from Chilingarian (200®)eshe obtained larger radii than
us. Note that the values from Beasley et al. (2009) can notibptad here because our work is
dedicated to the analysis of the stellar component of dEs.

The comparison with Beasley et al. (2009), who finds rotasioeeds much larger af?{; ¢
(100 and 50 km's' higher for VCC1087 and VCC1261, respectively) than our dather.;,
indicate that the rotation curves of these galaxies areisiitg.

6.2.6 Photometric parameters

In order to make a complete analysis of the kinematics, coisgrawith some photometric param-
eters is needed. For our study, we require I-band (Johnswisi@s) total magnitudes and optical
radii (R,,:, radius containing 83 of the total I-band luminosity (Catinella et al. 2006)) tody
the shape of the rotation curves. Effective radii{;, radius containing 5@ of the total light)

is needed to measure the extent of the radial profiles in palysnits of the galaxy. Ellipticities
(¢) are needed to make the appropriate corrections due toaticn. A parameter to measure the
boxyness/diskyness of the isophoté§)(is also required to study the possible late-type origin of
these dwarf early-type galaxies.

All these parameters have been obtained fidmnd Sloan Digital Sky Survey (SDSS, York
et al. (2000)) data release 6 (DR6, Adelman-McCarthy e2808)) photometry. They have been
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Figure 6.15: Correlation between the anisotropic paraméter,../o)* andC;x100. Colours indicate Lisker et al.
(2006b) classification. The galaxies with,,,, measured inside the centrdl @re considered lower limits and are
indicated with arrows. The horizontal dashed lingat../0)* = 0.8 indicates a rough boundary between pressure
and rotationally supported galaxies. The blue points assified as having a disk in Lisker et al. (2006b), whereas
for the red points no disk is found in that paper. See AppeRdbfor a discussion.

calculated using the IRAFtask ELLIPSE as described in Appendix 6.2.11. The transformation
fromi-band (SDSS) td-band (Johnson-Cousins) has been done assumjing m; —0.52+0.01
mag (Fukugita et al. 1995).

6.2.6.1 (,: boxyness/diskyness parameter

The boxyness/diskynes€’() parameter measures the deviations of the isophotes froenfacp
ellipse. IfC, > 0 the isophotes are disky, indicating that some disk subistreigs present in
the galaxy, and whe@'; < 0 the isophotes are boxy (Carter 1978; Kormendy & Bender 1996a
This parameter is independent from the surface brightnedisgoof the galaxy. The Cparameter,
determined for our galaxies as described in Appendix E fdrasided in Table 6.6.

Our () classification for disky isophotes agrees in general wigmtlorphological classifica-
tion of Lisker et al. (2006a) as can be seen in Figure 6.15e Nt Lisker et al. (2006a) classified
a galaxy as disky when disk features (spiral arms, edge-sksdor bars) were detected after
subtracting an axisymmetric light distribution from thegamal image or after unsharp masking.
In this Figure we can see that the red dots, those galaxissifital as being without underlying
structures in Lisker et al. (2006a), are grouped arauneg: 0 (boxy or elliptical isophotes), while
the blue dots (galaxies with some disky structure in Liskeale(2006a)) are all consistent with
C, > 0 (disky isophotes). This justifies the use of tieparameter to detect the presence of an
underlying disk. Three exceptions are found and discusségpendix E.1.

In this respect, it is important to underline the correlatietweenC,; and the anisotropic
parameter evident in Figure 6.15, first found by Bender et1888) for more massive elliptical
galaxies.

4IRAF is distributed by the National Optical Astronomy Obsaory, which is operated by the Association of
Universities for Research in Astronomy, Inc., under thepaative agreement with the National Science Foundation.
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Table 6.6: Derived parameters.

Galaxy d (Mpc) M; (mag) € Resr (7) (C,x100 | Disk classification (LO6b
PGC1007217 20.234+1.40 | -17.39+0.15| 0.13+0.05| 11.11+ 0.02| 4.8%) £ 0.6 —
PGC1154903 15.00+ 1.10 | -15.91+0.16| 0.34+0.02| 8.36+0.04 | 0.3+4.4 —

NGC3073 | 33.734 14.44| -20.43+0.93| 0.144+ 0.02 | 14.78+ 0.03 | 3.2*) +0.2 —
VCC21 16.7440.15 | -17.78+ 0.03 | 0.36+ 0.03 | 15.48+0.11| 3.7%) £ 0.6 Disk
VCC308 16.41+ 0.32 | -18.78+ 0.05| 0.04+ 0.03| 19.224+0.04| 0.2+ 2.0 Disk
VCC397 16.414+0.32 | -17.62+ 0.05| 0.33+ 0.03 | 13.75+ 0.02| 5.1 £ 0.3 Disk
VCC523 | 16.7440.15 | -19.16+ 0.03 | 0.25+ 0.01 | 20.90+ 0.03 | 2.6*) 4+ 0.3 Disk
VCC856 16.83+ 0.46 | -18.49+ 0.06| 0.09+ 0.03| 15.82+ 0.06| -0.2+ 1.7 Disk
VCC917 16.744 0.15 | -17.39+ 0.03| 0.41+0.02| 9.684+ 0.04 | 4.3%) £0.2 No Disk
VCC990 16.744 0.15 | -18.27+ 0.03| 0.34+0.02| 9.734+0.02 | 4.1 £ 0.3 Disk

VCC1087 | 16.674+0.46 | -18.944+ 0.06| 0.284+ 0.03 | 22.74+ 0.05| -0.9+ 1.1 No Disk

VCC1122 | 16.74+0.15 | -17.944 0.03 | 0.504 0.04 | 14.06+ 0.05| 3.8*) + 0.2 No Disk

VCC1183 | 16.74+0.15 | -18.59+ 0.03| 0.224+ 0.12| 18.23+ 0.01 | 1.7 + 0.0 Disk

VCC1261 | 18.11+0.50 | -19.394+ 0.06| 0.374+0.05| 22.074+ 0.03| 1.5% + 0.6 No Disk

VCC1431 | 16.14+0.45 | -18.47+0.06 | 0.03+0.01| 10.32+0.01| 0.2+0.1 No Disk

VCC1549 | 16.74+0.15 | -18.18+ 0.03| 0.16+ 0.01 | 13.56+ 0.05| -1.3+ 3.5 No Disk

VCC1695 | 16.52+0.61 | -18.134+0.08| 0.22+ 0.05| 19.78+ 0.10| -0.9+ 3.7 Disk

VCC1861 | 16.144+ 0.45 | -18.574+0.06 | 0.04+ 0.02 | 18.52+ 0.04| 0.8+ 2.5 No Disk

VCC1910 | 16.07+0.44 | -18.63+0.06 | 0.14+ 0.04 | 13.70+0.02| -0.4+ 1.0 Disk

VCC1912 | 16.74+0.15 | -18.624+ 0.03| 0.54+ 0.06 | 23.344 0.02| 3.6%) £+ 0.2 No Disk

VCC1947 | 16.74+0.15 | -18.464 0.03| 0.234+0.01| 10.704+ 0.02| 4.2%) £ 0.5 —

NOTES: Column 1: galaxy name. Column 2: distances in Mpc fRumface Brightness Fluctuations (SBF) for individual \drgalaxies
from Mei et al. (2007) when available, or the mean A/B Clustistance from Mei et al. (2007) for the rest of them (note thalN and

S Clouds are East, North and South areas of Cluster A). Thandis for NGC3073 from SBF by Tonry et al. (2001) and PGC1Q@7hd
PGC1154903 distances are from NED/IPAC Database derivatfedshift with//, =734+ 5km s Mpc~! (these two distances must be used
cautiously). Column 3: Absolute magnitudes/iband (Johnson-Cousins in AB system) converted fidmand measured in SDSS images
usingm; = m; — 0.52 mag. Column 4: ellipticities from+band (SDSS) images. The quoted errors indicate the RM&soathe ellipticity
between 38 and theR, ;. Column 5: Effective radius fromrband (SDSS) images. Column 6: Diskyness/Boxyness paearfiem i-band
(SDSS) images. The asterisks indicatemeasured as the maximum in the regidn 3R, s, if prominent disky features are found; in the rest
of the cases the quoted values are the average in this sarakreagie and the errors the RMS scatter (see Appendix Edun@ 7: Disk/No
Disk classification by Lisker et al. (2006b) (LO6b) (no vaduedicate that these galaxies are not included in theiyaisl
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6.2.7 Analysis

The analysis presented in this work is primarily focused fma rotationally supported systems.
Although the majority of the dwarf galaxies (15 out of 21) eh&ome rotation,,,, > 9 km s,
Table 6.4), only 11 are rotationally supportéd,(../o)* > 0.8) (Toloba et al. 2009a). Here we
try to understand whether the observed kinematic propeofi¢he rotationally supported systems
are consistent with those of star forming galaxies of simileninosity.

6.2.7.1 Shape of the rotation curves

Catinella et al. (2006) made a systematic study of the shapieearotation curves of late-type
spiral galaxies as a function of luminosity based on the oekttescribed in Persic et al. (1996).
They fitted the rotation curves following the Polyex modeic¥@anelli & Haynes 2002) which has
the form:

Vpe(r) = VO<1 — e_’"/T’PE) (1 + ﬂ) (6.1)

TPE
This analytical function depends on 3 paramet&{s:pr anda, which represent the amplitude,
the exponential scale of the inner region and the slope obther part of the rotation curve,
respectively. The mean fitted rotation curves from Catmell al. (2006) are normalised to the
optical radius 2,,:, radius containing 83 of the total/-band luminosity), and the velocities are
corrected from inclination. To compare them with our raiatlly supported galaxies, we have
calculated the inclinations as in Giovanelli et al. (1997a)

1 — 2 2
cos*i = (({# (6.2)
1 —q
0
wherei is the inclinationg is the ellipticity andy, is a constant value that depends on the thickness

of the disk. Here we assunig = 0.3, a conservative value for dwarf galaxies shaped as thick
disks (Lisker et al. 2007

The comparison between the mean rotation curves of Catieelal. (2006) and those of
our rotationally supported objects must be done in the saimménbsity regime since the derived
parameters of the Polyex model are luminosity dependenthésdwarf galaxies analysed in this
work have magnitudes below the minimum magnitude in Cdtaredlal. (2006) {/; = —19.4), the
reference Polyex model of low luminosity star forming syssehas been determined extrapolating
linearly the three faintest values of the Polyex parameters/;, = —18.49, the mear-band
magnitude of the galaxies here analysed. The parametedstais®nstruct this curve arg, =
74.58 km s, rpp = 0.35 anda = 0.03.

In Figure 6.16 we compare the mean fitted rotation curves oih€léa et al. (2006) for
late-type spirals (obtained from emission lines, blackdsalirves) with the rotation curves of our
rotationally supported dEs determined from absorptioedifgrey symbols). Of the 11 rotationally
supported dEs, only 7 have been considered for this andigsmuse 3 of them, VCC21, VCC917
and NGC3073, have poor quality rotation curvéél@ larger than 2%), and VCC308 haslower
than 0.1, implying that the galaxy is nearly face on. The bolos in Figure 6.16 show the median

SFor early-type spiralg, = 0.2 (Giovanelli et al. 1997a). The most recent measurementieftickness of
dwarf galaxies givegy, = 0.3 — 0.35 (Sanchez-Janssen et al. 2010). The differenag,in. after the correction for
inclination between using, = 0.2 andgy = 0.35 is of 4.4%, insignificant.
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Figure 6.16: The observed rotation curves of rotationally supported @gsy symbols) are compared to the mean
rotation curves of late-type spiral galaxies (black solid &lue dashed lines) from Catinella et al. (2006). Bluedille
dots represent the median observed rotation curve of ooty supported dE in bins of/R,,, = 0.1. The last bin
contains all data for/R,,, > 0.5. The grey area indicates rotation velocities withinflom the median.

rotation curve of our dEs in bins qf— = 0.1. The grey area contains the Heviation from this
median value (68 of the values are inside this area). The blue dashed linesigxtrapolated
Polyex model forM/; = —18.49.

It is evident from Figure 6.16 that our rotationally supgorigalaxies are characterised by
rotation curves that are similar to those of late-type $gjedaxies of equal luminosity. Or, in
other words, galaxies with similar rotation curves haveilsinabsolute magnitudes despite their
morphological type. We see that rotationally supported dfgsamically behave like small late-
type spiral galaxies.

It is interesting to see that, despite their similar expdia¢radial light distribution, dEs have
two different kinematic behaviour, they can be either pies®r rotationally supported. Further-
more, rotationally supported dEs have rotation curveslairto those late-type spirals despite the
fact that these latter objects are gas dominated systems.

6.2.7.2 Tully-Fisher relation

Given the similarity in the kinematic properties of rotatisupported dEs with those of late-type
spirals we expect that these systems follow the Tully-Fislation, as firstly proposed by van Zee
et al. (2004b). The Tully-Fisher relation is a typical soglrelation valid for star forming, rotating
systems, linking the total luminosity to the maximal radativelocity of the galaxy.

In Figure 6.17 we compare the Tully-Fisher relation for adark blue§ and van Zee et al.
(2004b) (light blue) dEs to that of normal late-type galaxge# Giovanelli et al. (1997b) (grey
symbols) and De Rijcke et al. (2007) (red dashed area), cégply. Figure 6.17 clearly shows
that these rotationally supported dEs follow the TullyHeisrelation with a similar scatter as the
normal spirals of De Rijcke et al. (2007) and thus kinemdiidzehave as late-type spirals. The
Umae Of dES plotted in Figure 6.17 is probably a lower limit sintésigenerally measured where

5No asymmetric drift is applied neither to our dEs nor to thokegan Zee et al. (2004b). This correction would
increase,,q. by 2.5+ 0.9 in those rotationally supported systems plotted in FEgu17.
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Figure 6.17: Tully-Fisher relation for 7 of our rotationally supportelsl(in dark blue), the dEs from van Zee et al.
(20044a,b, VZ04, in light blue), the normal spirals from Gaoelli et al. (1997b, G97, in grey) and De Rijcke et al.
(2007, DRO7, red limited area). Absolute magnitudes of dis®lbeen obtained using distances from Mei et al. (2007)
(criterion described in Table 6.6). For Giovanelli et altadave usefl, = 73 km s~! Mpc—! (Mei et al. (2007)). The
arrows indicate lower limits of,,... (those obtained in the innef' B Fits of the Tully-Fisher relation are indicated in
black for the normal spirals of Giovanelli et al. (1997b) anded for De Rijcke et al. (2007, DR07). DRO7 fit has
been transformed to | band using the colour-morphologyiosldrom Fukugita et al. (1995) and usidé, = 73 km

s~ Mpc—! and M. = 4.08 and Mp = 5.48 from Binney & Merrifield (1998).

the rotation curve is still rising, as suggested by the kiates of the globular clusters. It is thus
conceivable that the agreement between the Tully-Fistetioa of rotationally supported dEs and
late-type spirals of similar luminosity is even better thlaat depicted in Figure 6.17.

6.2.7.3 Dark matter content

The shape of the rotation curves gives information aboutitltk matter content and distribution

of late-type galaxies (e.g., Catinella et al. 2006). Sinylas can be used to measure the dark
matter content of pressure supported systems. FollowirggiBg et al. (2009) we estimate the
total dynamical mass of our sample galaxies using the oglati

Mtot - Mpress + Mrot (63)

where M,,.ss is the mass inferred from the velocity dispersion after tbetgbution from
rotation has been removed and.,; is the mass deduced by the intrinsic rotation velocity of the
galaxies.M,,.,s inside the half-light radius is defined as in Cappellari e{2006):

]\41,7068S ~ 2.5G_10'2Reff
0'2 Reff
M A4
(s (5 69

The rotation curves of rotationally supported systems hagacterised by an approximately

12
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Table 6.7: Dynamical and stellar mass-to-light ratios in I-band iresainits.

Galaxy (T1)o (TDe
PGC1007217 4.0+0.8| 1.9
PGC1154903 1.84+3.1| 1.2

NGC3073 | 0.6+0.4| 0.2

VCC21 1.5+£04| 05

VCC308 1.5+£03]| 1.1

VCC397 48+1.2| 0.9

VCC523 22+0.2| 1.3

VCC856 1.1+0.2| 2.0

VCC917 254+04| 24

VCC990 19+0.1| 2.8

VCC1087 |2.3+0.1| 24
VCC1122 | 2.44+0.1| 2.2
VCC1183 | 1.94+0.1| 14
VCC1261 |23+0.1| 1.4
VCC1431 | 2.3+0.1| 34
VCC1549 |2.1+0.2| 3.1
VCC1695 | 1.7+0.3| 1.2
VCC1861 |1.64+0.1| 2.8
VCC1910 |1.6+0.1| 3.2
VCC1912 | 2.1+0.1| 0.6
VCC1947 | 1.84+0.1 1.7

NOTES:(T%) is only indicative, the large errors in the stellar popuas (Michielsen et al. 2008)
make the uncertainties 0%';)., of the same order as the values.

constant gradient suggesting solid body rotation up taithg. In this casel/, is given by the
relation:

2
M . Reffvma:v
r0
G

_ Reff Urznam 1
- ( pc ) (km2s—2) (4.3 X 10‘3)M® (6:5)

Dynamical mass-to-light ratios((;, Table 6.7) are then measured using fReand lumi-
nosities and equation 6.4 for pressure supported systednharsum of equations 6.4 and 6.5 for
rotationally supported objects Stellar mass-to-light ratio&(;, Table 6.7) are computed using the
models of single stellar populations (SSP) of Vazdekis .g&10) and the ages and metallicities
from Michielsen et al. (2008).

Figure 6.18 presents the relation between the dynamica-toalsght ratio and the absolute
I-band magnitude for our galaxies (red and blue dots), tihepsa of classical elliptical galaxies
from Cappellari et al. (2006Y ;... in I-band), the dEs from Geha et al. (2002) and the Milky Way

"Note that this method to obtail¥;,, is equivalent to introducing the asymmetric drift.
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Figure 6.18: Dynamical mass-to-light ratio as a function of the absofasgnitude in I-band. Red and blue dots are
our pressure and rotationally supported dEs respectifay.comparison open circles are dEs by Geha et al. (2002,
GO02), grey asterisks are dSphs from Wolf et al. (2010, W1@8)derk and light grey triangles are slow and fast rotators
respectively from Cappellari et al. (2006, C06). The transfation to | band has been performed using the colour-
morphology relation by Fukugita et al. (1995) for Es. For dvearf galaxies we have uséd — I = 1.03 + 0.04 as
calculated by van Zee et al. (2004a). Note that NGC3073 immti given its high luminosityl/; = —20.4 mag).

dwarf spheroidals (dSphs) from Wolf et al. (204.0Lonsistently with Zaritsky et al. (2006) and
Wolf et al. (2010), we observe that the total mass-to-liglibrwithin theR, s of dEs is the lower
limit of the decreasing and increasiiAgy vs. luminosity relations observed in giant ellipticals
(Cappellari et al. 2006) and dSphs (Wolf et al. 2010), retpely. Dwarf early-type galaxies
have on averag&; = 2.00 + 0.04 Y., with a slightly higher dispersion in rotating systems
(RMS = 0.06 T1p) than in pressure supported systerR3{S = 0.04 17) .

Our sample of dEs have on averalg,,,/M* = 1.6 £ 1.2 (obtained as the ratio between the
dynamical and stellar mass-to-light ratids; and Y7, respectively, Table 6.7), thus they are not
dominated by dark matter within the. ;;(as previously suggested by Geha et al. (2002); Forbes
et al. (2008)), consistently with what is found is massiMgetals (Cappellari et al. 2006) but
contrary to dSphs (Wolf et al. 2010).

6.2.8 Discussion

How does this observational evidence compare with theréiftescenarios of galaxy formation?
In a more general context we recall that in the most recenafgkical models of galaxy formation
only the most massive ellipticals have been formed througjpmmerging events (De Lucia et al.
2006). The strong morphological segregation observedgh Hensity environments (Sandage
et al. 1985; Ferguson & Binggeli 1994; Blanton et al. 200%j¢ates that the cluster environment
plays a major role in the formation of dEs.

In Toloba et al. (2009a) we have shown that rotationally sugal dEs, characterised by
a disky structure, are preferentially located in the field anthe periphery of the cluster, while
pressure supported systems are closer to the center. Wmafgbthat rotationally supported dEs

8The Y; values of Wolf et al. (2010) have been converted to equatiéricd consistency.
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have, on average, younger stellar populations than pressipported systems. This evidence sug-
gests that rotationally supported dEs are low luminostiy-tgpe galaxies which recently entered
the cluster and lost their gas because of the interactidm tvé hostile environment, being trans-
formed, on short time scales, into dEs. It seems thus cleantt all dwarf early-type galaxies are
the low luminosity extension of massive ellipticals.

The new kinematic data in our hand support this scenari@tiostally supported systems
have rotation curves similar to those of late-type galawiesimilar luminosity and follow the
Tully-Fisher relation, the most representative scalingtien for late-type systems. Since the
angular momentum of these objects is conserved, the massipla scenario for gas stripping
is the ram pressure exerted by the dense and hot IGM on thigefi&1 of the low luminosity
star forming galaxies freshly entering the cluster envinent (see Boselli et al. (2008a,b) for an
extensive discussion).

For these rotationally supported objects gravitationtriaction with the cluster potential or
with other cluster members (galaxy harassment) can be @adlsince they would, on relatively
short time scales, reduce the angular momentum of the pedugalaxies, leading to the forma-
tion of pressure supported systems. This process, howaweld still be invoked to explain the
kinematic and structural properties of the remaining presssupported dEs populating the core of
the cluster (half of our sample), whose statistical analgéitheir scaling relations (Fundamental
Plane) will be the subject of a future communication.

It is indeed possible that, as for the massive galaxies,itgteonal interactions played a
major role at early epochs, when the velocity dispersiorhefdluster was lower since galaxies
were accreted through small groups (preprocesing) thamegbresent epoch (Boselli & Gavazzi
2006).

6.2.9 Conclusions

We present medium resolution ARB800) spectroscopy for 21 dwarf early-type galaxies, 18 lo-
cated in the Virgo cluster and 3 in the field. These spectrebbas obtained with the IDS at the
INT(2.5m) and with ISIS at the WHT(4.2m) at El Roque de los Machos Observatory (La Palma,
Spain). We have used these data to measure the kinematiepuaifthese systems and calculate
their maximum rotation velocity as well as their centralogdy dispersion. In order to guaran-
tee the reliability of the data, we have compared our obsienawith the data of 972 simulated
galaxies in 5 different wavelength ranges correspondirtigdee used during the observations, and
we have run, for each simulated galaxy, 100 Monte-Carlo kititmns. The comparison between
observed data and simulations shows that the adopted daéateon technique is appropriate for
measuring the kinematic parameters of the target galaxeshave also shown that velocity dis-
persions can not be measured fgiNSratios below 15, while for radial velocities with/§>10
accurate results are obtained.

Our analysis has shown that dEs have on average dynamidalréios within the effec-
tive radius smaller than those of massive ellipticals anghdS(in averagéog(Y;) = 0.3 £+ 0.0
log(T1»)). We thus confirm that, within the effective radius, dEs amé derk matter dominated
objects.

We have found that rotationally supported dEs have rotatiomes similar to those of star
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forming systems of similar luminosity and follow the samdlyi4krisher relation. Combined with
the evidence that these systems are young objects withlikesktructures generally located in
the outskirts of the cluster (Toloba et al. 2009a), theseagsions are consistent with a picture
where these rotationally supported dEs result from thestommation of star forming systems that
recently entered the cluster and lost their gas through ihigraction with the environment. The
observed conservation of the angular momentum in the ooially supported dEs suggests that
a milder ram pressure stripping event as the responsibleeofads removal has to be preferred
to more violent gravitational interactions (harassmeritjclv would rapidly heat up the perturbed
systems. Therefore, all these evidences suggest that dlBsithe low luminosity end of massive
early-types because if that was the case all dEs would bengtaith v,,.. /o higher than those
of Es, but a population of non-rotators has also been fouddiaraddition, the evidences of being
stripped late-type spirals are strong enough as to congiderl possible origin of dEs in clusters.

AcknowledgementdVe thank the MAGPOP EU Marie Curie Training Network for fingxhc
support for the collaborating research visits and obsemathat allowed to make this paper. ET
thanks the financial support by the Spanish research pra2007-67752-C03-03. We thank
Consolider-GTC project for partial financial support. Théger made use of the following public
databases: SDSS, NED, HyperLEDA, GOLDMine. We are grateftihe anonymous referee for
a critical report that has improved the quality of the paper.

6.2.10 Appendix: Quantification of the bias introduced in v,,,,

Using the technique described in Section 6.2.5.2 to medbarmaximal rotation speed, it seems
that none of the galaxies have zero rotation (look atithge presented in Table 6.4). However,
rotation curves like PGC1154903 or VCC1087 (Figure 6.1eap to be statistically consistent
with no rotation. The fact that we always find positive maximuelocities is a consequence of
the method used to measure it. To quantify the bias intratibyeusing this technique we have
run some simulations. We have taken a zero-rotation objéhtewors typical of those galaxies
that statistically are non-rotators. We have taken a typatation curve with 11 bins, at 0,/24",

7", 12" and 16, with symmetrical errors of 2, 5, 7, 10, 12 and 15 km sespectively. From these
errors we have generated 100 simulated rotation curvegrasgito each radius a random number
with a Gaussian distribution, of which the width is the elmesociated to that radius. After folding
these simulated rotation curves, shown in Figure 6.19, Waulzdedv,,,, following exactly the
same technique as the one we used for the target galaxiehewebtained a mean value for the
100 values of),,,, and its scatter, & 6 km s™!, shown as a thick black line and a grey shaded area
in Figure 6.19. As a result, we consider that those galaxi#suy,,, < 9 km s™! are not rotating,
based on our data. For the other galaxies the rotation iffisigmt (three times above the standard
deviation, except for VCC1122 and VCC1261, see Table 6dic8lumn), so that the systematic
bias described here is much less relevant. For VCC1122 7.3 km s') and VCC1261 (13.9
+ 5.2 km s!) the rotation is marginal, as also shown by their low,. /.

6.2.11 Appendix: Absolute | band magnitudes, optical and half-light radii
and ellipticity

The I-band images for our sample of 21 dwarf galaxies were draem f8loan Digital Sky Survey
(SDSS, York et al. (2000)) data release 6 (DR6, Adelman-Nit@aet al. (2008)) and converted
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Figure 6.19: Simulations performed to quantify the bias that can be thioed in the measurementaf,,... Plotted
are the 100 folded rotation curves computed with random reumbistributed as a Gaussian with width the typical
errors of the target galaxies for that radius. Red squaréddkatk dots are the left and right arms of the unfolded
rotation curves respectively. The thick black line is theame,, ... for all the simulations. The grey shaded area is the
scatter for this mean.

to Johnson-Cousins systems following Appendix 6.2.12. Jietometric parameters were calcu-
lated using the IRAF taskLLIPSE.

To remove the stars from the images we used the IRAF kaskix. This task allows us
to remove the stars interpolating the surrounding galaega.arTo improve the final outcome,
we averaged the results of interpolating along the horedaad vertical directions for each star.
For those galaxies that were on the edge of the FITS imagead@ahvery bright nearby star,
a more careful procedure was implemented. Taking advardhtee fact that the galaxies are
ellipticals, so that they have smooth and axisymmetricag@rforightness profiles, tleMODEL
task of IRAF can be used to replace the affected areas of tagyghy the azimuthal average of
the unaffected ones. The output framoDEL was used only to replace a small fraction of pixels,
so this procedure was not affected by the possible presdnuoere subtle features, such as bars
or spiral arms, which could not be reproduced by the modeligeal by thesMODEL task. Once
extremely bright nearby stars had been removed the samedwuaras above was followed with
ELLIPSE andFIXPIX.

The procedure followed to rupLLIPSE is dependent on the parameters we want to measure.
First of all we runeLLIPSE fixing only the center of the galaxy assuming a step betwemghistes
of 1 pixel, the rest of the parameters were left free. We aladerthe masks for the stars to be
removed as described above. With the aim of measuring th@ubsnagnitudef,,; and .
we runELLIPSE again fixing, the center of the galaxy, the ellipticity ané fhosition angle (PA)
to avoid overlap between consecutive isophotes. The adeged PA in this case are the typical
values in the outer parts of the galaxy (beyond 1i%52, region where these two parameters
stabilise). To measureandC; we run agaireLLIPSE after removing the stars leaving fixed only
the center of the galaxy.

Asymptotic magnitudes and the radii were derived as in GiPde et al. (2007). We first
computed the accumulated flux and the gradient in the acatediflux (i.e., the slope of the
growth curve) at each radius, considering as radius therraaje value provided b¥LLIPSE
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After choosing an appropriate radial range, we performddeat fit to the accumulated flux as

a function of the slope of the growth curve. The asymptotignitade of the galaxy was the

Y-intercept, or, equivalenly, the extrapolation of thewtio curve to infinity. Once the asymp-

totic magnitude was known, the optical and effective radlieach galaxy were obtained as the
major-axis of an elliptical isophote containing®&nd 50% of the total flux respectively. For the

asymptotic magnitudes different sources of error have beesidered (see Appendix 6.2.12). The
resulting uncertainty is-0.02 mag.

The ellipticities €) were measured as the mean value betwéean8l theR, ;;, the galaxy
region covered by our spectroscopic observations.

6.2.12 Appendix: Errors in magnitudes

The zero points (ZP) and the errors in theand magnitudes have been computed as described in
SDSS documentation. The ZP have been obtained frignthe flux a source produces in counts
per second in the image, calculated as a function of thresnpetersdqa, £k andairmass) defined

as:

7 beap (6.6)

- 100-4(aa+kkxairmass)

where the exposure time.(,) is the same for all the SDSS images (53.91 seconds). The-unce
tainties in thei-band magnitudes are affected by different sources of iirstly, the errors in the
flux, that can be calculated following the equation:

gain

F + sk
AF = \/ + SkY + Nyii(dark variance + Asky) (6.7)

where F' is the total flux in counts, theky and Asky are the background sky and its error (in
counts), thgyain and thedark variance are given in the header arid,;,. is the number of pixels

in the largest aperture where the flux is measured. This am@ertypically10~—*mag. Other error
sources are the error introduced in the fit to the growth c(beeveen0—2mag and x 10~*mag),
and the error due to photometric zero point differences eetvihe different scans of SDSS, which
might lead to an error of 0.01 mag. SD%Band magnitudes are not exactly in the AB system,
so an error of 0.01 mag might also be introduced (see SDSSwtation about the photometric
flux calibration). And finally, we have transformed our datanfi the SDSS-band to the Johnson-
Cousins/-band assuming:; = m; — 0.52 4+ 0.01 mag Fukugita et al. (1995) given that their
colour ranges from 0.23 mag to 0.57 mag.

Adding quadratically all these sources of error, the finéhested error is 0.02 mag for the
apparent/-band magnitudes.

6.2.13 Appendix: The C; Boxyness/Diskyness parameter

The boxyness/diskyness parameter is defined as the fourttenton the Fourier series as follows

I(®) = Ip + ) _[Sksin(k®) + Crcos(k®)] (6.8)
k

I(®) is the intensity measured in each isophote. The first two nmésni@ this series describe
completely an ellipse. Higher order moments* 3) define deviations of the isophotes from
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ellipses. The third order momentS;(andCs) represent isophotes with three fold deviations from
ellipses (e.g. egg-shaped or heart-shaped), while théhfouder momentsy, andC,) represent
four fold deviations. Rhomboidal or diamond shaped isopbidtave nonzers,. For galaxies
that are not distorted by interactionfs, is the most meaningful moment indicating the disky/boxy
shapes of the isophotes (see Figure 1 from Peletier et &0§X6r an example of these different
shapes).

C, is measured in-band SDSS images usiEgLIPSE that performs equation 6.8 along the
radius of the galaxy fixing only the center of the galaxy ammvieg the rest oELLIPSE parameters
free, as described in Section 6.2.6.1. Figure 6.20 showas a function of radius for 3 dEs. Due
to the large changes @f, with radii taking an averaged value is therefore not the lest to
detect disks in these galaxies, especially if they covey arimited range in radius. We have thus
adopted the following procedure:

If at least one prominent bump is detected, which has a watthelr than~6" inside three
effective radii (above this radius the scattel’gfand its error becomes too large as to be reliable),
we consider the galaxy to be disky, and assign the maxirayrbetween 3 and 3., to the
globalCy. The error in this measurement has been estimated by divilenphotometric error of
the maximum ofC, by the square root of the number of points that describe thleyditructure
in order to quantify the reliability of the bump considerddthe bump is described by a large
number of points it is highly likely that the bump is truly tieeand as a consequence the error will
be small, but if the number of points is small but the photaynist of high quality then the error
will be small again. In any other case the error will be largéd the result must be used cautiously.

Otherwise, if the values oscillate around ~ 0 (lower panel of Figure 6.20), are always
negative or if there is a bump with a small radial coverage (s&ddle panel Figure 6.20), we
assign a mean value and its scatter betwéear 37.;, to the globalC. In this case, the RMS
guantifies simultaneously the quality of the photometry tredpossible presence of small bumps
(asitis the case of VCC308, middle panel of Figure 6.20).

The results obtained for this parameter are listed in Tall@6d plotted vs. the anisotropic
parameter(v,,.../o)*, in Figure 6.15. The agreement betweenctheclassification in disky/boxy
galaxies and the morphological classification from Liskeale(2006b) is evident but apart from
three red dots. These filled circles correspond to VCC91@taionally supported galaxy (above
the horizontal dashed line) with strong disky isophotesrmuistructure found by Lisker et al.
(2006a)); VCC1122, a not rotationally supported dE but wittappreciable rotation in Figure 6.11
and very important disky structures in the infer;; not detected by Lisker et al. (2006a)); and
VCC1912, inside half the effective radius a moderate rotais found in this system with a clear
disky feature that peaks at 15;,. For this galaxy, however, no underlying structure was tbioy
Lisker et al. (2006a). More importantly VCC308 and VCC8%&) totationally supported galaxies
with boxy Cy, present prominent spiral arms in Lisker et al. (2006a). énr&rese et al. (2006),
based on ACS-HST images, VCC856 also shows spiral arms eutahalysis of the isophotes’
shapes shows that they are boxy too. Looking at Table 6.6 wehse both galaxies are nearly
face-on, which means that the isophotes are boxy sincediacksks are round and not disky. As
a consequence we emphasise the fact that boxy isophotesrogs disk features (mainly if the
galaxies are face-on), but not the other way round (see VZI91
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Figure 6.20: Examples ofC, vs. radius for three galaxies: VCC397, VCC308 and VCC16%e dashed purple
lines indicate the region between &nd the 3. ;¢. The dotted purple line shows tli& ;. In the upper panel one can
see that if an average value is used between the dasheddinesl] be compatible with zero and as a consequence,
the prominent disky structure will be smeared out by the@ajairegions. In contrast, in the middle panel a galaxy
with no clear disky structures is shown. In this latter cdsedrrors are larger. The bumpdry only covers~ 3”,
while the rest of the galaxy is boxy. In this situation a mealug of theC; and its scatter is more representative. In
the lower panel VCC1695 is an example of a typical boxy shajadaly.
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Abstract—We present new observational results on the kinematical; mo
phological, and stellar population properties of a sampBlalEs located both
in the Virgo cluster and in the field, which show that/6af the dEs i) are rota-
tionally supported, ii) exhibit structural signs of typicatating systems such
as discs, bars or spiral arms, iii) are younger3 Gyr) than non-rotating dEs,
and iv) are preferentially located either in the outskift¥iogo or in the field.
This evidence is consistent with the idea that rotatiorsliyported dwarfs are
late type spirals or irregulars that recently entered thster and lost their
gas through a ram pressure stripping event, quenchingdtagiformation and
becoming dEs through passive evolution. We also find thabatlone, galax-
ies without photometric hints for hosting discs are pressupported and are
all situated in the inner regions of the cluster. This sutggadifferent evo-
lution from the rotationally supported systems. Threeedéht scenarios for
these non-rotating galaxies are discussed (in situ foonatiarassment and
ram pressure stripping).

6.3.1 Introduction

Dwarf galaxies {/p > —18) are the most numerous objects in the nearby Universe. Taey h
gained importance since hierarchical models proposedfgwaarthe building blocks of massive
galaxies (e.g., White & Rees 1978; White & Frenk 1991). Thestems can be divided in star
forming (Im, BCD, Sd,...) and quiescent (dE, dS0) dwarfs |#tter being the dominant population
in clusters, the former the most common in the field (Sandagé €985; Ferguson & Binggeli
1994; Blanton et al. 2005; Croton et al. 2005). The study efgbpulation of low-mass galaxies
and of the mechanisms leading to the strong morphology gatiom between the different types
of dwarfs is fundamental to understand the assembly andigenlof the overall population of
galaxies.

In the case of dEs, various scenarios have been suggestqadameheir formation. Whether
they are the low luminosity extension of the giant elliplsces) or they are the result of different
formation and evolution processes is still an open quegi@nguson & Binggeli 1994). It has
been proposed that dEs were late-type systems where thstati@ medium (ISM) was swept
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away by the kinetic pressure due to supernova explosiorgh{iv& Arimoto (1987); see however
Silich & Tenorio-Tagle (2001)). Other theories suggestet tate-type spirals stopped their star
formation once their ISM was removed during their interactvith the environment and evolved
into quiescent dwarfs. The existence of a morphologicalegggion effect on the dwarf galaxy
population (Ferguson & Binggeli 1994) favors this secorehseio. Different processes could be at
the origin of gas removal in clusters: interaction with thiergalactic medium (IGM) (e.g., van Zee
et al. 2004b), as ram-pressure stripping, galaxy-galateraictions (e.g., Byrd & Valtonen 1990)
and harassment (e.g., Moore et al. 1998; Mastropietro &08I5). These mechanisms are able
to reproduce some of the observed properties of local dElsiIgters. Structural parameters, such
as surface brightness, and spectrophotometric propestiesh as stellar populations, are easily
reproduced after a ram pressure event (Boselli et al. 2BD8&he detailed study of (Lisker et al.
2006a,b, 2007) shows that there exists a population of gedkat have properties in between
those of dEs and star forming dwarfs. In these objects, whiieltlassified as dEs, some remains
of spiral discs, such as spiral arms or irregular featunes sl visible. If dEs are formed from
star forming galaxies through ram pressure stripping, weeeithat the angular momentum of
the parent galaxies should be conserved, while in the caseilbible dynamical perturbations the
system is rapidly heated and the rotation is lost. Measutirgkinematics of dEs is therefore an
important test to understand their origin.

In the last decade considerable efforts have been made suneghe kinematic properties of
dE in Virgo, the closest rich cluster (e.g., Pedraz et al22@kha et al. 2002, 2003; van Zee et al.
2004b). These works have shown the existence of both rgtatid pressure supported systems.
This fact, together with the varieties of morphologies fdiny Lisker et al. (2006a) makes it clear
that the formation of dEs might rather be complex. Would pwkiferent population of dEs have
a separate formation process? To answer this question vedséekinematical survey of dE in the
Virgo cluster.This is the first of a series of papers devoveti¢ study of the kinematics and stellar
populations of dEs in the Virgo cluster.

6.3.2 The Data

6.3.2.1 Observations and Data Reduction

The data were obtained as part of the MAGPOP-ITP collabmgiultiwavelength Analysis of
Galaxy Populations-International Time Program), a Matiei€Research Training Network. The
observed sample, selected from the Sloan Digital Sky SuiSB5S) as described in Michielsen
et al. (2008), contains 18 Virgo and 3 field dEs. The Virgo g&ls were chosen to havep >

15 and dE or dSO classification in the Virgo Cluster Catalog Belget al. (VCC, 1985), with
available GALEX data (Boselli et al. 2005). The field samplaswequired to be in the SDSS
velocity range 375kms < vy, <1875km s' and—18.5< M/ < —15 mag. Quiescent galaxies
were selected to have FUV-NUM.9 oru — g >1.2 when there were no UV detections.

We obtained medium resolutioi?(~ 3800) long-slit spectroscopy along the major axis of
21 dEs during three different runs at Roque de los Muchachs®e@atory, Canary Islands: two
at the WHT (4.2m), using the spectrograph 1S3$46 — 8950A), and one at the INT (2.5m) with
the IDS @600 — 5960A). With a slit width of 2’and exposure times of 1 hour/configuration, the
gratings used in each campaign were R1200B for IDS and R120@BR600R for ISIS. ISIS
has the possibility to observe with a dichroic and split tigétlinto two beams to cover a larger
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Figure 6.21: Example of the kinematical profiles obtained. The open sgisinow the values used to calculatg, .
and the dashed line the lower pannel, the central

wavelength range. Only in the first run we also used the mioc@over the rangé800 — 5600A.
The spectral resolution obtained was 1.6A(FWHM) (49kmh) ind 3.2A(FWHM) (58km s) in
the blue and red arms of ISIS respectively, and 1.8A(FWHNBk(4 s ') with IDS.

The reduction was done using standard procedures for ldrgpsctra in the optical range,
using REDH{E (Cardiel 1999), a package specially focused on the patadetment of errors. The
flux calibration was done using the stars observed from theB@land CaT libraries (Sanchez-
Blazquez et al. 2006c; Cenarro et al. 2001, respectivelpreMietails of the observations will be
presented in Toloba et al. in preparation (Paper 1).

6.3.2.2 Kinematic and photometric parameters

To calculate the stellar kinematics we used MOVEL, ava@abR=DH{E. MOVEL is an algorithm
based on the Fourier quotient method described by Sargentr&ef (1977) and improved with
OPTEMA (Gonzélez 1993), that allows us to overcome the gigiemplate mismatch problem.
MOVEL uses an iterative procedure to determine the radilcity and the stellar broadening of
the galaxy, by fitting a galaxy model, created as a linear ¢oation of the stars introduced as
templates, to the data.

To make sure that the stars used as templates have the sammargal profile as the target
galaxies, they were defocused to fill the slitin the same vgaha galaxies. In Paper | more details
are given about how this was exactly done.

The maximum rotational velocityf,..,) was calculated as the weighted-average of the 2
highest velocities along the major axis on both sides of @lexy at the same radius (for non-
symmetric profiles at least 3 values are required), typidattated at around X0from the center
(Figure 6.21). After de-redshifting the spectra using tht@tion curves, the central velocity dis-
persion ¢) has been computed coadding all the individual spectra updffective radius. The
typical S/N for the centrab is ~60/A, while S/N >10 forv,,,, at 10'.

The photometric parameters: the effective radilis; (), the ellipticity ) at R.;; and the
boxyness/diskyness parametel, (A), measured in a radius range from ® 4R, ¢, were cal-
culated using the IRAF taskLLIPSE over the H and K band photometry observed within the
MAGPOP collaboration (Peletier et al. in preparation).
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Figure 6.22: Anisotropy diagram. The solid line is the model for an isptoooblate system flattened by rotation
(Binney 1978). Triangles are giant ellipticals (from Enheedl et al. (2007)), with slow rotator®,{.../oc < 0.1) in
dark grey, and fast rotators,f.../oc > 0.1) in light grey. Blue, red and green symbols show our sample&sf as
classified by Lisker et al. (2006a). The filled dots and thenogpuares indicate galaxies with and without discs on
the basis ofd4/A. Lower limits onv,,,, are indicated with arrows. The black symbols represent tbaiam for dEs
with (black dot)/without disc (black square) basedyy A classification, their error bars contain 3%.1~ 10) of

the values at both sides of the median.

6.3.3 Results

Given the radial decrease of the galaxy surface brighttiless;/N in the outer parts of some of
the galaxies was not enough to reach a plateau of the rotetioues. To be cautious, for those
galaxies where the,,,, is measured at a radius6”, the value is considered as a lower limit.

Figure 6.22 shows the anisotropy diagram,.. /o is the ratio between the maximum ro-
tational velocity and the central velocity dispersion o tialaxies. The colour code corresponds
to the classification of Lisker et al. (2006a). In blue aretladl dEs that have signs indicating a
possible spiral origin, those classified as certain, prigbaibd possible discs (spiral arms, edge-on
discs or bars) and also those classified as "other” (mainggudar central features). In red are
indicated those that do not show any underlying structudaragreen the galaxies that were not in
the sample of Lisker et al. (2006a); those are the 3 field dB3/&C1947. We do not distinguish
between galaxies with and without blue centers (Lisker .€2@06b) and between nucleated and
non-nucleated dwarfs (Binggeli et al. 1985) due to the ldcitatistics, with only 3 galaxies with
a blue nucleus and 3 nemucleated objects.

The averaged,/A parameter, which measures how different the isophotesramne & per-
fect ellipse ,/A > 0 means disky isophotesi,/A < 0 boxy isophotes (Kormendy & Bender
1996Db)), shows that all disky galaxies (except two) havenlmassified by Lisker et al. (2006a)
as discs. The two exceptions are (see Table 6.8): VCCO091vewtsker et al. (2006a) did not
see the disc revealed by the disky isophotes, and VCCO0308viihe low ellipticity suggests that
the galaxy is face-on, sd,/A can not accurately determine the underlying features (tisbarp
masking technique of Lisker et al. (2006a) is here more UjseRegarding the four galaxies not
included in the sample of Lisker et al. (2006a) (Table 618)A suggests that the two with higher
Umae /0 CONtain discs (PGC1007217 and VCC1947), while the two wather v,,,, /o do not
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Table 6.8: A, /A Alternative classification.

Galaxy Vmaz /O ¢ 100xA4,/A AyJA
Classification

PGC1007217| 0.87+0.14 | 0.14+0.01| 0.48+0.11 disc
PGC1154903| 0.374-0.13| 0.26+0.02| 0.02+0.35 no disc
NGC3073 | 0.43+0.17| 0.15+0.02 | -0.35+0.03 no disc
VCC0308 | 0.96+0.27| 0.06+0.02 | -0.09+-0.07 no disc
VCC0917 | 0.94+0.22| 0.39+0.01| 6.32+1.63 disc
VCC1947 | 0.62+0.05| 0.25+0.01| 0.35+0.05 disc

Note: Galaxies without morphological classification inkas et al. (2006a) and VCC03@8
VCC0917 whose classification by, /A disagrees with Lisker et al. (2006a).

(NGC3073 and PGC1154903).

The anisotropy diagram (Figure 6.22) separates rotatypsapported galaxies (above the
solid line) from pressure dominated (below the solid liféjure 6.22 shows that: 1) as ellipticals,
dEs can be separated into slow,(./oc <0.1) and fast«,,../c >0.1) rotators (Emsellem et al.
2007); 2) a large fraction (%2) of the dEs are rotationally supported and 3) all of the rotetily
supported galaxies have morphological and/or photom&igits of a spiral origin.

The apparent discordance with Geha et al. (2003), who foatthe majority of the dEs
were not rotating, is due to the fact that their data are éthiib the core of the galaxies, never
reaching radii larger thar’@Figure 6.21), where the increase of the rotational vejasigenerally
observed (Paper 1). A maximum offset of 10k $n o with respect to Geha et al. (2003) is found;
however, it does not affect this result, since it makgs, /o larger. This discrepancy could be due
to the use of a K-type star template in the case of Geha etG)3j2whereas a linear combination
of different spectral types (from B to M in our case) is mor@r@priate for dEs. Also a wider
slit (2" compared to 0.5” in Geha et al. (2003)) could inceetseec measured if there were some
ordered motion along the minor axis.

VUmax /U

Figure 6.23 shows$uv,,.,./0)* = oo
from the cluster center (we assume Virgo to be at 17Mpc, Gawzl. (1999b)).(v,,4./0)* IS
Umaz /o divided by the isotropic oblate model, which means that flues of(v,,,, /0)* > 0.8
the galaxies are rotationally supported. To improve dtasisve have included the dEs of van Zee
et al. (2004b) (open triangles), whose data are consistémours (see Paper I).

as a function of the projected angular distance

Rotationally supported systems are generally locatedarchbister outskirts or in the field,
while theo-dominated dwarfs are found only in the central regions efdluster. This idea had
been suggested before (Geha et al. 2003; van Zee et al. 20f4h)o clear confirmation was
found. van Zee et al. (2004b) studied the inner 6 degreesi@pdf Virgo, and found a hint that
very slow rotators or non-rotating dEs were located in the @y in the highest density clumps.
Our observations reach distances further away from M87 tla@mevidence of a trend is clearer.
The non-parametric Spearman statistical test finds a ebiwel (- =0.54) with a confidence of
98.9%. Indeed a significant difference in the two dwarf galaxy dapans can be seen also in
their median values, with dE with signs of a spiral origin imgvsystematically higher velocity
rotations and being situated at the periphery of the clyéter,, /o)* = 0.9673%, D = 0.991)%
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Figure 6.23: Anisotropy parameter versus the angular distance to M8#rgef Virgo). The symbols are as in Figure
6.22. The light dark grey rectangles limit the,,.../o)* regions for fast and slow rotating Es as defined by Emsellem
et al. (2007). The open triangles are van Zee et al. (200dtlyded in the median values. The dashed lines show the
Virgo core radius (130 kpc) and virial radius (1.68Mpc) (Bltist Gavazzi 2006). The solid line divides the diagram
into rotationally (v,.q./0)* > 0.8) and pressure supported galaxiés,(,../o)* < 0.8).

Mpc) with respect to non-disc dE(,.. /)" = 0.40153], D = 0.471515 Mpc). We emphasize
that any relation with the cluster-centric distance is sm@aut by projection effects.

Figure 6.24 shows the anisotropy parameter as a functioheoage of the galaxies from
Michielsen et al. (2008). The Spearman non-parametriditeds a correlationr(= —0.64) with a
99.9% of confidence. Indeed the median values for the two populatioe significantly different;
the dEs with discs are3Gyr younger than the others. Figure 6.24 also shows tha¢dhis with
no signs of a spiral origin might be of all ages but on averddé5y8 of the squares are older than
7 Gyr), disc galaxies are preferentially young12 of the dots are younger than 7 Gyr), suggesting
that the 2 populations might have a different origin.

To conclude, our results suggest that the rotationally sttpd dEs are preferentially located
in the field or in the outskirts of the cluster and are on averamunger than those that are pressure
supported, with no signs of spiral features, generallyasétd in the core of the cluster.

6.3.4 Discussion

It is believed that the difference between fast and slowtoosan Es is due to a different formation
origin, with slow rotators, the most massive objects, ppalty located in dense environments and
resulting from major mergers, while fast rotators, beirgglmassive and more gasch (Emsellem

et al. 2007), have a star formation history that is more edédnn time. For dwarf galaxies this
segregation in mass is difficult to be appreciated becauskeaf small dynamical range (&8
Ly/Lys <9.7 in our sample). Moreover, models indicate that the piityathat dEs have
undergone a major merging event is almost null (De Lucia.e2@06). This is consistent with
the fact that dEs are on average much younger than Es (Msemedt al. 2008), whose formation
happened probably at>2 (Renzini 2006). If their star formation activity was qubed in recent
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Figure 6.24: Anisotropy parameter versus the luminosity-weighted agmfMichielsen et al. (2008). Symbols and
shaded areas are as in Figures 6.22 and 6.23.

epochs, this would hardly be due to major merging eventsesine higho of clusters already
formed prevented strong dynamical interactions (Boselb&vazzi 2006).

Dwarf elliptical systems might have a different origin aiog to their structural, spec-
trophotometric and kinematical properties. Although Bamaent would be able to explain the
origin of the pressure supported dwarfs, it is not likely xplain all the properties of rotationally
supported systemsg(,..../o)* >0.8). Harassment has long time scales since it needs neultipl
encounters to be efficient in removing gas and stars and buenthe star formation (Boselli &
Gavazzi 2006), a scenario inconsistent with the obsemsitidich indicate that the star formation
was active down to recent epochs, as the luminosity-weilyatees derived by Michielsen et al.
(2008) suggest (see Figure 6.24). Furthermore, dynamatactions heat the system remov-
ing rotation and enhancing velocity dispersion. In the sanons of Mastropietro et al. (2005)
those galaxies that keep rotation after the harassmentestiin an important spiral structure, yet
they can not be classified as ellipticals. Moreover harassmenore efficient in the core of the
clusters (in the inner 100kpc), while our result indicatest these rotationally supported systems
are located mostly in the outskirts. All these evidenceshareever consistent with a recent ram
pressure stripping event as proposed by Boselli et al. @®)8Indeed, ram pressure would easily
remove the total gas content of the infalling low luminoglate-type galaxies, quenching their
star formation, but conserving, at least on short time s¢dleeir angular momentum and there-
fore their rotation. The spectrophotometric and strudtforaperties of dE in Virgo are consistent
with a recent €2 Gyr) interaction with the cluster hot IGM (Boselli et al.(a,b). Consistent
with observations (Crowl & Kenney 2008), hydrodynamicahslations indicate that ram pres-
sure stripping can be efficient up to the virial radius, orrereore outside in dwarf systems with
shallow potential wells as those analysed here (Roedigerigden 2008).

Pressure supported galaxi€s,(.../o)* < 0.8) might have a different origin: 1) they might
be galaxies formed in situ through the isotropic collapsthefgas at early epochs, thus not trans-
formed by the environment, and be the extension of Es, wetekteption that they probably did
not undergo major merging events (De Lucia et al. 2006).dddbey have old stellar populations,
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they do not present spiral structures (Lisker et al. 2006d)they are virialised within the cluster,
thus are members since early epochs (Conselice et al. 2BD0Ihey can be star forming systems
that entered into the cluster in the early epochs, maybeitfirthe accretion of groups where pre-
processing was active, and later modified by galaxy harastsmn&) they are star forming systems
that entered into the cluster several Gyr ago, where ranspresalthough less efficient than today,
because of the lower density of the IGM and of the smallerarglaispersion of the cluster still
in formation, had the time through multiple cluster crogsio remove the gas and stop the star
formation activity. The lack of supply of new generationstars on the plane of the disc increases
o on long time scales, while a decrease of the rotation wousthincase require dynamical inter-
actions. The Z-dominated disc dwarfs (VCC1183, VCC1910) could be gakxig¢he last stages
of their transformation into dEs.

The analysis done so far, although crucial for understanthe origin of the rotationally
supported systems, is still insufficient to explain the iorigf the o supported galaxies. It is prob-
able that harassment and ram pressure were acting togathex melative weight that might have
changed with time. Observations of high redshift clustarainly populated by massive, red se-
guence galaxies at late epochs (De Lucia et al. 2006) censligsuggest that harassment and ram
pressure are the most probable effects. It is however dl@aatcomplete study of the kinematical,
structural and spectrophotometric properties of earlylateltype galaxies in clusters combined
with model predictions, is a powerful way to study the roléle environment on their evolution,
a work we plan to do in the near future.

In summary, we report the first clear evidence of a correfatietween the presence of ro-
tationally supported dEs and the distance to the centereoVityo cluster. We have seen that the
further away a dwarf galaxy is from M87, the larger its raiatis and the younger it appears. In the
outer parts many of them show spiral features beside tHgitiehl appearance. These kinematical
data are consistent with the idea of ram pressure strippamgftorming dwarf star forming galax-
ies into dEs. Dwarf ellipticals that are pressure suppoatedishow no sign of spiral features are
likely to be late-type systems that entered in the clusteady epochs and were later transformed
by a combined effect of multiple encounters with nearby canigns and the interaction with the
hot and dense IGM. They might also be originally formed irstdus from an isotropic collapse of
the primordial gas cloud.
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Abstract—We present the spectrophotometric analysis of a sample of 18
dwarf early-type galaxies (dEs) in the Virgo cluster preednn the first pa-
per of this series. We analyse the Kormendy relation, thiasarrightness-
luminosity and the size-luminosity diagrams, the Fabeksan relation and
the Fundamental Plane both in tBeand K'-bands. Contrary to previous find-
ings, we show that dEs follow the same Faber-Jackson relatiml Funda-
mental Plane as massive early-type galaxies (Es) but diffeheir structural
scaling relations (the Kormendy relation, the surfacetirigss-luminosity and
the size-luminosity diagrams). The spectrophotometrperties analysed in
this work agree with the scenario of formation where dEs anellminosity
late-type galaxies that entered the Virgo cluster and waresformed via their
interaction with the harsh cluster environment.

6.4.1 Introduction

The origin of dwarf early-type galaxies (dEs) is yet unknowvihether they are the small exten-
sion of the massive ellipticals (Es) or they are a differevpydation of galaxies is still in active
debate. Some observational evidences seem to suggeshébatlow-luminosity systems are a
very heterogeneous population: they present a great yariainderlying structures, like discs,
spiral arms, irregular features, some of them are also atede Their luminosity profiles are ex-
ponential (Lisker et al. 2006a,b; Ferrarese et al. 200&drist al. 2007) and they are not composed
of a simple, old and metal poor stellar population, but trether contain stars of different ages
spanning luminosity-weighted ages frontzyr old to as old as the oldest objects in the universe
(14 Gyr) (Michielsen et al. 2008; Koleva et al. 2009b). Although ppaarance dEs bear a resem-
blance to Es, the wide range in physical properties that éxéybit is in contrast with the more
homogeneous population of Es.

The morphology segregation is present also for dwarfs, dits the most common popula-
tion in dense environments like clusters whereas low-lwsity late-type galaxies dominate the
number of objects in the field (Sandage et al. 1985; FergusBm@ggeli 1994; Blanton et al. 2005;
Croton et al. 2005). This evidence suggests that the enmienhplayed a key role in shaping their
evolution. To explain this evidence two mechanisms have Ipeeposed to generate dEs trans-
forming late-type galaxies: galaxy harassment (Moore .€1298; Mastropietro et al. 2005) and
ram pressure stripping (Boselli et al. 2008a,b). In the farprocess close encounters are required
to disrupt the late-type galaxies and transform them inte. diowever, in clusters like Virgo the
density of objects needed to experience a complete tranat@n into a dE is only achieved in
the center and after relatively long time scales (Boselli&&zzi 2006). As a consequence, those
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late-type galaxies in the outskirts of Virgo that are haedswill still have the appearance of a
late-type galaxy (Smith et al. 2010). On the other hand, mna pressure stripping event late-type
galaxies infalling in the cluster are swept away from theis gontent just through their interaction
with the intergalactic medium (IGM) provoking the abrupgsof their star formation and being

reddened in short time scales (Boselli et al. 2008a).

One important method to check if low-luminosity late-tyaxies could be the progenitors
of dEs is to analyse the resemblance of their kinematic ptigge In the case of dEs being small
Es they should behave similarly. The correlation of masatian found in Emsellem et al. (2007)
for the SAURON sample of Es indicates that rotation increasi#h decreasing mass. If dEs
are low-luminosity spirals transformed via harassmergntthey should be pressure supported
because the system is heated rapidly by multiple encoufatersing the random motions against
the ordered ones. However, ram-pressure stripping actingegaseous component, should not
affect, on relatively short time scales, the kinematictefgalaxy that should thus retain its angular
momentum. In the last decade many efforts have been donadyp ste kinematic properties of
dEs. These works have shown that some dEs present impatatbn while others do not (Pedraz
et al. 2002; Geha et al. 2002, 2003; van Zee et al. 2004b;rglitian 2009; Toloba et al. 2011).

In Toloba et al. (2009a) we presented a probe of the evolatidiEs inside the Virgo cluster.

We found that the kinematic properties of dEs are directlgteel to the virgocentric distance:
rotationally supported dEs tend to be in the outer partsetthster while pressure supported dEs
are preferentially in the center. Moreover, those dEs irotiter parts are younger than those in the
center and present disky underlying structures in contcagtose located in the cluster core. In
Toloba et al. (2011, hereafter Paper I) we found that thoserdtationally supported have rotation
curves with the same shape as late-type galaxies of the samiradsity. All these evidences
suggest an scenario where low-luminosity late-type gakgxihe major population in the field,
enter into the Virgo cluster and are transformed into dEgs€éldwarf early-types currently in the
outer parts of the Virgo cluster are likely to be ram-preesstripped late-type galaxies, whereas
those in the center, could have suffered more than one tansfg mechanism (for a complete
discussion see Toloba et al. 2009a).

Another method to explore the origin of these systems isadyar the scaling relations, such
as the Kormendy diagram, the Faber-Jackson or the Fundahtdahe. These diagrams, widely
used to determine distances, are a useful tool to study thetstal and kinematic properties
of early-type galaxies. The tightness of the scaling retetihas been classically interpreted as
early-type galaxies constituting an homogeneous pojuatince shaped by the same formation
process (Jorgensen et al. 1996; Pahre et al. 1998b). Therd#ie location of dwarf galaxies in
these relations is a key aspect to interpret their formad®an extension of massive Es or a result
of other physical mechanisms. In contrast, Navarro et 80 T) suggested that this tightness could
be due to the uniformity of the dark matter halos of the ga&sxather than to a common formation
mechanism.

Some works have addressed these scaling relations for dyakafies in the past (Bender
et al. 1992; Graham & Guzman 2003b; Geha et al. 2003; de Rétkad. 2005; Matkowd &
Guzman 2007; Kormendy et al. 2009), but whether dEs follastdime trends as Es is still unclear.
For instance, in the case of the Faber-Jackson relationess@d ad. « o”, wheren is ~4
for massive galaxies (Faber & Jackson 1976b; Sargent & Tur@eé7; Schechter & Gunn 1979;
Schechter 1980; Terlevich et al. 1981; Tonry & Davis 198&yesal authors have reported lower
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values ofn for dwarf galaxies, such us ~ 3 by Tonry & Davis (1981),» = 2.4 for galaxies
fainter thanMp = —20 by Davies et al. (1983), = 2.5 by Held et al. (1992), or more recently

= 2.01 andn = 1.57 by Matkove & Guzman (2005) and de Rijcke et al. (2005), respectively. |
summary, some authors have found that dEs display a consrgaguence with Es in the scaling
relations (e.g., Graham & Guzméan 2003b), while others ssighat dEs show a change of slope
(e.g., de Rijcke et al. 2005; Matkav& Guzman 2007), finding that the sequences of Es and dEs
are even perpendicular Bender et al. (1992); Kormendy €2@09) or that dEs populate an area
in the Fundamental Plane disconnected from Es (Geha et@3)20

In this paper we revisit the scaling relations in Johnésband comparing our sample of
dEs in the Virgo cluster with several samples of Es (Bendel.e1992; Pahre 1999; Jorgensen
et al. 1996; Gavazzi et al. 2003a), bulges (Bender et al.;1R8126n-Barroso et al. 2002) and dEs
(Bender et al. 1992; Geha et al. 2003; van Zee et al. 2004bjjdeeret al. 2005; Gavazzi et al.
2003a) in different environments. We use for these sampdds-sf-the-art distances and velocity
dispersion measurements. For the first time for dwarf gatawie analyse these scaling relations
in the near-infrared (NIRJ -band. This band, tracing the bulk of the stellar mass, isriggive to
recent episodes of star formation and is the most indicatesifch a study.

The main aim of this paper is to study the formation mechasisimdwarf galaxies. In
Toloba et al. (2009a, 2011) we found that there are conditiedhfferences between rotationally
supported and pressure-supported dEs, which might ird&tabng differences in the physical
processes involved in their formation. In this work we asalyf these differences also show up in
the scaling relations.

This paper is structured as follows: Sections 6.4.2 an@fresent the sample used in this
work and briefly describe the the observations. Sectio@eports the photometric parameters.
Section 6.4.5 analyse the scaling relations of early-tygde>ges. In Sections 6.4.6 and 6.4.7 we
discuss and summarise the conclusions about the possigle of dEs in a context of various
models of galaxy formation and evolution. Finally, Appen€i4.8 describes the comparing sam-
ples of dEs, bulges and more massive Es and Appendix 6.4e3 gietailed description of the
state-of-the-art distances used.

6.4.2 The sample

The sample analysed in this work was described in detail lobEoet al. (2011, hereafter Paper
). In summary, the sample consists of galaxies with > —16 classified as dE or dSO in the
Virgo Cluster Catalog (VCC) by Binggeli et al. (1985) andajaés in low density regions with
magnitudes between -185M, <-14.5 and distances similar to Virgo (5-25 Mpc).

All galaxies have been selected to have SDSS imaging and watbm the GALEX MIS
fields (Boselli et al. 2005). They are required to have FUMMNLOD.9 oru — g >1.2 when UV
detections are not available to assure they are quiesc@tebThe observed sample consists of
18 Virgo.

6.4.3 Observations and data reduction

The observing time used for this work was part of the Inteomai Time Program (ITP 2005-2007)
at El Roque de los Muchachos Observatory (La Palma, Spain).
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6.4.3.1 Long-slit optical spectroscopy

The medium resolution ~ 3800) long-slit spectroscopic observations were carried otiliae
different observing runs at La Palma telescopes. Two outeftiree runs were conducted at 4.2m
WHT with the ISIS double-arm spectrograph and one run at 2N6with the IDS spectrograph.
The wavelength range coverage is from 3500 A to 8950 A at th@Wlth a gap between 5000-
5600 A in one of the observing campaigns, and 4600-5960 AediNfi. The resolution obtained
is 1.6 A (FWHM) (40 km s') and 3.2 A (FWHM) (58 km s!) in the blue and red arms of ISIS
respectively and 1.8 A (FWHM) (46 knt$) with IDS.

The reduction has been performed through standard proegdor long-slit spectroscopy
in the optical range using@®H{E (Cardiel 1999), a package specially focused on the paralle
treatment of errors. An accurate description of the dataiaitopn and reduction is given in Paper
l.

6.4.3.2 Near-infrared photometry

The photometric data were observed in #iig1.65:m) and K (2.2um) bands in 6 different ob-
serving campaigns at El Roque de los Muchachos Observdiwoyout of the 6 runs were carried
out at 3.6m TNG telescope with the NICS NIR camera, threeattBm WHT with LIRIS NIR
imager and one at the 2.5m NOT using the NOTCam NIR instrum&lthe instruments used
provided a resolution of 0.23pixel. The observations were carried out applying a ditigetech-
nique over 4, 8 or 9 positions on the square grid of the CCD deioto construct sky frames.
Since the instruments have 4.2 4.2 field of view and the surface brightness of the galaxies fell
dramatically beyond 30in radius, every frame of observation have sufficient spacerder to
extract sky information.

The exposure timing varied from 10 seconds to 30 secondsdlvidual shots in order to
prevent saturation. Total integration times varied frommiifutes up to over an hour depending on
the faintness of the galaxies. All the images have been ezblusing the package SNABeedy
Near-Infrared data Automatic Pipelinehtt p: //www. arcetri.astro.it/~fili ppo/
snap/ by Mannucci). This software was explicitly written for th&G telescope’s NICS instru-
ment, but, since many important characteristics of the NIZBIS and NOTCam are similar, we
modified SNAP with certain scripts to successfully redudelS and NOTCam data. The photo-
metric calibration of the data was performed using 2MASS (@rivh All Sky Survey Skrutskie
et al. 2006%° and UKIDSS (UKIRT Infrared Deep Sky Survey Lawrence et aD20

6.4.4 Photometric parameters

Photometric parameters, such as the total magnitudetigfiesurface brightnesg.(; ;) and effec-
tive radius (.ss), have been determined in thi¢ and 5 bands. All the data are given in Vega
system.

As specified in Table 6.9, 13 out of the 21 dEs in our sample wbserved in{ and/or

10This publication makes use of data products from the Two ®icAll Sky Survey, which is a joint project of
the University of Massachusetts and the Infrared Procgssid Analysis Center/California Institute of Technology,
funded by the National Aeronautics and Space Administnadiod the National Science Foundation.
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K-bands. For the 8 dEs left we took théir-band images from GOLDMine. All galaxies were
transformed ta<-band assuming/ — K = 0.21 (Peletier et al. 1999).

In order to compare with scaling relations already publisinghe optical range we have ob-
tained theB-band (Johnson) photometry for our galaxies frgmndr bands using Sloan Digital
Sky Survey (SDSS, York et al. 2000) Data Release 7 (DR6 Almref al. 2009). The transfor-
mation has been done following Blanton & Roweis (2007):

B = g+ 0.2354 + 0.3915[(g — ) — 0.6102] (6.9)

where g andr asymptotic magnitudes have been measured as describedtiorSé.4.4.1. To
transform the AB system of SDSS photometry into Vega systemsedn g yeg, = mp,.ap+0.09
mag (Blanton & Roweis 2007).

6.4.4.1 Methodology

The parameters used in the scaling relations are asymptatgnitudes, effective radiii,;/,
radius along the major-axis containing%@f the total light), effective surface brightness (
tess >, the mean surface brightness within thg ; ) and the ellipticitye.

All these parameters, that are presented in Table 6.9, lemm dalculated using the IRAF
taskeLLIPSE and following the same procedure described in Paper I.

Stars present in the-band images have been removed using the masks we obtained fo
i-band SDSS images in Paper I. We matched the coordinatestlofgband i-bands using the
IRAF task WREGISTER The mask of stars for th&/K-band was calculated runnirg.LIPSE
fixing just the center of the galaxy and leaving the rest ofgheameters free. To remove the
stars from the images we used the IRAF t&skpix. This task allows us to remove the stars
interpolating the surrounding galaxy area. To improve thalfoutcome, we averaged the results
of interpolating along the horizontal and vertical direas for each star. For those galaxies that
were on the edge of the FITS images or had a very bright neaabyssmore careful procedure
was implemented. Taking advantage of the fact that the gedaarte ellipticals, so that they have
smooth and axisymmetric surface brightness profilesptheDEL task of IRAF can be used to
replace the affected areas of the galaxy by the azimuthabgeeof the unaffected ones. The
output fromBMODEL was used only to replace a small fraction of pixels, so thig@dure was not
affected by the possible presence of more subtle featwreb,as bars or spiral arms, which could
not be reproduced by the model provided bysiveDEL task. Once extremely bright nearby stars
have been removed the same procedure as above was folloteElwiPSE andFIXPIX.

To obtain the asymptotic magnitude and the effective rageisunELLIPSE fixing the center
of the galaxy, the ellipticity and the position angle (PA)awoid overlap between consecutive
isophotes. The step between isophotes was assumed of 1 ixeke g-band we adopted and
PA obtained in-band (see Paper I) and, for the NIR, we used the typical salfieand PA in the
outer parts of the galaxy (beyond 1.%2, region where these parameters stabilise).

The methodology followed to obtain the asymptotic magretadd the effective radius was
performed as in Gil de Paz et al. (2007). We first computed ¢baraulated flux and the gradient

1RAF is distributed by the National Optical Astronomy Obsaory, which is operated by the Association of
Universities for Research in Astronomy, Inc., under thepaative agreement with the National Science Foundation.
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in the accumulated flux (i.e., the slope of the growth curteaeh radius, considering as radius
the major-axis value provided IBLLIPSE. Secondly we chose a radial range where this gradient
had a linear regime. Finally we performed a linear fit to theuaculated flux as a function of
the slope of the growth curve. The asymptotic magnitude efgalaxy was the Y-intercept, or,
equivalenly, the extrapolation of the growth curve to irtfinOnce the asymptotic magnitude was
known, the effective radii of each galaxy was obtained asrbgr-axis of an elliptical isophote
containing 50 of the total flux.

The ellipticities were measured running againIPSe over the images cleaned of stars and
fixing only the center of the galaxy. Thevalue considered was the mean value betwéeartl
the R, s, the galaxy region covered by our spectroscopic obsemnstio

To obtain the mean effective surface brightness within trezve radius we measured half
the total flux inside the area of an ellipse with semi-majas &qual to the effective radius. Such
area is given byt R?; (1 — ), therefore, beingn the asymptotic magnitude;, sy > is obtained
as follows:

< pefs >=m + 2.5log(2) + 2.5l0g(7ngff(1 —€)) (6.10)

6.4.5 Scaling Relations

The aim of the present paper is that of studying whether diissifohe sameB and K -band scaling
relations as giant ellipticals, bulges and dwarf sphetsida

6.4.5.1 Kormendy Relation

Figure 6.25 presents the Kormendy relation for massive/agpe galaxies including bulges and
dwarf early-types in thé? and K'-bands, upper and lower panel respectively. Whereas balges
the continuation of massive Es at smaller radii, dwarf galakorm a cloud right below the trend
followed by Es. When dSphs are included in the diagram (uppeel) it is more clear that all the
dwarf systems describe a perpendicular trend to the ormafetl by Es. This means that, whereas
for early-type galaxies smaller galaxies have larger serfaightness, for dwarfs, smaller galaxies
have fainter effective surface brightness.

Although in theB-band young and old dEs form a uniform cloud, in tkieband the oldest
dEs show a brighter effective surface brightness.

6.4.5.2 Surface Brightness - Luminosity Relation

Figure 6.26 shows the relation between the surface brightméthin theR,; in the B (upper
panel) andK (lower panel) bands as a function of the absolute magnitutteboth bands dEs
follow a trend that is perpendicular to the one of massivéyagipe galaxies. This is consistent
with the results found by Graham & Guzman (2003b), for dEsEsdand de Rijcke et al. (2005)
and Kormendy et al. (2009) including dSphs.
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Table 6.9: Photometric parameters of our sample of dEs in the Virgaetus

Galaxy RA(JZOOO) DeC(JZOOO Mg Reff,B < Ueff,B > Mg Reff,K < Ueff, K > Ref.
(h:m:s) ") (mag) (arcsec) | (mag arcsec?) (mag) (arcsec) | (mag arcsec?)
VCC 21 | 12:10:23.14] +10:11:18.9| -16.16+0.03 | 13.86+0.09 | 22.18+0.07 | -18.82+0.05| 10.80G+0.19| 18.81+0.05 2
VCC 308 | 12:18:50.77| +07:51:41.3| -16.99+-0.05| 19.16+0.04| 22.45+-0.04 | -20.00+0.07 | 16.70+0.03| 18.83+0.03 2
VCC 397 | 12:20:12.25 +06:37:23.6| -15.80+0.05| 13.56+0.07| 22.50+0.05 | -19.13+0.07| 12.5#-0.03| 18.73+0.07 1
VCC 523 | 12:22:04.13 +12:47:15.1| -17.56+0.03 | 26.73+-0.23 | 22.38+0.02 | -20.62+0.05| 17.14-0.18| 18.34+0.04 1
VCC 856 | 12:25:57.93 +10:03:13.8| -16.62+0.06 | 16.214+-0.09| 22.45+-0.04 | -19.90+0.08| 14.15+0.11| 18.68+0.06 2
VCC 917 | 12:26:32.40 +13:34:43.8| -15.60+0.03| 9.68+0.03 | 21.88+-0.05 | -18.59+0.05| 8.61+0.04 | 18.49+0.12 2
VCC 990 | 12:27:16.91) +16:01:28.4| -16.43+0.03| 9.88t0.03 | 21.214-0.03 | -19.30+0.05| 9.92+0.08 | 18.1G+0.07 1
VCC 1087| 12:28:17.88| +11:47:23.7| -17.15+0.06 | 27.02t0.15| 22.75+0.10 | -20.40+0.08| 17.09+0.35| 18.45+0.08 1
VCC 1122| 12:28:41.74 +12:54:57.3| -16.15+0.03 | 14.26+0.07 | 21.98+0.09 | -19.11+0.05| 11.8%0.09| 18.2740.19 2
VCC 1183| 12:29:22.49 +11:26:01.8| -16.86+0.03 | 21.85+0.14 | 22.68t0.17 | -19.88t0.05| 13.92+£0.04 | 18.24+0.14 2
VCC 1261 12:30:10.35/ +10:46:46.3| -17.59+0.06 | 23.76+0.10| 22.08:0.11 | -20.78+0.08| 20.54+0.03| 18.29+0.11 1
VCC 1431| 12:32:23.39 +11:15:47.4| -16.41+0.06 | 10.31+0.02| 21.66+0.01 | -20.19+0.08| 9.22+0.02 | 17.65+0.02 1
VCC 1549| 12:34:14.85/ +11:04:18.1| -16.15+0.03 | 13.09+0.04| 22.36+0.02 | -19.55+0.05| 11.83+0.04 | 18.36+0.02 2
VCC 1695| 12:36:54.79| +12:31:12.3| -16.68+0.08 | 27.61+0.37 | 23.34+0.08 | -19.23t0.09| 15.15+0.48| 19.24+0.11 2
VCC 1861| 12:40:58.60 +11:11:04.1| -16.79+0.06 | 21.57:0.14 | 22.88+0.02 | -20.05+0.08| 12.01+0.02| 18.16+0.01 1
VCC 1910| 12:42:08.68 +11:45:15.9| -16.66+0.06 | 14.14+0.06| 22.10+0.05 | -20.29+0.08| 14.43+0.05| 18.12+0.02 1
VCC 1912| 12:42:09.12] +12:35:48.8| -16.91+0.03 | 23.53+t0.09| 22.22+0.15 | -20.06+0.05| 19.714+-0.06| 18.35+0.21 1
VCC 1947| 12:42:56.36) +03:40:35.6| -16.54+0.03 | 11.26+0.04| 21.55+0.02 | -20.20+0.05| 8.56+0.02 | 17.29+0.02 1
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NOTES: Columns 4, 5 and 6 present the absolute magnitudeffétive radius and the effective surface brightnessiwitie effective radius

in B band (Johnson), respectively. Columns 7, 8 and 9 show the panameters ik band. All the magnitudes used throughout this work
use the Vega system. Column 10 specifies the reference dafftlaead image: 1 means this work, 2 means that the image whsrgd from
GOLDMine database (Gavazzi et al. 2003a). The distancesreeskfor each galaxy are calculated from their surface brggs fluctuations
by Mei et al. (2007), see Appendix 6.4.9.
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B—band Kormendy Relation
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Figure 6.25: Kormendy relation inB-band, upper panel, anll-band, lower panel. For th8-band diagram the

dE sample consist of red (older than 7 Gyr) and blue (yourtwgm ¥ Gyr) symbols from our sample, stars mean
rotationally supported while circles mean pressure supppiGavazzi et al. (2003a, GM, filled triangles), Bender
etal. (1992, B92, filled stars), van Zee et al. (2004b, VZ0Okedicircles), Geha et al. (2003, GO3, filled squares) and
de Rijcke et al. (2005, DRO5, filled diamonds). The sampleSylts is from Bender et al. (1992, open black stars).
The sample of massive early-type galaxies is the compilaifdBender et al. (1992, B92, open grey squares), Pahre
(1999, P99, open grey triangles), Gavazzi et al. (2003a, &idn black squares) and Jorgensen et al. (1992, J92, open
black triangles). The sample of bulges comes from Bendelr €1292, B92, open grey circles) and Falcon-Barroso
et al. (2002, FB02, open black circles). For thieband relation the dE sample consists of the red and blue aigmb
from our sample with the same symbols and colours as in theéafel and the sample from GM in filled black
triangles. The sample of bulges here consists only on FBODlea(black open circles). And the sample of Es has
data from GM (grey open squares) and from Pahre et al. (19%8®,black open triangles).
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B—band Surface Brightness—Luminosity Relation
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Figure 6.26: Surface brightness within the effective radius as a fumctibthe absolute magnitudes, B+band in
the upper panel and iK'-band in the lower panel. Symbols are as in the KormendyioelafFigure 6.25) with the
absence of Falcén-Barroso et al. (2002) bulges.



6.4 Toloba et al. (2011) A&A, in prep. 121

B—band Size—Luminosity Relation
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Figure 6.27: Absolute magnitude ilB-band, upper panel, and iif-band, lower panel vs. the half-light radius in
logarithmic scale. Symbols are as in Figure 6.25 but for ¢tralBarroso et al. (2002) bulges for which the absolute
magnitudes were not available.

The separation found for different stellar populations B§dis more evident in th& -band
than in theB-band, as in the Kormendy relation. Whereas in hband old and young dEs form
a cloud of objects, in th& -band young dEs are fainter than the old ones.

6.4.5.3 Size - Luminosity Relation

The correlations found in Figures 6.25 and 6.26 imply a i@talbetween the size and luminosity
of the galaxies.

Figure 6.27 shows the relation between the size and luninokearly-type galaxies. Giant
ellipticals and bulges follow a different relation thanttbAdEs. Massive systems present steeper
slopes, which results in dwarf galaxies presenting faili@inosities than massive galaxies of the
same size, or the other way round, for a fixed magnitude, dgalexies appear larger than Es
and bulges. A difference in the location of dwarf galaxiegeteling on their stellar population, or
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B—band Faber—Jackson Relation
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Figure 6.28: Faber-Jackson relation i and K'-bands. The symbols are the same as in Figure 6.25.

equivalently on their kinematic support, is present in figure as well as in the scaling relations
discussed above (Figures 6.25 and 6.26). In these threeeBiglder galaxies (in red) are brighter
in surface brightness and smaller in half-light radius tttesse younger (in blue). Whereas this
dichotomy between the two populations is clearly evidenha -band, in theB-band the larger
scatter makes this separation less clear.

6.4.5.4 Faber-Jackson relation

Figure 6.28 shows the Faber-Jackson relation imtHeand, in the upper panel, and in tReband,

in the lower panel. The linear fit shown in both panels has luktaermined by considering only
the giant galaxies. The slopes found for Essare 4.25+ 0.01 andr = 3.83+ 0.01 in theB and

K bands respectively. When the fit is made only including tharfigalaxies the slopes found are
n = 3.74+ 0.03 (independently from the inclusion or not of dSphs) and 3.48 + 0.48 again
for the B and theK bands. This similarity in the slopes found for Es and dEseaity shown

in Figure 6.28. This result is completely contrary to thevpyas analysis of the Faber-Jackson
relation including dwarf galaxies that obtained slopestiierdEs of~2 (Davies et al. 1983; Held
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et al. 1992; Matkowi & Guzman 2005; de Rijcke et al. 2005).

In Figure 6.28 it is also seen that for a fixedlder dEs appear fainter both in tiieand K
bands.

6.4.5.5 Fundamental Plane

The scaling relations discussed above, such as the Kornretation and Faber-Jackson diagram,
are in two-dimensions. In this Section we study the threeedision space defined by the effective
surface brightness, the velocity dispersion and the efiecadius of the galaxies (the Fundamental
Plane, FP Djorgovski & Davis 1987; Dressler et al. 1987). &tige-on view of the FP is widely
expressed as:

logR.s¢ = alogo + Blog < flefr > +7 (6.11)

whereq,  and~y are the coefficients that minimise the scatter of the FP.

Figure 6.29 presents this edge-on view of the FP inBhand KX bands, and it shows that
dwarf galaxies populate the region in between those of maggsilaxies and the bulges of spirals
in both wavelengths. But, whereas dEs in fBband follow the FP of massive Es or lie above it
(preferentially those dEs from the literature), in tieband nearly all dEs stay over the fit defined
by Es.

6.4.5.6 Fundamental Plane in the x-space

The k-space was defined by Bender et al. (1992) in an attempt todraeémost perfect edge-on
projection of the FP and to give a physical meaning to eachdboate. In this new space the
coordinates are approximately measuring the mags (he effective surface brightness,} and
the mass-to-light ratiox{;). Although the interpretation given to this projection betFP is the
same as the original definition basedn< 1i.¢¢ > andR. s, we include it here for completeness.

Figure 6.30 shows the edge-on and face-on projections ¢iPha thex-space in thé3 and
K-bands, left and right panels respectively. Contrary twipres results (e.g., Geha et al. 2003),
dEs do not lie in an area distinctly different from other lstebystems, but in between bulges
and dSphs (in theé? band) and are the low mass end in thieband where data for dSphs are
not available. Therefore, the absence of stellar systerbstineen galaxy populations previously
found was just an observational bias in the data sets plotted

In particular, the face-on view of the FP shows in both,Brend K" bands, that the most mas-
sive early-type galaxies are those with the highest sutfaightness, whereas for dwarf galaxies
those with the highest surface brightness have low mas$esedge-on view relates the mass-to-
light ratio (M /L), measured from dynamical parameters such,asith the mass of the galaxy.
Massive galaxies present lowef/L for lower masses, but in the case of dEs all galaxies have
similar M/ L independently of the masses of the galaxies, that is alsoa#l samge. The trend
for dSphs is to increase the/ /L for decreasing mass. This relation is more appreciablB-in
band but also seen iff-band (notice the very different ranges in th&/ L-axis). The U-shape
observed here was also found in the Paper | when we analyséd th ratio, calculated with an
independent method, versus the magnitude intband.
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Figure 6.29: Fundamental plane iB-band. Filled black symbols are dwarf early-type galaxt#ss]) from different
works. Black and grey open symbols are normal early-typaxges$ (Es), bulges (Bs) and dwarf spheroidal galaxies
(dSph) from different sources. Blue symbols are our samgleslyounger than @yr and the red symbols are those
older than 7Gyr, in the coloured symbols stars mean rotationally suppateticircles are pressure supported (from
Toloba et al. (2009a) and Paper I). The continuum line shtwdit by de Rijcke et al. (2005). Fundamental plane
in K-band. Filled black triangles are dwarf early-type galaxi@gEs) from GOLDMine Database (see section 5.1).
Black and grey open symbols are normal early-type galakissgnd bulges (Bs) from different references. Coloured
symbols are our sample of dEs as described in Fig@r& he continuum line shows the fit by Pahre et al. (1998Db).
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B—band FP in k—space K—band FP in k—space
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Figure 6.30: Face-on (upper panels) and edge-on (lower panels) vieweoftindamental Plane in thespace.
Symbols are as in Figure 6.29.

In the four panels of Figure 6.30 dEs older than 7 Gyr and hspa¢ssure supported, lie
above the younger dEs that are rotationally supported, ttieys present brighter surface bright-
nesses and largér// L, in accordance to Figures 6.25 and 6.26 and the analysis atruig the
dynamicalM /L in Paper I.

6.4.6 Discussion

The tightness of the scaling relations of massive earlg-typlaxies has been interpreted as an
evidence of a similar formation and evolution mechanismsafioof them (Jorgensen et al. 1996;
Pahre et al. 1998b). Thus finding whether dEs follow theseegaations has been considered an
important topic of study in order to prove if dEs are the lomloosity counterpart of Es and, as a
consequence, they both had the same origin and have suffieadoljous evolutionary processes.

Previous works based on the analysis of the scaling remtddwarf galaxies have shown
that Es and dEs exhibit different slopes in all of them, day.the Kormendy relation Kormendy
(1985); Capaccioli et al. (1992); Kormendy et al. (2009); tlee size-luminosity relation Kor-
mendy (1977); Guzman et al. (1993); Binggeli & Cameron ()9€40n et al. (1993); Boselli et al.
(2008b); Kormendy et al. (2009); Janz & Lisker (2008), foe ffaber-Jackson relation Matkovi
& Guzman (2005); de Rijcke et al. (2005) or Guzman et al. (2008 Rijcke et al. (2005); Geha
et al. (2003) in the Fundamental Plane. However, althoughedbults are similar, their interpreta-
tion is very different. Whereas some authors indicate thede changes of the slopes are the prove
of Es and dEs being different families of objects (e.g., Kenaly 1977; Bender et al. 1992; Geha
et al. 2003; Boselli et al. 2008b; Janz & Lisker 2008; Kormeetial. 2009), other authors find
several explanations to justify that dEs are the low-lursityocounterparts of Es although these
two populations show different trends in these relatioms.ifistance, Graham & Guzman (2003b)
explain the different trend as the consequence of the st@gpef the central radial profile with
luminosity, going fromn = 1 (Sersic index for an exponential surface brightness pjdbledwarf
galaxies taw = 4 (R'/* profile) for the brightest ellipticals; or de Rijcke et alo@5) that, compar-
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ing their data with models of evolution of dwarf and interrade-luminosity early-type galaxies
(Yoshii & Arimoto 1987), suggest that the position of dEshies$e fundamental relations could be
due to supernova-driven mass-loss.

In this paper we have analysed all these scaling relationa &ample of dEs in the Virgo
cluster as a function of their ages and their dynamical ptegsein comparison with samples of
Es, dEs and dSphs from the literature. We have proved that wtage-of-the-art distances and
velocity dispersions are used, the big deviations of dEsd8phs found in relations such as the
Faber-Jackson relation and the FP presented in previouswer., Davies et al. 1983; Bender
et al. 1992; de Rijcke et al. 2005; Matkév& Guzman 2005) become smaller. Therefore, the
importance of having accurate distance and kinematic neasnts is evident.

Comparing the scaling relations in tieand K -bands we have noticed that in all of them the
scatter is larger in the bluest wavelength than in the redutes Due to the fact that the-band
is more sensitive to young stellar populations and Ahéand to old ones, that are the bulk of
stars in early-type galaxies, this larger scatter founéhéndptical versus the infrared suggests that
the deviations found in the scaling relations are not onlpmsequence of structural differences
between Es and dEs. If that is the case, then the deviatiamslfshould be independent of the
wavelength studied.

The kinematic properties of dEs are correlated with thetatmn in the scaling relations.
This fact is more clearly seen in tlié-band where the dispersion due to the influence of the stellar
populations is removed. This result is contrary to what wasipusly found by Geha et al. (2003)
analysing the FP in the space. They found that rotationally and pressure suppd&egopulate
the same region of the FP, this is highly likely to be the cqusace of the poor radial coverage of
their rotation curves~ 67, see Paper | for an extended discussion on their kinematg.da

Graves & Faber (2010a,b) found that the position of galax@esss the FP is determined by
their structural properties, and that the movement of gesaalong its thickness is only possible
if they experience significant changes in their internalctire. The scaling relations analysed
in this work are in agreement with this view due to the fact tha have found that pressure and
rotationally supported dEs lie in distinct regions.

We can distinguish between two families of scaling relatidhose based on the virial theo-
rem, such as the Faber-Jackson relation and the FP, anditheseé on structural properties, such
as Kormendy, the surface brightness-luminosity and theIsieninosity relations. The behaviour
of dEs changes depending on the family of diagrams undey.stindthe particular case of the
virial relations, Es and dEs do not show a change of slopeusedaoth populations are virialised
in the sense that they are relaxed systems, so their positilbessentially depend on the strength
of their potential wells. When we analyse the diagrams th@based on structural characteristics
we find that Es and dEs exhibit a change of slope that can beaasatic as resulting in perpen-
dicular trends for Es and dEs, as in the Kormendy relatiores€revidences suggest that dEs are
not the low-luminosity counterpart of massive ellipticddecause their structural characteristics,
which are the result of their formation and evolution, arféedent.
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6.4.7 Conclusions

In this work we analyse a sample of 18 dwarf early-type gakskiom the Virgo cluster. The spec-
troscopic data was observed at the WHT (La Palma, Spain)n&aeinfrared photometric images
in the K-band were observed for 10 out of the 18 dEs at the WHT, TNG dabd t¢lescopes (La
Palma, Spain), for the 8 remaining the data was drawn from Bi@ibe database (Gavazzi et al.
2003a). The optical photometry used for this sample of diEsiean obtained from SDSS (York
et al. 2000).

The scaling relations studied in this work are Kormendy,dfalackson, surface-brightness
and size-luminosity relations and the Fundamental Plane. heve found that, in all of them,
the kinematics drives the location of dwarf galaxies in ¢hémgrams. Rotationally and pressure
supported dEs form two different groups of dwarf galaxiethase plots.

A change of slope between Es and dEs has been found only ia stading relations that
analyse the structural properties of galaxies, indicatiagithe processes that shape their formation
and/or evolution are not the same for both populations céaibj However, when scaling relations
linked to the virial theorem are analysed, such as the FPedFéiber-Jackson relation, then dwarf
and giant galaxies follow the same trends. The structufedrénces between Es and dEs in these
last two diagrams should be looked into their thickness.

All the results found for the scaling relations analysecetmrggest that dEs and Es are two
different populations. This is in agreement with the pieture presented in Paper | where dwarf
early-type galaxies are the result of the transformatiotowafluminosity late-type galaxies that
entered the Virgo cluster. The transformation was achiev@dam-pressure stripping for those
currently located in the outer parts of the cluster, due éoféict that these dEs conserve the same
angular momentum as their progenitors and present st@fariations younger than those located
in the core of the cluster. However, those dEs currentlytegtén the center of Virgo probably,
apart from the ram-pressure stripping experienced whey ¢héered the cluster, also suffered
harassment when they arrived at the regions with higherityeotobjects. The combination
of these two transforming mechanisms is enough as to fade timil reaching the red colours
observed today with the consequent older ages and theduBfsrmation removing nearly all the
hints from their previously late-type appearance.

Acknowledgmentdie thank the MAGPOP EU Marie Curie Training Network for finghc
support for the collaborating research visits and obsiemathat allowed to make this paper. ET
thanks the financial support by the Spanish research pray2007-67752-C03-03. This paper
made use of the following public databases: SDSS, NED, HygleA, GOLDMine.

6.4.8 Appendix: Samples for comparison

In this work we present the fundamental scaling relationdahnsons and K (\.;y =2.2um,
FWHM= 0.34um) bands in the Vega system for dwarf early-type galaxies. s&hevo bands
have been chosen because they are the most studied in tla¢ulieeso they allow us to make
comparisons with different samples of normal early-typeésr completion also bulges (Bs) and
dwarf spheroidal galaxies from the Local Group (dSph) haenltaken into account.

In this appendix we describe relevant aspects of each o aiorks considered:
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Bender et al. (1992, B92): data available only in théand. After checking the velocity
dispersion §) for the galaxies and bulges in common with Sanchez-Blazetal. (2006b)
and Falcon-Barroso et al. (2002) respectively and findiagttie values are consistent within
the errors, we have used B92 values for Es and Bs. In the cabe tiright dEs, their
have been updated using Pedraz et al. (2002); Geha et aB)(2@h Zee et al. (2004b);
Sanchez-Blazquez et al. (2006b); Geha et al. (2006, 2010pbINGC4515 and 1C3393
that no updates have been found and IC767 and VCC351 whasd392 are consistent
with McElroy (1995). The velocity dispersion of the dSph8B8R have also been improved
using the recent measurements obtained by Wolf et al. (2010)

Pahre et al. (1998b, P98): reference fit of the FR'Hvand. As the fits they perform depend
on the cluster considered, we are only taking Coma as referbacause Coma was their
largest sample. Also their compilation of Coma galaxiesehlagen used for our study in
the B-band. The parameters needed for this study are publishg&dkband (Johnson) in
Pahre (1999, P99), we have transformed them iptband calculating3 — V' colour for
each galaxy using the continuum photometry of GOLDMine Dasg. The effective radii
are considered invariants betweBrandV” bands.

Jorgensen et al. (1992, J92): photometric parametersiostmaple of Coma galaxies in the
B-band.

Falcon-Barroso et al. (2002, FB02): reference sample @fdsuin both3 and K bands.

Geha et al. (2003, G03): sample of Virgo dEs, we only use tigaszxies not in common
with ours or van Zee et al. (2004b) (described below). GO¥ides 1V band photometry
that has been transformed int® band using aB — V' colour calculated for each galaxy
using the continuum photometry of GOLDMine Database, fagdlgalaxies this colour was
not available and a fixe®® — V' = 0.8 was assumed, the typical value obtained for the dEs
considered. The surface brightness presented in this wor&tiwithin the effective radius,
therefore< ;1 >.;; has been calculated using the apparent magnitude, théatyimnd
R. s they provide through Equation 6.10.

van Zee et al. (2004b, VZ04): the photometric optical prapsrof their sample of dEs in
the Virgo cluster have been gathered from van Zee et al. @08&4d the spectroscopically
measuredr from Chilingarian (2009), where the full-fitting techniqueas applied to the
spectra of van Zee et al. (2004b), a more accurate procedateses simple stellar popu-
lations as kinematic templates rather than only one stan &an Zee et al. (2004b). The
surface brightness within the effective radius has beesutated using Equation 6.10, as in
GO03.

de Rijcke et al. (2005, DRO05): sample of dEs in the Fornaxtelis the B-band. The fit
they performed in thé&-band for giant early-type galaxies has been used as refefénn
the B-band FP.

Gavazzi et al. (2003a, GM): GM data have been collected flenGOLDMine Database.
The photometry both iB and H-bands of the Virgo Es and dEs was measured by Gavazzi
et al. (2000, 2005) and converted inteband assuming a constant colourrof- K = 0.21.

The Virgo dEs used in th&-band are those not included in GO3, VZ04 nor in our sample.
The velocity dispersions used for Es are a compilation of MnE(1995); Gavazzi et al.
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(1999a) and Caldwell et al. (2003), for dEs are from Pedrat. €2002); Simien & Prugniel
(2002); Geha et al. (2003); van Zee et al. (2004b); Thomak €@06) and Thomas et al.
(2006).

6.4.9 Appendix: Distances

In order to compare simultaneously samples of galaxiesddcen different environments, we
have to use absolute magnitudes and half-light radii medsur kpc, thus the distances to the
galaxies are required. To make this study homogeneous,iskendes employed in the works
described above have been updated with the most recent regssits obtained using the surface
brightness fluctuations technique (SBF). For the Virgo telugalaxies we have considered the
distances calculated in Mei et al. (2007, H&LTS survey) for individual galaxies when available,
or the mean distance to A or B clusters also from Mei et al. (2000 know in which Virgo area
galaxies reside in we have used the Virgo Cluster Catalogg@dgali et al. 1985, VCC). For Coma
and Fornax cluster galaxies we have used the mean SBF didtattte cluster by Thomsen et al.
(1997, HSTACS survey) and Blakeslee et al. (2009, H3CS survey) respectively. The rest
of the distances for individual galaxies or for small groagsNGC5044 or NGC3258 have been
compiled from one of the following works: Jensen et al. (99®nry et al. (2001); Blakeslee
et al. (2001); Ciardullo et al. (2002); Jensen et al. (2008)jen et al. (2004). Local Group dSph
have their distances computed using different technig&esnax and Draco through RR Lyrae
(Mackey & Gilmore 2003; Bonanos et al. 2004, respectivedgylptor through SBF (Jerjen et al.
1998), Carina through Cepheids (Mateo et al. 1998) and Uisarthrough the colour-magnitude
diagram (Carrera et al. 2002) . As a consequence, thoseigmldrat do not have their distances
measured in one of these works have not been considered istudy. The exception are the
bulges of Falcon-Barroso et al. (2002), which distancee lween derived from optical recession
velocities given in RC3 (de Vaucouleurs et al. 1991), cdaa@c¢o the centroid of the Local Group
(Karachentsev & Makarov 1996), and assuming a Hubble cohsfal{, = 73 km s! Mpc™!,
value measured from the SBF of Virgo galaxies by Mei et al070The field dEs from our sample
have been excluded from the analysis of the scaling relatiecause the distances available show
errors above 1 Mpc (using NED), achieving 14 Mpc in the cadd®€3073 (Tonry et al. 2001),
while for the rest of the objects the errors are below 0.5 Mpc.
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6.5 Conclusions

In this Chapter we have analysed a sample of 21 dEs, 18 outdbtal are located in the Virgo
cluster and the 3 remaining are from the field. The spectmeaata we have used to perform
this study was gathered within the MAGPOP-ITP collaboratizat was granted with a total of
53 nights in the largest telescopes of El Roque de los MudsaCitoservatory (La Palma, Spain).
67% of the near-infraredf and/or K band) was also gathered using the allocated time for this
project and the 33 remaining was drawn from GOLDMine database (Gavazzi et0fl33). The
optical photometry in, ¢ andr bands have been obtained from SDSS (York et al. 2000), data
releases 6 and 7 (Adelman-McCarthy et al. 2008; Abazajiah @009).

From the spectroscopic analysis of the kinematic propedfehis sample we have found
that the rotationally supported population is more frequean originally thought (e.g., Geha
et al. 2002, 2003)) and that the kinematic behaviour of dgalfxies is linked to: their position
within the cluster, their internal structures, and the agfa@keir stellar populations. Those dwarfs
rotationally supported show underlying disky structueesg, younger, on average, and are located
in the outer parts of the cluster, while those pressure stgghdo not show any internal structures
and tend to be older and more concentrated around M87, thieatgalaxy of the cluster.

The study of the shapes of the rotation curves for those dasanally supported has shown
that they are similar to those late-type galaxies of the dameosity. Also, these dEs follow the
Tully-Fisher relation for spiral galaxies. Regarding tteldmatter content of these galaxies, we
have shown that the dynamical mass-to-light ratio of dEsgarelower values than both dSphs and
Es, and its comparison with the stellar mass-to-light vmhlgtained from their ages and metallici-
ties using the SSP models of Vazdekis et al. (2010) reveatsiths are not dark matter dominated
objects, at least at radius belaw-.

From the analysis of the scaling relations we have foundtti@previous gaps found be-
tween Es and dEs were an observational bias. Introducinigeaivailable data in the photometric
bands studied®f and K) there are no gaps in any of the relations. We have also fdausestudy
in the location of dEs that have different kinematic behavend we have deduced that rotationally
supported dEs appear in all the scaling relations, pataligdose dEs that are pressure supported.
The changes of slope (that could also be interpreted as setpfound in the Kormendy relation,
and in the surface brightness-luminosity and size-lumigpaiagrams, suggest that Es and dEs
are structurally different, being these results also iedelent from the wavelength under study.
This suggests a different origin for dEs with respect to Hss Btructural change is in contrast to
the agreement between Es and dEs in the Faber-Jacksoomeaatl in the Fundamental Plane,
but this is a result of the fact that these two diagrams remtethe virial theorem, thus relaxed
populations, such as Es and dEs, must follow the same trends.

All these results are consistent with a picture where mostate low-luminosity late-type
galaxies that have entered the Virgo cluster and have lestghas content through a ram-pressure
stripping event without modifying the kinematics of theipgenitors. Once they fall to the center
of the cluster, where the density of neighbours and intargal medium is much higher than in the
outskirts, other processes such as harassment can alsibetanto the complete transformation
into old, relaxed (structurally and kinematically) system
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En este trabajo hemos estudiado el papel que desempefna®lcean la formacion y evolucion
de galaxias masivas y enanas de primeros tipos. Nos henteadoe este problema, analizando
por separado una muestra de galaxias masivas situadasesntks entornos y una muestra de
galaxias enanas que se encuentran principalmente en elcdeirgo. El andlisis de las muestras
realizadas en esta tesis nos ha permitido estudiar el egcgmarquico de formacion de galaxias 'y
profundizar en la posibilidad de que las galaxias enanasmems tipos sean o no la contrapartida
a baja luminosidad de las galaxias elipticas masivas.

7.1 Galaxias masivas de primeros tipos en los cumulos de Coma y
Virgo y en el campo

La historia de formacion estelar de galaxias de los primépos la hemos estudiado mediante el
analisis de los indices de intesidad de linea en una muesd&ghlaxias elipticas masivas situadas
en los cumulos de Coma 'y de Virgo, y el campo. En este trabaj@seonsiderado el camulo de
Coma como una region de alta densidad y el camulo de Virgo grapo como entornos de baja
densidad. En particular, y por primera vez, hemos utilizg2dindice NH3360 definido por Davidge
& Clark (1994), como indicador de las abundancias de N endésx@s (Bessell & Norris 1982;
Tomkin & Lambert 1984), y los indices CNO3862, CNO4175 y C8Bladefinidos por Serven
et al. (2005), que miden simultaneamente las abundanci@s Hey O. La combinacién de estos
cuatro indices es una técnica innovadora para separar el 8,ygee por lo general se estudian
mezclados en las bandas de CN. La importancia del C y N enuglieste las galaxias de primeros
tipos se basa en que los elementos actian como relojes dagooslya que sus escalas de tiempo
de formacién son diferentes.

En este analisis, el primero realizado utilizando un indicemente de N, hemos encontrado
los siguientes resultados:

e Larelacion entre el indice de NH y la dispersion de velockdgubara galaxias de primeros
tipos es plana, en contra de resultados anteriores basadodiees de CN. Esta relacion
plana indica que el N es un elemento primordial, lo que sicaifjue se produjo en la pri-
mera generacion de estrellas que se formaron en la galaxi@ye/ las abundancias de los
elementos secundarios aumentan con la masa de las gakégissr et al. 2006; Schiavon
2007).
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e Las abundancias de N son independientes del entorno, arttifardel C, que es mas abun-
dante en Virgo y en el campo que en Coma.

Estos resultados sugieren que la historia de formaciomeeste las galaxias de primeros
tipos depende del entorno donde estén situadas, y ademémslimasque la escala de tiempo para
producir C y N es diferente.

En el caso del N, el hecho de que no haya diferencias sistand&intre galaxias que habi-
tan regiones de densidad distinta y que no dependa de ladediode dispersion de las galaxias
so6lo puede explicarse si el N se produce tanto en estrellavasa)l/ > 8M ) como de masa
intermediad < M < 8M). En este contexto las estrellas masivas son responsabtpsece! N
no dependa del entorno, de la misma manera que sucede cogresiaque, debido a su rapida
produccion en las supernovas de tipo I, su abundancia epémdliente del entorno pero ademas
esta fuertemente correlacionada con la masa de las galbamsestrellas de masa intermedia son,
por lo tanto, las responsables de que no haya correlacidw ciah la masa de las galaxias. Esto se
debe a que las galaxias menos masivas, que son las que preseatformacion estelar mas ex-
tendida en el tiempo debido dbwnsizingver por ejemplo Cowie et al. 1996), tienen mas tiempo
para incorporar mas N, lo que se traduce en un aumento de Nespeaato a las galaxias masivas
y el consecuente aplanamiento de la pendiente en la relBi¢iG360-o.

En el caso del C aun esta en discusion si las estrellas quedagen son masivas o de baja
masa { — 4M,,). Los resultados encontrados en nuestro andlisis noséwauath a proponer que el
C se produce, en proporciones comparables, en los dos &pestiebllas. La fuerte pendiente del
diagrama G-o es la consecuencia del C producido en las estrellas masii@stras que las dife-
rencias sistematicas encontradas entre regiones de aja gdnsidad provienen de la produccion
de C en estrellas de baja masa. Debido al hecho de que laddiormacion estelar de galaxias
situadas en regiones de baja densidad es mas larga en ebtiprapgas de las situadas en areas
de alta densidad (ver por ejemplo Sanchez-Blazquez 2004nNeal. 2005; Thomas et al. 2005;
Sanchez-Blazquez et al. 2006b), el C liberado por las &strelasivas incrementa la cantidad de
C disponible en Virgo y en el campo para las siguientes geimgras de estrellas haciendo que las
galaxias situadas en estos entornos presenten mayoretaabias de C que aquellas ubicadas en
el camulo de Coma.

En un estudio posterior en colaboracion con el Dr. G. Worthgy estudiante de doctorado
J. Serven, hemos analizado las abundancias de C y N en candpacan un nuevo conjunto de
modelos desarrollados por J. Serven. En este estudio hestogjue el indice de NH3360 esta
contaminado por Mg. Esto nos ha llevado a la definicion de desos indices, NH3375, libre
de toda contribuciéon de Mg, y Mg3334, donde hemos aislado@sttaminacion. Al analizar el
nuevo indice de NH en nuestra muestra de galaxias masivasngerg@s tipos encontramos que
NH3375 presenta una ligera dependencia con la masa. Enrassgotse han analizado el Ny el
Mg en funcion de la metalicidad. Los indices de N, NH3360 y RHR presentan un compor-
tamiento similar en funcion de la metalicidad que indica go#os estan midiendo las mismas
abundancias de N. Sin embargo, en el caso del Mg, este elecwritibuye de manera muy dife-
rente a los indices Mgb y Mg3334. Hemos estudiado este agsutton los nuevos modelos de J.
Serven. Para ello hemos medido estos indices de Mg y N pangalacion vieja de metalicidad
solar a la que hemos afiadido una subpoblacién de estredi@s yi pobres en metales. Aunque
esta subpoblacién no reproduce completamente la anti@cide de los indices de NH con la me-
talicidad, si que explica el comportamiento diferente olzs#n en Mg3334 con respecto a Mgb.
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Hemos interpretado este resultado como una evidencia aéstarcia de una subpoblacion vieja
y pobre en metales en las galaxias elipticas.

7.2 Galaxias enanas de primeros tipos en el camulo de Virgo

La muestra de galaxias enanas de primeros tipos analizagsteetrabajo consta de 18 dEs en el
cumulo de Virgo y 3 dEs en el campo. Todas ellas se observarespectroscopia de resolucion
intermedia (40-46 km s!), haciendo asi posible realizar un estudio detallado dpédies ci-
nematicos. Combinando estos datos con los datos fotom&tltenidos en el infrarrojo cercano,
o disponibles en la literatura (base de datos de GOLDMine $§05avazzi et al. 2003a; York
et al. 2000), hemos conseguido reunir unos datos Unicoshpar un estudio completo tanto de
la cinematica como de las propiedades estructurales degeataias en diferentes longitudes de
onda. Los principales resultados y conclusiones de estisiarsdn los siguientes:

e Hemos analizado el cociente entre la velocidad de rotacidxima y dispersion de veloci-
dades de las galaxias en funcion de la elipticidad de laxigalay hemos encontrado que
existen dos poblaciones de dEs: aquellas que estan sogopadrotacion y las que estan
dominadas dinamicamente por los movimientos aleatoridasdestrellas.

e Este soporte rotacional estd ademas relacionado con lacidmcde las dEs dentro del cu-
mulo de Virgo: aquellas situadas en las partes més exteelagithulo estan soportadas
por rotacion, mientras que las situadas cerca del centhin pséferentemente sportadas por
presion.

e Las galaxias soportadas por rotacion presentan edade$veag$ que las que estan sopor-
tadas por presion.

e Laforma de las curvas de rotacion de las dEs soportadasmaddmente es similar a las de
galaxias de los ultimos tipos con la misma luminosidad.

e Las galaxias enanas soportadas por rotacion siguen laorelde Tully-Fisher tipica de las
galaxias espirales.

e A traves de las propiedades cinematicas de esta muestrdadkéagananas hemos podido
analizar la relacion dinamica de masa-luminosidafl,( /L) dentro de un radio efectivo.
Hemos confirmado que la relacidd,,, /L de las galaxias enanas es inferior que la que
presentan las galaxias elipticas masivas y las galaxias@ddles. Al comparar la relacion
masa-luminosidad dinamica con la estelar, calculada & plerias edades de Michielsen
et al. (2008) y los modelos de Vazdekis et al. (2010), hemao$ircoado que las galaxias
enanas de primeros tipos no estan dominadas por materieapatmenos dentro del radio
efectivo.

e Todas las relaciones de escala estudiadas en este tralegtramgue las galaxias soportadas
por rotacion y por presion aparecen bien diferenciadas dawstellas. Esto es mas facil de
apreciar en la banda infraroja que en la dptica, a que estaaldista altamente influenciada
por las poblaciones jovenes que puedan estar presentesgaldaias.
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e En cuanto a la relacion Faber-Jackson tanto las galaxisamemamo las masivas presentan
la misma pendiente, en contra de los estudios previos seta@etacion de escala.

e Al analizar el Plano Fundamental en las banBag K hemos encontrado que las galaxias
enanas siguen el mismo plano que las gigantes. La dispeg@presentan las galaxias es
mayor en la band® que en la band&’, muy posiblemente por que esta banda éptica esta
muy influenciada por las poblaciones estelares jovenes.

Estos resultados apoyan un escenario en el que las galagiaaseno son las contrapartidas
a baja luminosidad de las galaxias elipticas masivas, siagablacion muy diferente de objetos.
Cuando se estudian las propiedades generales de las galaeiano estan especificamente rela-
cionados con sus caracteristicas estructurales, tales ®@masa o luminosidad total, las galaxias
enanas siguen las mismas relaciones de escala que lasagafigticas masivas, pero, cuando las
propiedades estructurales y/o cinematicas son las queaeaam estando éstas mas vinculadas a
sus procesos de formacién y evolucion, las diferencias\w@demrtes. Este es el caso de la relacion
tamafo-luminosidad, la forma de las curvas de rotacién ombrse cinematico. En estos casos,
nuestros resultados indican que las galaxias enanas tieagmcaracteristicas en comun con las
galaxias de los ultimos tipos que con las elipticas masivas.

Todas estas evidencias son consistentes con un escenali@es las galaxias enanas de
los primeros tipos son galaxias de los ultimos tipos de hajariosidad que han sido transfor-
madas. Estas galaxias de tipo tardio entraron en el cimudodygoon el gas por un proceso de
ram-pressure strippingver por ejemplo Boselli et al. 2008a), como consecuencfarlaacion
estelar se apag6 pero las galaxias conservaron el momenitaade sus progenitores. Este seria
el proceso que ha transformado a las galaxias que actu@iseonbservan en las partes exteriores
del camulo, ya que las poblaciones estelares que presantanés jovenes y estan soportadas por
rotacion. Las galaxias que estan situadas cerca de lasesgientrales del cimulo probablemente
cayeron antes que las observadas en las partes externbEsgperademas dehm-pressure strip-
pingse vieron afectadas pbarassmendl acercarse al nicleo del camulo (ver por ejemplo Moore
et al. 1999) provocando una transformacién completa erxigalale primeros tipos eliminando
cualquier rastro del momento angular o las estructurassde die las galaxias progenitoras.

7.3 Consideraciones finales

Este trabajo ha demostrado que el entorno juega un papeitemp@en la formacion y evolucion
de galaxias. En el caso de las galaxias elipticas masivamdeisto que los elementos formados
en estrellas de baja masa, como el carbono, presentan alsiasldiferentes en funcién de la
densidad del entorno, siendo mayor para las galaxias emestde baja densidad. Esto evidencia
gue las galaxias de Virgo y las que estan en el campo tienehistoaia de formacion estelar mas
extendida en el tiempo que las que habitan el caimulo de Coomaleda formacion estelar se ha
detenido de forma abrupta. En el caso de las galaxias enana#tkros tipos, hemos visto que
las galaxias a diferentes distancias del centro del cinuddgn ser interpretadas como fotos de
la misma galaxia en las diferentes etapas de su evolucion.

En nuestro estudio hemos encontrado lo que predice el mg@télguico de formacion de
galaxias, que la historia de formacion estelar de las gaadépende del entorno. Sin embargo,
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la idea de que las galaxias enanas de primeros tipos son ti@agartida a baja luminosidad de
las galaxias masivas se ha puesto en entredicho a la luz desldsados obtenidos en el Capitulo
6, donde hemos encontrado que todas las propiedades dasliega dEs se asemejan a las que
presentarian galaxias de tipos tardios de baja luminosieigglués de su interaccién con el medio
intergalactico del cimulo. Por otra parte, si las dEs fuedigiicas de baja luminosidad entonces
su mecanismo de formacion deberia ser similar al de las asggero De Lucia et al. (2006) han
encontrado que la probabilidad de que las galaxias enaf@srssen como resultado de la fusiéon
de otras galaxias es nula.
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Conclusions

In this work we have studied the role of the environment inftmation and evolution of massive

and dwarf early-type galaxies. We have approached thidgarobnalysing separately a sample
of massive galaxies located in different environments asdraple of dwarf early-type galaxies

mainly located in the Virgo cluster. The analysis of the sE®performed in this thesis has
allowed us to test the hierarchical scenario and dig int@tssibility of dwarf early-type galaxies

being the low-luminosity counterparts of the massive ttgis.

8.1 Massive early-type galaxies in the Coma and Virgo cluste  rs and
in the field

The star formation history of early-type galaxies has beedied by analysing the line-strength
indices in a sample of 35 massive ellipticals located in tben@ and the Virgo clusters, and the
field as examples of different density regions (for this witvk Coma cluster is considered a high
density region whereas Virgo and the field are used as lowitgesmsvironments). In particu-
lar, and for the first time, we have used the index NH3360, ddfioy Davidge & Clark (1994),
which is a powerful tool tracer of the N abundances in gakxigessell & Norris 1982; Tomkin
& Lambert 1984), and the indices CNO3862, CNO4175 and COA4@d8tned by Serven et al.
(2005), that measure together abundances of C, N and O. Thhiration of these four indices
is an innovative technique to separate C and N contributiasigally studied together through the
cyanogen bands. The importance of C and N in the study of-&guky galaxies resides in the fact
that they are cosmological clocks with formation time ssdtet are different, although not yet
clear, with respect to Mg (rapidly ejected to the interstethedium through type Il supernovae)
and Fe (ejected in very long time scales by type la supernovae

This analysis, the first done using an index that dependsamly, has shown that:

e The relation between the NH3360 index of early-type gakaaigd their velocity dispersions
is flat, contrary to what was previously claimed by other atghthat used CN-absorption
features. This flat trend indicates that N is a primary elémehich means that it was
produced in the first generation of stars, because the ahoaeslaf secondary elements
increase with the mass of the galaxies (Kelson et al. 200&a%on 2007).

¢ N is independent of the local environment, contrary to C Wwhgcstronger in Virgo and in
the field with respect to the Coma cluster.

137



138 8. Conclusions

These results suggest that the star formation history dy-&gre galaxies depends on the
environment, and that the time scales of the production aidCMin these galaxies are different.

In the particular case of N, its lack of systematic differemdetween galaxies inhabiting
regions of distinct density and its independence of theaiglalispersion of the galaxies can
only be explained if N is produced by both massivé (> 8M,) and intermediate-masg (<
M < 8M,) stars. In this scenario the massive stars are responsibbaé equal abundances
measured in high and low density regions, in the same way ath&tgdue to its rapid production
by type Il supernovae, shows the same abundance indepgndéithe environment and it is
tightly correlated to the mass of the galaxies. The inteiateeémass stars are thus responsible of
the flat relation with the mass of the galaxies because lowsrgalaxies, which star-formation is
more extended in time due to a downsizing effect (e.g., Cewed. 1996), have a longer time to
incorporate more N, which results in an increase of N witlpees to massive galaxies, flattening
the slope in the NH33600 diagram.

In the case of C it is still under debate whether the stargiitwatuce it are massive or lower-
mass starsl(— 4M). We propose that C is produced in comparable proportiorieéywo types
of stars. The significant slope of the-G relations would be the consequence of C being produced
in massive stars, whereas the systematic differences fasiadunction of the environment would
come from the C production of low-mass stars. Due to the faatt the star formation history of
galaxies located in lower density regions is longer thas¢hio high density areas (e.g., Sdnchez-
Blazquez 2004; Nelan et al. 2005; Thomas et al. 2005; SarBlEarjuez et al. 2006b), the C
released by massive stars would increase the budget of Ggo ¥ind in the field generating an
offset in the C abundance when compared to the Coma cluster.

In a later study in collaboration with Dr. G. Worthey and his[P student J. Serven, we have
analysed C and N abundances in comparison to a new set of smibeletloped by them. In this
study we have shown that the index NH3360 is contaminated ¢pyMis led to the definition of
two new indices, NH3375 free of any Mg contribution, and M&33vhere Mg is isolated. When
the new NH index was analysed for our sample of early-typaxges$, we found that it presented
a slight dependence as a functionogfin contrast to NH3360. In this work we have analysed N
and Mg as a function of the metallicity. The N indices, NH326@ NH3375 present a similar
behaviour as a function of the metallicity indicating thathbare measuring the same contribution
of N, but Mg in Mgb and Mg3334 contributes differently. We kastudied this evidence with the
models developed for this study measuring these Mg and Nesdn an SSP of an old and solar
metallicity population with different contributions of asid, metal-poor subpopulation of stars.
Although this subpopulation cannot completely reprodineeanticorrelation of NH indices with
metallicity, it explains the different behaviour obserfedMg3334 with respect to Mgh. We have
interpreted this evidence as the existence of an old, npeial-subpopulation of stars in elliptical
galaxies.

8.2 Dwarf early-type galaxies in the Virgo cluster

The sample of dwarf early-type galaxies analysed in thiskvemnsists of 18 dEs located in the
Virgo cluster and 3 dEs in the field. All of them were observethiedium-resolution spectroscopy
(40—46 km s 1), making possible a detailed study of their radial kinematiofiles. Combining

these data with photometric data obtained in the nearridrar available in the literature (GOLD-
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Mine database and SDSS, Gavazzi et al. 2003a; York et al.)2@@0have gathered a unique set
of data to make a complete study of the kinematic and thetstialqroperties of these galaxies in
different wavelengths. The main results and conclusioriBisfanalysis are the following:

Quantifying the maximum rotation measured in our rotatianves over the velocity dis-
persion of the galaxies as a function of the ellipticity o tiyalaxies we have shown that
there are two populations of dEs: those that are rotatiprsaipported and those that are
pressure-supported or dominated by random motions.

The dynamic support is related to the location of the dEsiwithe Virgo cluster: those
located in the outer parts of the cluster or in the field aratiohally supported whereas
those located near the center are preferentially pressypperted.

Rotationally supported galaxies have younger luminosgyghted ages than those domi-
nated by random motions.

By comparing the shape of the rotation curves, we have shbatrrétationally supported
dEs have rotation curves similar to those of normal latetyalaxies of similar luminosity.

Rotationally supported dEs follow the same Tully-Fishetisg relation of late-type galax-
ies.

The kinematic properties of these dwarf galaxies have madsilple the analysis of the dy-
namical mass-to-light{s,, /L) ratios within the effective radius. We have confirmed that
their dynamicall/,, /L is smaller than those of massive ellipticals and dSphs. dhepar-
ison of the dynamical,,,, /L with the stellar)/, /L obtained from their stellar populations
(Michielsen et al. 2008) have led us to confirm that dEs aredadt matter dominated ob-
jects, at least within their half-light radius.

All scaling relations show a systematic difference betwtbenlocation of rotationally sup-
ported dEs (the young ones) and the pressure supportedtbeesd dEs). This evidence

is always more clear in th&-band where the influence of young stellar populations in the
photometric parameters is removed.

In the study of the Faber-Jackson relation we have showmthasive and dwarf galaxies
have the same slope.

In the analysis of the Fundamental Plane of early-type gedax theB and theK bands
we have found that dEs follow the same FP of more massivastdijects. In addition, the
scatter observed in thB-band is larger than in th&-band, possibly due to the influence of
young stellar populations.

These results support an scenario in which dwarf galaxeesairthe low-luminosity coun-

terparts of massive ellipticals, but a very different p@pain of objects. When general proper-
ties of the galaxies that are not specifically related tortbteuctural characteristics, such as their
masses or total luminosities, are studied dwarf galaxié®sddhe same trends as normal elliptical
galaxies, but, when structural properties and/or kinersaire analysed, properties more linked
to their formation and evolution processes, striking ddfeces are found. This is the case of
the size-luminosity relation, the shapes of the rotatiovesi or the dynamical support. In these
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cases our results indicate that dwarf early-type galaxée Imore characteristics in common to
low-luminosity late-type galaxies than to bright earlyp#yones.

All these evidences are consistent with a scenario in whwarfdearly-type galaxies are
transformed low-luminosity late-type galaxies. These-laminosity late-types entered the clus-
ter and lost their gas content through a ram-pressure sigmyvent (e.g., Boselli et al. 2008a),
fading but conserving the angular momentum of the progenifbhese are the galaxies currently
observed in the outer parts of the Virgo cluster that havengeu populations and are rotationally
supported. Those that are currently located near the ¢eagians of the cluster are more likely
to have fall before the ones observed in the outer parts,apas from the ram-pressure stripping
experienced when they entered the cluster, they suffered$ment (e.g., Moore et al. 1999) when
achieving the core of the cluster which provoked the conegietnsformation into early-types re-
moving completely the angular momentum of their progesitord their disky structures.

8.3 Final remarks

This work has demonstrated that the environment plays arm@gin the formation and evolution

of galaxies. In the case of massive galaxies, we have seéethttee elements formed in low-
mass stars, such as carbon, present different abundanadsragion of the density of the region
where the galaxies are located, being higher for those galax low density environments. This
evidences that galaxies in Virgo and in the field have morereded star formation histories than
those in the Coma cluster, where the star formation stoppme mbruptly. In the case of dwarf
galaxies, we have seen that galaxies at different clustarcelistances can be studied as snapshots
of the same galaxy in the different stages of its evolution.

This environmental dependence of bright ellipticals igpred by the hierarchical merging
scenario of galaxy formation, thus our study is consistéttt . However, the usual thought of
dEs being the low-luminosity counterparts of massive egmhes has been highly questioned by
the results obtained in Chapter 6, where we have found th#éhelproperties analysed in dEs
resemble those of late-type galaxies of similar luminoaftgr their interaction with the hot inter-
galactic medium of the cluster. Moreover, if dEs were lownosity ellipticals implies that their
formation mechanism should be similar, but De Lucia et &10&) have found that the probability
a dE being formed as a result of a merger is null.



Future work

The analysis done so far has shown the power and efficiencgiingwombined kinematic and
spectrophotometric data in the study of the evolution ofyeigpe galaxies, from low surface
brightness dwarfs to giant ellipticals. Once again thislysis has confirmed the importance of
mass and environment in shaping galaxy evolution. At theestame, this work has opened new
directions of research that deserve further attentiorh ssathe radial variations even outside the
effective radius and a multiwavelength analysis.

9.1 Kinematic and stellar population gradients

The measurement of kinematics and stellar populationgyalo galactic radius provides infor-
mation of utmost importance about the formation of galaxlasparticular, gradients in dEs can
reveal clues of great value about their similarities/ddfeces with giant ellipticals.

The study of the gradients in massive ellipticals (see S&n@iazquez et al. 2006a, and
references therein) has shown that the environment playsaortant role in the star formation
histories of galaxies. SAnchez-Blazquez et al. (2006a)ddliat the positive age gradient (the age
of the galaxy increasing along the radius) is more pronodimcgalaxies inhabiting low density
regions than those populating rich clusters like Coma. imseof the metallicity, the gradients
are usually negative, thus the metallicity increases tdwé#neir center. In this case, galaxies in
the Coma cluster exhibit a steeper gradient in comparistimgalaxies in the field and the Virgo
cluster. This study, made through the analysis of Lick/IB@des, also concluded that the strength
of the gradients are highly dependent on the specific indalyaed. For example, if the metallicity
gradient is obtained using GNind Mgb, then it correlates with the central age of the gaax0n
the contrary, if Fe4383 or Ca4227 is used, the metallicigdgnt correlates with the velocity
dispersion gradient (the variation with the radius of the galaxy).

However, not much work has been done for dEs in getting kitienpaofiles and stellar
population gradients (Gorgas et al. 1997; Pedraz et al.;Z8i@den & Prugniel 2002; Geha et al.
2002, 2003; van Zee et al. 2004b; Chilingarian 2009; Koldaval.e2009a; Toloba et al. 2009a,
2011), because such a study is very difficult in dwarfs duéédr fow surface brightness at large
radii. Two methods have recently proved to be highly effitienthis kind of study. On the
one hand, the study of globular clusters inside dwarf gakXBeasley et al. 2006, 2009) has
the advantage of reaching radii on the order of8&.;, at the distance of Virgo, but they do
not provide information about the stellar content of theaggl On the other hand, the study of
resolved stellar populations of dwarf galaxies in the L&&adup (e.g., Geha et al. 2006, 2010) has
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the advantage of also reaching radii of aroutit] §, simultaneously providing all the ingredients
needed to study in astonishing detail the star formatiotohiof these galaxies. However, it can
not be performed for galaxies beyond the Local Group.

Koleva et al. (2009a), for the Fornax cluster and some smailigs, and Chilingarian (2009),
for the Virgo cluster, have performed some analysis abauate and metallicity gradients of dEs
using integrated spectroscopy at aroundfig;. In both of these studies the full-spectrum fitting
technique was used to derive radial profiles of the SSP-atpnvages and metallicities. They both
have found metallicity gradients, being the nuclear regimore metal-rich than the outer parts of
the galaxy, and nearly constant ages along the radius. @rdpme cases, the central parts of
the galaxies show younger ages. These results are theosiiosestent with those found for more
massive early-type galaxies (see however Boselli et al82D0

These first results on dEs can still be explored in much ma=gldep to now, dEs gradients
have been analysed fitting the full optical SED (Spectralrgyn®istribution) of the galaxy with
SSP (Simple Stellar Population) models. Thus it will be us&f make a comparison reproducing
the same analysis but using line-strength indices, as dwrmadssive ellipticals, to check that the
results are consistent. Moreover, a similar analysis a®tigemade in Sanchez-Blazquez et al.
(2006a) studying the gradients of specific chemical spexiied as Fe, Mg, C and N, is an im-
portant method to compare the star formation histories airflgalaxies with those of Es. This
analysis, taking also into account the clustercentricadis¢ of the galaxies and their kinematic
properties, can give major insight on the processes that piath the local objects. In this direc-
tion, | will perform a detailed analysis of the stellar pogiin gradients for the sample of dEs
studied in this work.

9.2 Multi-wavelength surveys at different redshifts

In a longer term perspective, the study of dwarf galaxiesikhbe extended to other wavelengths
to obtain the complete information of all the componentsefgalaxies, and to higher redshifts in
order to see the different stages of the formation of dwakbges.

In recent years a great effort has been made in this direictithre Virgo cluster. Photometric
surveys that have targeted this cluster are ACSVCS surveydfese et al. 2006), that studied
the 100 brightest ellipticals with ACS-HST, and the studywafyjo using SDSS of Lisker and
collaborators (Lisker et al. 2006a,b, 2007, 2008, 2009ks€Erstudies have already been finished
while others are currently being carried out: NGVS (optiédt Ferrarese), HeVICS (Herschel,
far-IR, Davies et al. 2010), ALFALFAAGES (HI, Giovanelli et al. 2005), and GUVics (Galex,
UV, Boselli et al. 2011).

Dwarf early-type galaxies that we observe today in the Vefyster have red colours and
elliptical shapes. If they experienced a transformatiomfiow-luminosity late-type galaxies, in
higher redshift clusters we should progressively see, nitreasing distance, that low-luminosity
star-forming galaxies are more abundant than they are td@@yg dEs less numerous (in agree-
ment with what was found by Babul & Ferguson 1996). In facg tlumber of low-luminosity
star-forming galaxies in the field is expected to be mucheiaag high redshift than today because,
in a transformation scenario, a high fraction of them woiddenbeen converted into dEs in local
clusters.
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Observing such galaxies in clusters at different redshiésvill be in the unique position to
analyse the evolution of dwarf galaxies throughout the ¢osime. Nowadays this high redshift
study is biased towards dwarfs with extremely strong siamétion bursts, due to the fact that
it is the only way to observe such a low surface-brightnegeabb at large distances. However,
with the future giant telescopes, like the European-Exélgrharge Telescope (E-ELT), it will be
possible to observe dwarf galaxies at high redshifts witthewanges in their properties, allowing
us to make the connection with the dwarfs in the local Unieers

9.3 SMAKCED: Stellar populations, MAsses and Kinematics of Clus-
ter Early-type Dwarf galaxies

To fulfill this work in the two aspects described above, reéagharger radii and covering other

wavelength ranges, we have started the SMAKCED collabmratit is constituted by groups in

Madrid, Heidelberg, Groningen, Marseille, Canarias, Carnid Vienna. It aims to understand the
physical processes involved in the formation and evolubbdwarf early-type galaxies. Virgo is

the cluster chosen for this study because it contains a fargeer of dEs and it is close enough
to resolve their structure in detail.

The main goal of this collaboration is to make an observaliGurvey gathering high-
resolution spectra and near-infrared images for a comptegnitude-limited sample of all Virgo
cluster early-type galaxies in the magnitude ranrged > M, > —19 (approximately—15 >
Mp > —18). The sample is statistically significant and contains aawahge of properties cover-
ing all dE subclasses (with disks, without disks, otherdtrtes, blue nuclei, etc.)

The first purpose of SMAKCED is to gather spectroscopic arid iNlaging to study dEs in
the Virgo cluster with a radial coverage of up28.;. With these data we will study the rotational
support of early-type dwarfs as a function of galaxy masd@renment and stellar populations (see
Section 6.3), as well as their radial stellar populatiordgrats. By combining the spectroscopy
with NIR data we will construct the NIR fundamental plane aidw low luminosities and compare
the structural properties of dEs with giant early-types 884, in order to understand whether they
have a common origin, extending in this way the analysis dan®ection 6.4. We will also
study the star formation history of the target galaxies bylsming their UV to NIR SED with
high-resolution spectral indices. To study the amount astlidution of the dark matter in these
objects we will obtain accurate stellar mass-to-lightastand we will compare them with the
dynamical values obtained from the spectra. In additiornwlleeompare the luminosity and mass
function with state-of-the-art cosmological semi-anaitmodels. This complete study will help
us to check whether all the previously mentioned relatiorsw@odulated by the environment, i.e.
looking for any dependence with galaxy number density ostelicentric distance. The ultimate
aim of this collaboration is to combine the data acquirechiniit with the available coverage
of Virgo dwarf galaxies at other wavelength regimes in orebuild a unique multifrequency
database for them.

This survey, that began its observations on February 20déymbination with model pre-
dictions (cosmological simulations, harassment and reessure stripping) will be a strong tool
to study the formation and evolution processes of dEs itimgiich clusters.
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Tables of line-strength indices in massive
ellipticals

In this appendix | present a summary of the reduction proeegarformed for the spectral range
3140-4040A, and some tables that include the observatgample and the line-strength indices
used in the analysis performed in Chapter 5 as well as thefastlices defined in Serven et al.

(2005) and in the Lick/IDS system that can be measured in thelength range 31435250 A.

The sample used in Chapter 5 was selected from the galaxi8érninhez-Blazquez et al.
(2006b) to have objects located in low and high density emvirents with available spectroscopy
in the optical range and to cover a wide range in velocity elisipns. The reduction followed is
the standard procedure for long-slit spectroscopy usighHfE. The steps taken consists on bias
and dark current subtraction, flat-fielding (using obseovest of tungsten lamps and twilight sky
to correct for high and low frequency variations respedyiyecosmic ray cleaning, C-distortion
correction, wavelength calibration, S-distortion coti@t, sky subtraction, atmospheric and inter-
stellar extinction correction and flux calibration. A moetailed explanation of the procedure can
be seen in Section 6.2.

Galaxy spectra have been extracted within a central ecunvaperture of 4at the distance
of NGC 6703, which corresponds to a physical aperture of Qg6 All the indices have been
measured at a velocity dispersionof= 200 km s ! and have been corrected for the effects of
o using a combination of synthetic spectra from Bruzual & @Gitaf2003) and Vazdekis et al.
(2010). The technigue used to perform such a correctiongkaed in Appendix C.
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Name Morph. type| Mg Env. PA (deg)| SA (deg)| o (kms™)
IC 832 E —19.96 Coma 168.0 168.0 175.3
IC 3957 E —19.26 Coma 9.3 171.2
IC 3959 E —20.03 Coma 9.3 226.1
IC 3963 SAO0 —19.25 Coma 840.0 296.4 130.3
IC 3973 SO/a —18.85 Coma 142.0 48.5 256.3
MGC+5-31-063 E6 —19.68 Coma 70.0 155.1
NGC 4842A E/SAO —19.89 Coma 172.4 232.2
NGC 4842B SAO0 —18.80 Coma 172.4 180.7
NGC 4864 E2 —20.55 Coma 128.7 220.6
NGC 4865 E —19.91 Coma 70.0 307.9
NGC 4867 E3 —19.01 Coma 128.7 246.9
NGC 4874 cD —22.53 Coma 39.7 79.0 313.0
NGC 4875 SABO —19.72 Coma 48.5 189.6
NGC 4908 ES5 —21.01 Coma 163.0 201.5
NGC 1453 E2-3 —21.52 Field 0.0 336.6
NGC 1600 E3 —22.31 Field 0.0 308.1
NGC 1700 E4 —21.80 Field 0.0 252.7
NGC 221 cE2 —17.58| NGC 221 group| 170.0 170.0 82.5
NGC 2329 SO- —21.73 Abell 569 175.0 175.0 228.3
NGC 2693 E3 —21.67 Field 160.0 0.0 322.1
NGC 2694 El —19.15 Field 0.0 142.7
NGC 2778 E —19.06 Pair 40.0 220.0 167.4
NGC 2832 E+2 —22.38 Abell 779 160 160.0 322.1
NGC 3377 E5-6 —19.16 Leo Group 35.0 0.0 142.0
NGC 3379 El —20.57 Leo Group 71.0 0.0 228.1
NGC 3608 E2 —19.62 Field 75.0 0.0 203.2
NGC 3641 E pec —-17.91 Field 3.0 240.0 163.4
NGC 4365 E3 —20.90 Virgo 40.0 220.0 257.8
NGC 4374 El —20.87 Virgo 135.0 0.0 300.7
NGC 4472 E2/S0(2) | —21.47 Virgo 155.0 155.0 309.7
NGC 5638 El —19.78 Pair 150.0 150.0 159.4
NGC 5831 E3 —19.72 Field 55.0 55.0 163.1
NGC 584 E4 —20.63| NGC 854 Group 120.0 0.0 224.4
NGC 6411 E —21.07 Field 70.0 70.0 183.7
NGC 6702 E: —21.42 Field 65.0 65.0 167.5
NGC 6703 SAO—- —20.83 Field 60.0 190.7

Table A.1: Sample of massive early-type galaxies analysed in Chapter 5

NOTES: the table is divided into high (above the line) and (below the line) density environ-
ment. Column 2: Morphological type. Column 3: Absolute magge in B band. Column 4:
Environment. Column 5: Position angle (measured neethst). Column 6: Slit position an-
gle from Sanchez-Blazquez (2004). Column 7: Velocity disppe from Sanchez-Blazquez et al.
(2006b), the error considered is of 10 km's Data in columns from 25 are from HyperLeda
Database (Paturel et al. 2003).




Galaxy Mg3334 NH3360 NH3375 CNO3862 CNOA4175 C04685 Mgb

IC 0832 0.7476| 0.3568| 3.3849| 0.4290 | 3.9635| 0.5085| -4.2258| 0.6631| 1.2809| 0.2604| 3.0645 | 0.2534| 4.0264| 0.1218
IC 3957 1.0478| 0.5735| 5.5670| 0.7315 | 6.1339| 0.8727| 7.2193 | 0.5643| 5.8261| 0.2824| 3.3400 | 0.2380| 4.5625| 0.1208
IC 3959 1.3532| 0.8841| 4.8930| 0.4469 | 5.5814| 0.5247| 1.4636 | 0.6148| 6.3852| 0.1957| 4.1300 | 0.1841| 4.9892| 0.1015
IC 3963 0.6046| 0.4465| 4.1279| 0.7589 | 4.2258| 0.9298| -0.4293| 0.6825| 3.4929| 0.2959| 3.1297 | 0.2884| 4.0733| 0.1233
IC 3973 1.0396| 1.1187| 4.5719| 0.7311 | 5.1341| 0.8770| 9.7588 | 0.5153| 6.1591| 0.2080| 5.3355| 0.2110| 4.5850| 0.1097

MGC+5-31-063 | 1.0165| 0.8473| 4.5139| 1.3589 | 4.4109| 1.6815| -5.5305| 0.9485| 1.4575| 0.3604| -0.1055| 0.3621| 4.0907| 0.1546
NGC 4842A 1.0851| 0.8728| 4.0374| 0.6624 | 4.4177| 0.8036| -2.0601| 0.6945| 4.9507| 0.2618| 4.1369 | 0.2480| 5.0011| 0.1272
NGC 4842B 1.0132| 0.8409| 3.5608| 1.1910 | 3.6515| 1.4577| -3.4602| 0.8418| 3.3381| 0.3360| 3.9839 | 0.3131| 4.5725| 0.1458
NGC 4864 1.2384| 0.8316| 4.9180| 0.6055 | 5.5470| 0.7177| 3.0848 | 0.6190| 4.2644| 0.3493| 3.7662 | 0.3427| 4.4042| 0.1641
NGC 4865 1.5019| 2.5874| 4.4246| 0.4544 | 4.7231| 0.5407| 9.7580 | 0.5177| 5.2420| 0.1856| 5.8214 | 0.2184| 4.7715| 0.0990
NGC 4867 0.7931| 0.7910| 4.6051| 0.5907 | 4.7054| 0.7175| 8.6711 | 0.5169| 4.8707| 0.3223| 5.5174 | 0.3220| 4.7455| 0.1540
NGC 4874 2.0802| 4.0719| 4.6903| 1.2928 | 5.0955| 1.5955| 1.9959 | 0.8462| 6.9258| 0.3106| 4.6280 | 0.3237| 4.7444| 0.1589
NGC 4875 0.3105| 0.6415| 4.6376| 0.9097 | 4.1296| 1.1414| -7.6316 | 0.8182| 3.5347| 0.2940| 2.9106 | 0.2632| 4.6107| 0.1323
NGC 4908 0.8107| 0.6498| 5.8436| 0.7477 | 5.9809| 0.9027| 13.9999| 0.4653| 3.2006| 0.2454| 3.0251 | 0.2383| 4.4383| 0.1152
NGC 1453 2.4545| 6.1946| 4.7970| 0.2683 | 5.5430| 0.2684| 12.5246| 0.3010| 8.9072| 0.3581| 6.9756 | 0.3738| 5.4095| 0.1693
NGC 1600 1.7296| 2.9465| 4.8700| 0.3370 | 5.5552| 0.3683| 11.6462| 0.2778| 8.1913| 0.6449| 7.1537 | 0.5775| 4.7677| 0.2748
NGC 1700 1.3030| 1.0922| 3.7966| 0.1937 | 4.6117| 0.1696| 12.2478| 0.1826| 6.8631| 0.2558| 7.3757 | 0.2479| 4.2235| 0.1140
NGC 221 0.5507| 0.0712| 2.668 | 90.1551| 3.1660| 0.1178| 8.2491 | 0.0539| 1.8766| 0.0656| 2.3115| 0.0428| 2.9810| 0.0300
NGC 2329 0.8459| 0.5453| 3.3595| 0.2462 | 3.8499| 0.2532| 5.2901 | 0.2374| 5.2726| 0.5243| 4.8578 | 0.5591| 6.4239| 0.1220
NGC 2693 1.0918| 2.2712| 4.7371| 0.3294 | 5.0314| 0.3789| 11.4209| 0.5081| 8.5540| 0.3705| 6.6803 | 0.3767| 5.0906| 0.1832
NGC 2694 0.6968| 0.3727| 4.0420| 0.5920 | 4.2364| 0.7159| 9.9749 | 0.4848| 4.8179| 0.4889| 5.1260 | 0.4142| 4.4787| 0.1879
NGC 2778 0.9049| 0.2999| 4.6331| 0.2461 | 5.1209| 0.2589| 12.5106| 0.1190| 6.9116| 0.2033| 7.3148 | 0.1997| 4.4178| 0.0752
NGC 2832 0.8988| 1.8711| 5.1273| 0.3190 | 5.4044| 0.3413| 4.6299 | 0.3771| 8.3170| 0.2638| 5.7017 | 0.3181| 6.6507| 0.4739
NGC 3377 1.0203| 0.2398| 4.2221| 0.1595 | 4.9100| 0.1621| 10.5496| 0.4380| 4.6373| 0.2035| 5.2611 | 0.1660| 3.9341| 0.0724
NGC 3379 1.2702| 0.7898| 5.1090| 0.1667 | 5.9373| 0.1261| 13.9110| 0.1503| 8.5014| 0.2301| 6.4624 | 0.2103| 4.7665| 0.0981
NGC 3379 1.2702| 0.7898| 5.1090| 0.1667 | 5.9373| 0.1261| 13.9110| 0.1503| 7.9164| 0.1339| 7.1140| 0.1387| 4.2531| 0.0765
NGC 3608 0.8959| 0.4427| 5.2646| 0.2466 | 5.7982| 0.2739| 13.9569| 0.4103| 8.0213| 0.2860| 6.4813 | 0.2439| 4.6621| 0.1130
NGC 3641 0.9002| 0.3629| 5.2978| 0.4157 | 5.8235| 0.4911| 11.9819| 0.4340| 5.7709| 0.2847| 4.7708 | 0.2775| 4.0259| 0.1007
NGC 4365 1.1713| 1.1383| 4.6917| 0.5146 | 5.7822| 0.6100| 14.0021| 0.2205| 8.7757| 0.1496| 7.7699 | 0.1929| 5.1620| 0.1065
NGC 4374 1.5633| 2.4816| 4.9625| 0.5767 | 6.1207| 0.6787| 13.7099| 0.3002| 7.9339| 0.2041| 6.1051 | 0.2178| 4.8768| 0.0985
NGC 4472 2.0383| 3.6271| 4.8734| 0.7127 | 6.1793| 0.8502| 14.1771| 0.3043| 9.5301| 0.2237| 8.5517 | 0.3121| 4.5962| 0.1245
NGC 5638 0.9556| 0.3326| 4.6896| 0.3457 | 5.1883| 0.4055| 12.3352| 0.4251| 6.3813| 0.1951| 6.5909 | 0.1788| 4.0082| 0.0696
NGC 5831 0.6137| 0.3285| 4.0073| 0.4572 | 4.5934| 0.5451| 11.2068| 0.4456| 6.1797| 0.1797| 7.2249| 0.1810/| 3.8430| 0.0702
NGC 584 0.5973| 0.3741| 4.213 | 00.2187| 4.2888| 0.2174| 11.8654| 0.1492| 6.1594| 0.3220| 7.0925 | 0.2885| 4.1525| 0.1336
NGC 6411 1.1393| 1.5254| 5.5111| 2.2053 | 5.1760| 2.7402| 11.6253| 0.7483| 7.0080| 0.0843| 5.1854 | 0.0517| 4.1956| 0.0325
NGC 6702 0.6756| 0.3259| 3.6004| 0.4243 | 3.9983| 0.5034| 10.8427| 0.4545| 3.9027| 0.2483| 6.7202 | 0.2504| 5.2514| 0.0800
NGC 6703 0.8534| 0.3873| 4.0377| 0.2946 | 4.5198| 0.3446| 11.8809| 0.4354| 5.9358| 0.1773| 7.7586 | 0.1778| 3.4281| 0.0664

Table A.2: Line-strength indices used in Chapter 5.

NOTES: the table is divided into high (above the line) and (below the line) density environment. Each index coversdalomns, the first
one is the value of the index and the second one is its errarfildt and third index have been defined by Serven et al. (20H® second by
Davidge & Clark (1994) and the remaining by Serven et al. 00
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Galaxy Sc3613 Cr3594 Ni3667 Co3701 Ni3780 D4000 B4000
IC 0832 2.0712| 0.1334| 0.9481| 0.1634| —2.5126| 0.1756| —0.1749| 0.0940, —2.2545| 0.1928| 2.0960| 0.0054| 1.8040| 0.0045
IC 3957 2.7459| 0.2040| 1.0368| 0.2516| —3.8182| 0.2654| —0.2497| 0.1434| —3.5051| 0.2795| 2.4150| 0.0076| 2.0780| 0.0063
IC 3959 2.3883| 0.1328| 0.9204| 0.1797| —3.0734| 0.1701| —0.3442| 0.0861| —2.9747| 0.1960| 2.5920| 0.0058| 2.2310| 0.0045
IC 3963 2.6331| 0.2103| 0.7658| 0.2565| —3.4273| 0.2895| —0.2182| 0.1639| —3.1010| 0.2937| 2.5320| 0.0076| 2.1780| 0.0063
IC 3973 2.5946| 0.2029| 1.0443| 0.2287| —3.0376| 0.2535| —0.4013| 0.1264| —2.7241| 0.2626| 2.6160| 0.0054| 2.2520| 0.0045
MGC+5-31-063 | 2.5965| 0.3565| 0.7024| 0.3989| —2.8831| 0.4704| —0.3273| 0.2600| —2.5764| 0.4580| 2.3500| 0.0082| 2.0210| 0.0073
NGC 4842A 2.4713| 0.1966| 0.9751| 0.2212| —3.1217| 0.2465| —0.3369| 0.1289| —3.1835| 0.2670| 2.4780| 0.0063| 2.1330| 0.0054
NGC 4842B 3.0355| 0.3216| 0.9528| 0.3539| —3.0702| 0.4106| —0.3681| 0.2272| —3.3351| 0.4184| 2.4940| 0.0082| 2.1450| 0.0073
NGC 4864 2.2268| 0.1793| 0.8208| 0.2145| —3.1534| 0.2281| —0.2941| 0.1169| —3.1736| 0.2523| 2.3460| 0.0082| 2.0180| 0.0073
NGC 4865 2.7433| 0.1322| 0.8147| 0.1724| —3.1900| 0.1825| —0.2765| 0.0768| —2.8515| 0.2280| 2.4800| 0.0045| 2.1340| 0.0045
NGC 4867 2.4227| 0.1773| 0.7537| 0.2070| —2.7105| 0.2248| —0.3327| 0.1134| —2.3253| 0.2256| 2.4040| 0.0073| 2.0690| 0.0063
NGC 4874 2.4634| 0.3942| 0.5709| 0.3869| —3.5266| 0.4579| —0.3321| 0.2136| —3.4115| 0.4874| 2.5500| 0.0082| 2.1950| 0.0073
NGC 4875 2.1479| 0.2498| 0.6532| 0.2821| —3.0427| 0.3132| —0.3514| 0.1690, —2.8684| 0.3158| 2.2860| 0.0063| 1.9670| 0.0054
NGC 4908 2.2726| 0.2143| 1.5105| 0.2554| —3.3997| 0.2676| —0.5005| 0.1454| —3.3138| 0.2931| 2.6410| 0.0067| 2.2720| 0.0054
NGC 1453 2.4729| 0.0852| 1.2917| 0.1405| —3.2003| 0.1458| 0.4901 | 0.1413| —3.3585| 0.2447| 2.3360| 0.0110| 2.0100| 0.0100
NGC 1600 2.2089| 0.1080| 1.1534| 0.1489| —3.0564| 0.1488| —0.4645| 0.0756| —3.2854| 0.2221| 2.4830| 0.0240| 2.1350| 0.0200
NGC 1700 2.6687| 0.0612| 1.0955| 0.1290| —3.0066| 0.0932| —0.3730| 0.0414| —2.9202| 0.1363| 2.4610| 0.0081| 2.1170| 0.0071
NGC 221 2.9629| 0.0352| 0.9384| 0.0965| —2.5375| 0.0500| —0.2751| 0.0235 —2.2058| 0.0635| 2.5050| 0.0042| 2.1560| 0.0028
NGC 2329 1.8483| 0.0770| 0.7414| 0.1150| —2.4835| 0.1069| —0.1193| 0.0534| —2.6156| 0.1282| 2.4180| 0.0122| 2.0810| 0.0102
NGC 2693 2.4066| 0.0922| 1.2880| 0.1432| —3.1387| 0.1444| —0.3615| 0.0626| —3.2601| 0.2281| 2.3860| 0.0110| 2.0530| 0.0100
NGC 2694 2.7735| 0.1683| 0.8680| 0.2187| —3.1487| 0.2240| —0.4698| 0.1296| —3.4358| 0.2352| 2.3310| 0.0161| 2.0030| 0.0141
NGC 2778 2.7151| 0.0731| 1.0700| 0.1441| —3.2023| 0.0944| 0.0393 | 0.0737| —3.4232| 0.1200| 2.6530| 0.0050| 2.2830| 0.0045
NGC 2832 2.2793| 0.1056| 1.2820| 0.1504| —3.4767| 0.1556| —0.4041| 0.0717| —3.6554| 0.2578| 2.6510| 0.0063| 2.2830| 0.0054
NGC 3377 2.5830| 0.0464| 0.9467| 0.1294| —2.7867| 0.0648| —0.1856| 0.0287| —2.6726| 0.1010| 2.3900| 0.0063| 2.0570| 0.0054
NGC 3379 2.6311| 0.0546| 1.1887| 0.1375| —3.2571| 0.0737| —0.4059| 0.0352| —3.3911| 0.1300| 2.6190| 0.0082| 2.2560| 0.0073
NGC 3608 2.6265| 0.0766| 1.1064| 0.1522| —3.2517| 0.1028| —0.4125| 0.0513| —3.4500| 0.1471| 2.5000| 0.0104| 2.1530| 0.0082
NGC 3641 2.4621| 0.1135| 0.9005| 0.1701| —2.9853| 0.1482| —0.3698| 0.0814| —2.8433| 0.1654| 2.3990| 0.0073| 2.0640| 0.0063
NGC 4365 2.6908| 0.1447| 1.1892| 0.1865| —3.1926| 0.1864| —0.5018| 0.0959| —3.3422| 0.2226| 2.4330| 0.0036| 2.0940| 0.0036
NGC 4374 2.5429| 0.1861| 1.4107| 0.2214| —3.0900| 0.2471| —0.2231| 0.1127| —3.4729| 0.3050| 2.4360| 0.0063| 2.0980| 0.0051
NGC 4472 2.6628| 0.2009| 1.1780| 0.2236| —3.5017| 0.2497| —0.3621| 0.1142| —3.5637| 0.3066| 2.8180| 0.0063| 2.4270| 0.0054
NGC 5638 2.6702] 0.0941| 1.0468| 0.1552| —3.1443| 0.1250| —0.4580| 0.0693| —3.3523| 0.1510| 2.6670| 0.0050| 2.2960| 0.0042
NGC 5831 2.8753| 0.1210| 1.0878| 0.1735| —3.0658| 0.1584| —0.3954| 0.0862| —3.1589| 0.1760| 2.5560| 0.0050| 2.1990| 0.0036
NGC 584 2.8212| 0.0620| 1.0787| 0.1308| —3.1173| 0.0864| —0.2397| 0.0344| —3.0087| 0.1225| 2.5650| 0.0112| 2.2070| 0.0102
NGC 6411 3.0195| 0.5782| 1.5573| 0.6221| —2.6550| 0.7308| —0.6401| 0.4121| —3.6968| 0.7541| 2.5250| 0.1580| 2.1120| 0.1240
NGC 6702 2.6953| 0.1192| 0.8729| 0.1722| —2.9005| 0.1627| —0.2010| 0.0846, —2.8663| 0.1771| 2.5140| 0.0063| 2.1630| 0.0054
NGC 6703 2.5853| 0.0878| 0.9879| 0.1481| —3.2145| 0.1164| —0.1784| 0.0580, —3.0838| 0.1450| 2.4780| 0.0036| 2.1320| 0.0036

Table A.3: Lick/IDS and Serven et al

NOTES: the table is divided into high (above the line) and (below the line) density environment. Each index coversd¢alomns, the first
one is the value of the index and the second one is its err@teTdre all the indices that can be measure in the waveleagge 31406-5250

A from the Lick/IDS and Serven et al. (2005). They are listeaviavelength order of the blue passband.

. (2005) line-strength indices suead in the wavelength range 3148250 Ain an equivalent aperture of 4t the distance of NGC
6703. All the indices have been measured at 200 km s~ and have been corrected for velocity dispersion effecteiahg the explanations in Appendix C.




Galaxy Mg3835 Mn3794 Co3840 CaHK Co3876 Al3953 Eu3970
IC 0832 4.9883| 0.1737| —2.1759| 0.2184| 3.2280| 0.1712| 15.6806| 0.4807| 0.7836 | 3.2380 | —1.5244| 0.3501| 5.6127| 0.1224
IC 3957 5.0262| 0.2237| —3.9813| 0.3205| 2.7871| 0.2324| 19.5944| 0.5351| —0.3033| 1.2321 | —1.8658| 0.3500| 6.0885| 0.1370
IC 3959 5.4517| 0.1729| —3.6407| 0.2345| 2.8597| 0.1994| 20.1205| 0.4730| 0.0984 | 0.6737 | —1.4193| 0.3199| 5.9236| 0.1327
IC 3963 5.6124| 0.2106| —3.4565| 0.3228| 3.0911| 0.2344| 21.2262| 0.5299| 0.0840 | 0.3157 | —2.4653| 0.3546| 6.0414| 0.1315
IC 3973 5.2290| 0.1929| —3.2979| 0.2967| 3.1812| 0.2433| 20.6437| 0.4493| 0.4866 | 4.1435| —1.0575| 0.3711| 6.0938| 0.1295
MGC+5-31-063| 5.1291| 0.2715| —3.7463| 0.4801| 2.7164| 0.3571| 21.2698| 0.5954| —0.4456| 1.5538 | —3.0064| 0.4850| 6.3016| 0.1570
NGC 4842A 5.0890| 0.2078| —3.3782| 0.2991| 2.8187| 0.2309| 19.0293| 0.5075| —0.4713| 3.2520 | —1.0614| 0.3706| 5.8227| 0.1446
NGC 4842B 5.0923| 0.2503| —3.8543| 0.4449| 2.5893| 0.3244| 20.0914| 0.5798| —0.3192| 1.4125| —1.4755| 0.4017| 5.9300| 0.1599
NGC 4864 5.3488| 0.2792| —3.4035| 0.2888| 2.8769| 0.2218| 19.2809| 0.6310| 0.1451 | 0.9532 | —1.6237| 0.5113| 6.1835| 0.1665
NGC 4865 5.1540| 0.2211| —3.3405| 0.2330| 3.0882| 0.2575| 20.6535| 0.4585| 0.1793 | 2.4208 | —2.3104| 0.9207| 6.1222| 0.1464
NGC 4867 5.1533| 0.2559| —2.8010| 0.2607| 2.9074| 0.2243| 19.9149| 0.5469| 0.6007 | 4.7119 | —1.7079| 0.5426| 5.9992| 0.1578
NGC 4874 4.5787| 0.3032| —3.4358| 0.5127| 2.8954| 0.4085| 19.9640| 0.5777| —0.7427| 10.4690| 0.5269 | 0.6390| 6.1985| 0.2046
NGC 4875 5.4024| 0.2227| —3.5345| 0.3438| 2.5731| 0.2653| 19.3144| 0.5308| 0.1692 | 0.8302 | —1.6753| 0.3787| 5.9879| 0.1355
NGC 4908 5.0377| 0.1970| —4.1437| 0.3405| 3.0768| 0.2457| 20.5339| 0.5231| —0.1611| 0.8699 | —1.4887| 0.3489| 5.9979| 0.1327
NGC 1453 4.8442| 0.4364| —3.8700| 0.2180| 2.6838| 0.2668| 21.7126| 0.7009| —1.1459| 20.0876| 2.6907 | 1.6480| 5.9240| 0.2319
NGC 1600 4.8325| 0.8258| —3.6851| 0.2135| 2.6470| 0.2418| 24.1189| 1.1278| —0.1135| 1.8385| 2.3712 | 1.7320| 5.9072| 0.3802
NGC 1700 5.0498| 0.2866| —3.5760| 0.1802| 2.8028| 0.1739| 23.0619| 0.5596| 0.1759 | 1.4865| 0.6707 | 0.4260| 6.2919| 0.1484
NGC 221 5.1850| 0.1099| —2.4645| 0.1550(| 2.7511| 0.1055| 20.8661| 0.2635| 0.2073 | 0.3534 | —3.6385| 0.1635| 5.7492| 0.0572
NGC 2329 4.1956| 0.3886| —2.8897| 0.1722| 1.8548| 0.1568| 17.3505| 0.7925| —0.4105| 2.7641 | —0.8459| 0.6491| 4.9026| 0.2297
NGC 2693 4.8748| 0.4305| —3.7211| 0.2060| 2.8362| 0.2541| 21.8467| 0.7156| —0.3409| 5.2462 | 2.0507 | 1.2071| 6.1205| 0.2253
NGC 2694 5.0605| 0.5597| —3.8538| 0.2999| 2.9686| 0.1958| 23.5754| 0.8853| —0.1549| 0.7452 | —1.1938| 0.6831| 5.7127| 0.2326
NGC 2778 5.1869| 0.1397| —3.8790| 0.2196| 2.7667| 0.1315| 20.0357| 0.4471| —0.5004| 1.9286 | —1.5146| 0.2314| 5.9216| 0.0998
NGC 2832 5.5686| 0.2734| —4.0893| 0.2233| 2.8392| 0.2599| 18.3704| 0.5356| 0.0572 | 0.9389 | 0.1109 | 0.4426| 5.9910| 0.1724
NGC 3377 5.0495| 0.2079| —3.3398| 0.1828| 3.0284| 0.1178| 23.5256| 0.3835| —0.2546| 0.7966 | —3.7011| 0.3527| 5.9231| 0.0994
NGC 3379 5.0272| 0.2857| —4.0153| 0.1922| 2.7900| 0.1561| 21.9076| 0.4705| 0.3096 | 2.0797 | —2.0537| 0.4944| 6.0126| 0.1335
NGC 3608 4.7601| 0.3330| —4.1963| 0.2114| 2.7126| 0.1512| 23.7563| 0.5438| —0.1573| 0.9166 | —2.3566| 0.5202| 6.0755| 0.1508
NGC 3641 5.0910| 0.2198| —4.0422| 0.2275| 2.9045| 0.1577| 20.3401| 0.5137| —0.3508| 1.3209 | —1.5324| 0.3381| 6.1405| 0.1277
NGC 4365 5.1003| 0.1612| —3.7858| 0.2368| 2.7762| 0.2147| 18.5009| 0.4521| 0.1982 | 1.7212 | —0.4533| 0.2157| 6.0501| 0.1143
NGC 4374 5.0898| 0.2692| —4.3286| 0.3021| 2.7767| 0.2797| 22.7725| 0.4374| —0.1173| 1.5121 | —1.5675| 0.6752| 5.9139| 0.1507
NGC 4472 5.0867| 0.2307| —3.4605| 0.2896| 2.5531| 0.2841| 19.2137| 0.5018| —0.1030| 1.4390| 0.2517 | 0.3684| 6.1032| 0.1534
NGC 5638 5.2558| 0.1327| —4.0528| 0.2279| 2.7823| 0.1440| 20.8994| 0.4294| 0.0487 | 0.2414 | —1.4842| 0.2197| 6.1532| 0.0985
NGC 5831 5.1470| 0.1359| —3.6757| 0.2368| 2.9499| 0.1600| 19.8115| 0.4439| —0.0557| 0.2608 | —1.7255| 0.2358| 5.9450| 0.0925
NGC 584 4.7847| 0.3768| —3.7298| 0.1845| 2.7679| 0.1581| 24.2358| 0.6126| —0.1272| 0.9144 | —1.9708| 0.6026| 6.0830| 0.1737
NGC 6411 6.3049| 0.0944| —4.8287| 0.7921| 2.3875| 0.5622| 58.6259| 0.4026| —2.0603| 9.1869 | 3.6622 | 0.4925| 7.3235| 0.0822
NGC 6702 5.2368| 0.1750| —3.3899| 0.2279| 2.7746| 0.1617| 19.3981| 0.4896| 0.4319 | 1.6706 | —2.0399| 0.3076| 5.9463| 0.1078
NGC 6703 5.1118| 0.1300| —3.6184| 0.2127| 2.6607| 0.1459| 19.5420| 0.4489| —0.2222| 1.0703 | —2.0283| 0.2703| 5.8420| 0.0936

Table A.3: Continued.
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Galaxy Mn4018 K4042 Hsa V4112 Hsp Fe4058 Sr4076
IC 0832 —13.8319| 0.3133| —0.0093| 0.0739| 0.4783 | 0.1732| 0.4731 | 0.2249| 1.3968 | 0.1010| 1.2283| 0.1650| 0.2942| 0.0917
IC 3957 —16.1200| 0.3572| 0.2146 | 0.0807| —2.5790| 0.1937| —3.0224| 0.2912| 0.3092 | 0.1170| 2.6617| 0.1778| 0.4480| 0.1111
IC 3959 —15.6283| 0.3453| 0.0981 | 0.0544| —2.0910| 0.1862| —3.3395| 0.2100| 0.4985 | 0.0881| 2.3768| 0.1238| 0.3090| 0.0930
IC 3963 —13.1672| 0.3311| 0.1393 | 0.0890| —1.7367| 0.1919| —2.4501| 0.2928| 0.7416 | 0.1186| 2.7834| 0.1886| 0.3442| 0.1095
IC 3973 —15.0846| 0.3992| —0.0200| 0.0618| —1.6950| 0.2228| —2.3130| 0.2320| 0.5722 | 0.0986| 1.8065| 0.1396| 0.1412| 0.1081
MGC+5-31-063 | —13.9365| 0.4156| —0.0247| 0.1081| —0.8786| 0.2283| —1.4051| 0.3340| 0.9024 | 0.1523| 1.9095| 0.2426| 0.5395| 0.1292
NGC 4842A —15.7260| 0.4048| 0.2113 | 0.0780| —1.9634| 0.2217| —2.5893| 0.2794| 0.4907 | 0.1136| 2.4230| 0.1744| 0.3435| 0.1208
NGC 4842B —15.6040| 0.4104| 0.0868 | 0.0984| —1.5857| 0.2265| —2.1892| 0.3247| 0.6599 | 0.1397| 2.6382| 0.2166| 0.2336| 0.1361
NGC 4864 —15.9143| 0.4838| 0.2825 | 0.1067| —1.4789| 0.2588| —2.3073| 0.3617| 0.9047 | 0.1521| 2.3007| 0.2424| 0.1236| 0.1514
NGC 4865 —14.5978| 0.4816| 0.0862 | 0.0556| —1.7978| 0.2815| —2.3176| 0.2087| 0.4656 | 0.0918| 2.4174| 0.1279| 0.3570| 0.1288
NGC 4867 —14.7917| 0.4628| 0.0063 | 0.0959| —1.6901| 0.2625| —1.6700| 0.3427| 0.6457 | 0.1358| 2.0349| 0.2180| 0.0393| 0.1490
NGC 4874 —16.4302| 0.6269| 0.0778 | 0.1006| —2.1456| 0.3315| —2.9419| 0.3505| 0.4125 | 0.1492| 1.7344| 0.2331| 0.0394| 0.1839
NGC 4875 —15.9207| 0.3819| —0.0342| 0.0851| —0.9617| 0.2035| —1.6009| 0.2824| 1.0025 | 0.1262| 1.6289| 0.1919| 0.2746| 0.1204
NGC 4908 —14.2316| 0.3360| 0.0747 | 0.0759| —2.3755| 0.1940| —3.4294| 0.2712| 0.3737 | 0.1090| 3.3098| 0.1669| 0.4239| 0.1186
NGC 1453 —18.2254| 0.8065| 0.3422 | 0.1306| —3.1536| 0.3934| —4.2306| 0.4439| —0.3277| 0.1783| 2.4059| 0.2975| 0.1429| 0.2391
NGC 1600 —19.8155| 1.1038| 0.2414 | 0.2365| —2.3992| 0.5120| —3.2111| 0.7562| 0.1598 | 0.3045| 2.2405| 0.5393| 0.1129| 0.3900
NGC 1700 —17.9571| 0.5124| 0.1663 | 0.0869| —2.2461| 0.2436| —3.5315| 0.2875| 0.4851 | 0.1240| 2.9483| 0.1928| 0.2897| 0.1342
NGC 221 —8.4459 | 0.1193| —0.1209| 0.0333| —1.2259| 0.0747| —1.9129| 0.1194| 0.9060 | 0.0587| 1.1489| 0.0863| 0.4132| 0.0440
NGC 2329 —13.4450| 0.6117| 0.2340 | 0.1676| —1.9261| 0.3578| —2.7784| 0.5398| 0.4646 | 0.2196| 2.1772| 0.3713| 0.0040| 0.2306
NGC 2693 —18.3804| 0.7760| 0.1325 | 0.1311| —2.7211| 0.3750| —3.4950| 0.4392| —0.0045| 0.1790| 2.2759| 0.2991| 0.2507| 0.2363
NGC 2694 —17.7224| 0.6977| 0.1027 | 0.1687| —2.2921| 0.3303| —3.3718| 0.5059| 0.2014 | 0.2201| 3.2665| 0.3519| 0.5352| 0.1956
NGC 2778 —14.4513| 0.2543| 0.1598 | 0.0550| —3.1069| 0.1491| —4.2337| 0.2317| —0.0062| 0.0940| 2.6762| 0.1193| 0.3708| 0.0843
NGC 2832 —15.6261| 0.5847| 0.1195 | 0.0834| —3.0201| 0.3279| —3.8284| 0.3162| —0.1695| 0.1247| 2.4662| 0.1910| 0.2648| 0.1718
NGC 3377 —11.7842| 0.2618| —0.2648| 0.0725| —1.6281| 0.1437| —2.3954| 0.2034| 0.5471 | 0.0955| 0.8898| 0.1650| 0.4414| 0.0807
NGC 3379 —12.8734| 0.3696| —0.0940| 0.0816| —2.9877| 0.2149| —4.2267| 0.2709| 0.0515 | 0.1120| 1.1174| 0.1845| 0.3882| 0.1173
NGC 3608 —13.7827| 0.4133| —0.0799| 0.0990| —2.7175| 0.2264| —3.8239| 0.3268| 0.0465 | 0.1334| 1.6045| 0.2198| 0.2361| 0.1309
NGC 3641 —14.7271| 0.3502| —0.0999| 0.0879| —2.3305| 0.1965| —3.2134| 0.2923| 0.2863 | 0.1257| 2.0405| 0.1924| 0.5557| 0.1092
NGC 4365 —15.6437| 0.3798| 0.1434 | 0.0415| —2.9959| 0.2057| —4.6711| 0.1806| 0.1051 | 0.0817| 2.9373| 0.0984| 0.4342| 0.1014
NGC 4374 —13.2798| 0.4574| —0.0548| 0.0699| —2.9639| 0.2809| —3.8282| 0.2555| 0.0183 | 0.1054| 1.1947| 0.1625| 0.2057| 0.1287
NGC 4472 —15.4436| 0.5292| 0.1726 | 0.0715| —3.3383| 0.2983| —5.0829| 0.2786| —0.1110| 0.1149| 2.8908| 0.1625| 0.5048| 0.1609
NGC 5638 —14.7903| 0.2341| 0.0741 | 0.0488| —2.7232| 0.1352| —3.7165| 0.2071| 0.1269 | 0.0879| 2.5825| 0.1067| 0.4337| 0.0795
NGC 5831 —14.1367| 0.2374| 0.1525 | 0.0498| —2.5120| 0.1383| —3.7248| 0.1916| 0.2912 | 0.0836| 3.1398| 0.1097| 0.4669| 0.0836
NGC 584 —14.5406| 0.4884| —0.0637| 0.1159| —2.4529| 0.2595| —3.6230| 0.3646| 0.3717 | 0.1471| 2.3715| 0.2532| 0.3542| 0.1591
NGC 6411 —8.6695 | 0.1173| 0.0869 | 0.0115| —2.5177| 0.1102| —3.6807| 0.1163| 0.2871 | 0.0436| 2.5694| 0.0237| 0.4760| 0.0482
NGC 6702 —14.4539| 0.3060| 0.0516 | 0.0745| —1.2430| 0.1725| —2.3319| 0.2474| 0.9018 | 0.1025| 2.8188| 0.1598| 0.3122| 0.1025
NGC 6703 —14.3288| 0.2535| 0.1108 | 0.0460| —2.6536| 0.1498| —3.6016| 0.2010| 0.1520 | 0.0797| 2.7446| 0.1017| 0.3269| 0.0834
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Galaxy CN1 CN2 Si4101 Ca4227 Ni4292 Cr4264 G4300
IC 0832 0.0290| 0.0040| 0.0721| 0.0070| 2.4336 | 8.9789 | 1.0178| 0.0956| 2.3502| 0.2063| 0.4981 | 0.2052| 4.2224| 0.1538
IC 3957 0.0980| 0.0040| 0.1488| 0.0065| 1.0248 | 3.5244 | 1.4684| 0.0950| 2.9436| 0.2570, 0.9382 | 0.2627| 5.7433| 0.1638
IC 3959 0.1130| 0.0030| 0.1650| 0.0060| 1.9256 | 21.0811| 1.4290| 0.0989| 3.0361| 0.2343| 0.5222 | 0.2348| 5.6327| 0.1638
IC 3963 0.0580| 0.0050| 0.0934| 0.0075| 1.1802 | 2.1158 | 1.3231| 0.1057| 3.3228| 0.2637| 1.0489 | 0.2438| 5.7269| 0.1898
IC 3973 0.0970| 0.0030| 0.1532| 0.0072| 5.2497 | 195.7282| 1.3323| 0.1186| 2.8571| 0.2134| —0.8798| 0.2690| 5.3351| 0.1812
MGC+5-31-063 | 0.0310| 0.0060| 0.0724| 0.0080| 1.4362 | 3.7813 | 1.2160| 0.1223| 2.7712| 0.2988| 1.5484 | 0.2700| 5.8441| 0.2080
NGC 4842A 0.0870| 0.0040| 0.1377| 0.0073| 2.3044 | 30.1926 | 1.6930| 0.1251| 3.2084| 0.2341| 1.7177 | 0.3192| 5.8784| 0.1927
NGC 4842B 0.0630| 0.0050| 0.1076| 0.0078| 1.2994 | 5.2816 | 1.6941| 0.1276| 3.0562| 0.2561| 1.4416 | 0.3013| 5.8041| 0.1979
NGC 4864 0.0780| 0.0060| 0.1315| 0.0086| 2.7801 | 26.2610| 1.5184| 0.1416| 3.1767| 0.2501| 0.9490 | 0.3349| 5.7866| 0.2331
NGC 4865 0.0800| 0.0030| 0.1336| 0.0081| —2.1017| 52.3921 | 1.4605| 0.1551| 2.6837| 0.2110, —0.2418| 0.2638| 5.3226| 0.2251
NGC 4867 0.0880| 0.0051| 0.1402| 0.0087| 3.9539 | 89.0270| 1.4858| 0.1470| 2.8198| 0.2324| 0.1386 | 0.3107| 4.9990| 0.2220
NGC 4874 0.1160| 0.0050| 0.1751| 0.0098| —1.4091| 31.5991 | 1.4256| 0.1900| 3.3952| 0.2571| 0.1527 | 0.3836| 6.3749| 0.3062
NGC 4875 0.0690| 0.0050| 0.1225| 0.0066| 1.9097 | 9.1507 | 1.4316| 0.1098| 3.0547| 0.2366, 1.1317 | 0.2789| 5.5180| 0.1860
NGC 4908 0.0610| 0.0041| 0.1056| 0.0068| 1.0398 | 6.3204 | 1.5170| 0.1107| 2.8576| 0.2453| 1.9927 | 0.2735| 5.6409| 0.1673
NGC 1453 0.1480| 0.0060| 0.2065| 0.0111| 0.8463 | 13.7344| 1.6575| 0.2498| 2.7262| 0.2645 0.0181 | 0.4388| 5.9987| 0.3387
NGC 1600 0.1380| 0.0120| 0.2006| 0.0158| —0.4526| 11.2935| 1.1480| 0.3061| 2.8336| 0.3675 0.4021 | 0.6180| 5.8817| 0.4281
NGC 1700 0.1110| 0.0041| 0.1678| 0.0072| 4.2752 | 128.3118| 1.2541| 0.1207| 2.6213| 0.2488 —0.0681| 0.3022| 5.7115| 0.2016
NGC 221 0.0320| 0.0022| 0.0733| 0.0031| 1.2272 | 1.0950 | 1.2305| 0.0361| 2.4715| 0.2244| 1.0420 | 0.1671| 5.1009| 0.1029
NGC 2329 0.0900| 0.0090| 0.1363| 0.0111| 1.6148 | 18.8331| 1.3036| 0.2027| 2.7134| 0.3122| 0.7136 | 0.4460| 5.1048| 0.3274
NGC 2693 0.1410| 0.0060| 0.2020| 0.0114| —0.1132| 2.2330 | 1.7404| 0.2384| 2.7073| 0.2460, —0.4217| 0.4430| 5.5793| 0.3091
NGC 2694 0.0820| 0.0080| 0.1274| 0.0104| 0.5849 | 1.2909 | 1.6059| 0.1551| 2.5714| 0.3077, 0.8211 | 0.3587| 5.6266| 0.2608
NGC 2778 0.1190| 0.0030| 0.1664| 0.0052| 0.4171 | 1.3482 | 1.4991| 0.0789| 3.0199| 0.2353| 1.1273 | 0.2491| 5.7964| 0.1427
NGC 2832 0.1370| 0.0041| 0.1920| 0.0095| 0.3053 | 5.8954 | 1.4702| 0.1958| 2.8247| 0.2288| 1.2507 | 0.4338| 5.5696| 0.2772
NGC 3377 0.0740| 0.0032| 0.1203| 0.0050| 1.0780 | 2.3082 | 1.2509| 0.0690| 2.4533| 0.2224| 0.7109 | 0.2198| 5.1974| 0.1296
NGC 3379 0.1390| 0.0040| 0.1912| 0.0069| 0.8467 | 9.8164 | 1.4034| 0.1080| 2.6044| 0.2434| 0.7690 | 0.2893| 5.7588| 0.1737
NGC 3608 0.1310| 0.0050| 0.1798| 0.0070| 0.6288 | 3.9682 | 1.3308| 0.1142| 2.7084| 0.2517, 0.7848 | 0.2898| 5.6456| 0.1800
NGC 3641 0.0960| 0.0050| 0.1451| 0.0060| 0.8916 | 2.6902 | 1.3383| 0.1039| 3.0971| 0.2419, 0.5923 | 0.2586| 5.6610| 0.1861
NGC 4365 0.1430| 0.0020| 0.1983| 0.0063| 2.1356 | 88.2548 | 1.5957| 0.1132| 3.4518| 0.2114| —0.0523| 0.2474| 6.1367| 0.1903
NGC 4374 0.1250| 0.0030| 0.1788| 0.0082| —0.5383| 16.2052 | 1.4438| 0.1496| 2.7767| 0.2234| 0.7423 | 0.3133| 5.7914| 0.2363
NGC 4472 0.1570| 0.0040| 0.2137| 0.0085| 0.1565 | 3.7665 | 1.7565| 0.1879| 2.8595| 0.2342| 0.1794 | 0.3346| 5.8894| 0.2579
NGC 5638 0.1090| 0.0030| 0.1577| 0.0049| 0.6168 | 1.7419 | 1.4631| 0.0714| 3.0793| 0.2196| 1.2402 | 0.2419| 5.7048| 0.1392
NGC 5831 0.0990| 0.0032| 0.1451| 0.0044| 0.8623 | 2.5860 | 1.5763| 0.0793| 3.2162| 0.2362| 0.7545 | 0.2264| 6.0542| 0.1331
NGC 584 0.0960| 0.0060| 0.1469| 0.0084| 1.6558 | 17.3005| 1.3812| 0.1324| 2.6000| 0.2630, 0.3457 | 0.3005| 5.5779| 0.2110
NGC 6411 0.1120| 0.0000| 0.1529| 0.0032| 1.0467 | 4.4897 | 1.5199| 0.0563| 2.4763| 0.2299, 1.0022 | 0.2533| 5.8640| 0.0975
NGC 6702 0.0640| 0.0040| 0.1074| 0.0064| 1.5695 | 5.0648 | 1.2706| 0.0905| 3.0660| 0.2265, 0.7563 | 0.2311| 5.3360| 0.1687
NGC 6703 0.1020| 0.0020| 0.1496| 0.0048| 0.7138 | 3.4945 | 1.3360| 0.0761| 2.6506| 0.2324| 1.1520 | 0.2357| 5.5443| 0.1263
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Galaxy H, A H,r Ti4296 Sc4312 Fe4383 Cad455 Si4513
IC 0832 —3.7650| 0.1435| —0.6312| 0.1135| 3.5795| 0.1228| 0.4423| 0.2034| 4.3219| 0.2239| 1.0881| 0.1749| —0.7326| 0.1123
IC 3957 —6.5030| 0.1531| —1.9659| 0.1168| 4.8710| 0.1410| 0.8715| 0.2596| 5.4166| 0.2176| 1.2492| 0.1890| —0.5861| 0.1153
IC 3959 —5.7440| 0.1051| —1.6601| 0.1278| 4.7287| 0.1090| 0.8811| 0.2381| 5.1185| 0.1964| 1.4983| 0.1898| —0.4598| 0.0863
IC 3963 —5.7140| 0.1813| —1.3797| 0.1197| 4.8641| 0.1463| 0.5939| 0.2745| 5.3779| 0.2641| 1.3028| 0.1943| —0.8160| 0.1457
IC 3973 —4.9220| 0.1189| —1.1498| 0.1549| 4.5191| 0.1111| 0.8710| 0.2104| 5.4950| 0.1979| 1.4208| 0.1774| —0.4177| 0.0888
MGC+5-31-063 | —5.7760| 0.2228| —1.6787| 0.1478| 4.6313| 0.1813| 0.9470| 0.2828| 4.3608| 0.3092| 0.9480| 0.2233| —0.9401| 0.1676
NGC 4842A —6.9650| 0.1495| —2.0956| 0.1464| 5.0912| 0.1250| 0.7764| 0.2517| 5.5584| 0.2419| 1.4919| 0.2272| —0.5725| 0.1113
NGC 4842B —6.5710| 0.1964| —1.9429| 0.1409| 4.9890| 0.1524| 0.8817| 0.2575| 5.6160| 0.2668| 1.3309| 0.2043| —0.7418| 0.1432
NGC 4864 —6.4760| 0.2157| —2.0547| 0.1674| 4.9692| 0.1619| 0.8461| 0.2635| 5.2168| 0.3121| 1.6214| 0.2379| —0.7208| 0.1565
NGC 4865 —5.1100| 0.1022| —1.3442| 0.2042| 4.4068| 0.1054| 0.9318| 0.2098| 5.0363| 0.2030| 1.4861| 0.1901| —0.7496| 0.0950
NGC 4867 —4.9830| 0.1907| —1.2649| 0.1746| 4.4155| 0.1438| 0.9042| 0.2446| 4.8277| 0.2889| 1.2984| 0.2407| —0.2401| 0.1328
NGC 4874 —7.1550] 0.1883| —2.2762| 0.2306| 5.3781| 0.1450| 1.0136| 0.2586| 5.8193| 0.3190| 1.6729| 0.2484| —1.0022| 0.1437
NGC 4875 —5.9150] 0.1631| —1.6777| 0.1283| 4.7605| 0.1424| 0.7240| 0.2465| 4.8505| 0.2541| 1.5262| 0.2019| —1.1542| 0.1264
NGC 4908 —5.7800| 0.1457| —1.5933| 0.1275| 4.6404| 0.1343| 0.7176| 0.2450| 4.9687| 0.2223| 1.1567| 0.1823| —0.7899| 0.1202
NGC 1453 —7.3550| 0.2144| —2.5567| 0.2645| 4.9993| 0.1653| 1.4438| 0.2441| 5.9289| 0.3587| 1.6949| 0.2587| —0.4756| 0.1464
NGC 1600 —6.6930| 0.3910| —2.0962| 0.3028| 4.9158| 0.2659| 1.1750| 0.2959| 5.2986| 0.5434| 1.4024| 0.3815| —0.4153| 0.2467
NGC 1700 —5.9270| 0.1451| —1.4951| 0.1609| 4.5194| 0.1332| 1.1777| 0.2360| 5.5192| 0.2282| 1.6915| 0.1817| —0.7499| 0.1164
NGC 221 —4.4430| 0.0563| —0.6747| 0.0444| 3.9027| 0.1123| 0.8079| 0.2552| 4.9388| 0.1056| 1.2988| 0.1202| —1.1003| 0.0612
NGC 2329 —5.6840| 0.3411| —1.5576| 0.2365| 4.3805| 0.2231| 0.8960| 0.2750| 5.3240| 0.4605| 1.3711| 0.3245| —0.6722| 0.2515
NGC 2693 —6.4830| 0.2181| —1.9439| 0.2496| 4.6585| 0.1571| 1.1655| 0.2255| 5.7191| 0.3470| 1.7343| 0.2674| —0.5365| 0.1535
NGC 2694 —6.0650| 0.2853| —1.8527| 0.1806| 4.5823| 0.2150| 1.1786| 0.2924| 5.1884| 0.3465| 1.8223| 0.2231| —0.6846| 0.2079
NGC 2778 —6.5490| 0.1184| —2.1457| 0.0981| 4.9488| 0.1308| 1.0355| 0.2667| 5.3685| 0.1822| 1.5777| 0.1639| —0.8959| 0.1076
NGC 2832 —7.0270| 0.1621| —2.3409| 0.2336| 4.7843| 0.1274| 0.9208| 0.2278| 5.8540| 0.2956| 1.6342| 0.2392| —0.4218| 0.1244
NGC 3377 —4.9980| 0.1102| —0.9705| 0.0866| 4.1074| 0.1204| 0.9904| 0.2460| 5.0304| 0.1683| 1.4059| 0.1349| —0.9682| 0.0950
NGC 3379 —6.3350| 0.1312| —1.9076| 0.1381| 4.6576| 0.1267| 1.2070| 0.2419| 5.4578| 0.1999| 1.6906| 0.1726| —0.6687| 0.1049
NGC 3608 —6.1900| 0.1631| —1.7868| 0.1364| 4.6352| 0.1462| 1.1651| 0.2543| 5.3025| 0.2360| 1.6113| 0.1866| —0.7671| 0.1232
NGC 3641 —5.5660| 0.1733| —1.3954| 0.1234| 4.6971| 0.1386| 0.7081| 0.2555| 4.7214| 0.2474| 1.3706| 0.1820| —0.7433| 0.1385
NGC 4365 —6.2940| 0.0802| —1.5171| 0.1471| 5.1638| 0.0943| 0.6743| 0.2434| 5.4807| 0.1702| 1.4896| 0.1694| —0.6826| 0.0808
NGC 4374 —6.6080| 0.1112| —2.0090| 0.1981| 4.7502| 0.1102| 1.1582| 0.2217| 5.5279| 0.2092| 1.6523| 0.1726| —0.7793| 0.0991
NGC 4472 —6.8680| 0.1362| —2.0752| 0.2131| 4.8994| 0.1202| 1.1170| 0.2319| 5.9503| 0.2534| 1.9129| 0.2241| —0.5590| 0.1114
NGC 5638 —6.3310| 0.1045| —1.8791| 0.0892| 4.8648| 0.1186| 0.8716| 0.2611| 5.2513| 0.1738| 1.5226| 0.1631| —0.8409| 0.0946
NGC 5831 —6.0650| 0.1025| —1.6033| 0.0919| 4.9925| 0.1248| 0.7567| 0.2716| 5.3997| 0.1725| 1.4828| 0.1727| —0.7809| 0.0926
NGC 584 —5.7110| 0.1932| —1.4526| 0.1620| 4.4647| 0.1582| 1.2266| 0.2480| 5.4908| 0.2596| 1.7561| 0.1998| —0.8779| 0.1398
NGC 6411 —5.7760| 0.0090| —1.5509| 0.0825| 4.5673| 0.1102| 1.4249| 0.2299| 5.8754| 0.0855| 1.6935| 0.1100| —0.5496| 0.0675
NGC 6702 —5.3060| 0.1486| —1.1647| 0.1133| 4.4575| 0.1279| 0.5269| 0.2507| 5.5899| 0.2111| 1.5006| 0.1806| —0.7217| 0.1247
NGC 6703 —6.6410| 0.0946| —1.9550| 0.1028| 4.6239| 0.1259| 1.1263| 0.2400| 5.6799| 0.1611| 1.5866| 0.1691| —0.9151| 0.0936
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Galaxy Ti4533 Fe4531 Eu4592 C4668 S4693 Ba4552 Zn4720
IC 0832 0.9576| 0.0703| 2.8857| 0.1607| 0.0797 | 0.0663| 6.0491| 0.2376| 0.6156| 0.0835| 0.0477 | 0.1460| —0.5363| 0.0911
IC 3957 1.3166| 0.0676| 3.3073| 0.1833| —0.0313| 0.0555| 6.4738| 0.2330| 0.5505| 0.0802| —0.0386| 0.1268| —0.6108| 0.0882
IC 3959 1.4838| 0.0535| 3.4697| 0.1393| —0.0120| 0.0351| 7.5865| 0.1896| 0.7214| 0.0603| —0.1280| 0.5202| —0.5001| 0.0807
IC 3963 1.2808| 0.0784| 3.4841| 0.1921| —0.1404| 0.0819| 6.1327| 0.2829| 0.6915| 0.1012| —0.0065| 0.0824| —0.3174| 0.1011
IC 3973 1.2926| 0.0579| 3.4507| 0.1365| —0.1063| 0.0880| 8.4602| 0.2342| 0.9059| 0.0669| —0.0304| 0.1653| —0.5796| 0.0873
MGC+5-31-063| 0.8815| 0.1009| 3.1034| 0.2243| 0.1132 | 0.0937| 4.2982| 0.3308| 0.2805| 0.1238| 0.0766 | 0.1932| —0.4156| 0.1281
NGC 4842A 1.3826| 0.0698| 3.5050| 0.1731| —0.0288| 0.0535| 7.7288| 0.2521| 0.8013| 0.0844| —0.1730| 0.7334| —0.5886| 0.1022
NGC 4842B 1.2441)| 0.0877| 3.0350| 0.1999| —0.0018| 0.0713| 7.2889| 0.2949| 0.6416| 0.1078| —0.1649| 0.4720| —0.7964| 0.1218
NGC 4864 1.2134| 0.1008| 3.3298| 0.2312| 0.0474 | 0.0774| 6.2831| 0.3290| 0.5078| 0.1210| —0.0219| 0.1204| —0.5864| 0.1314
NGC 4865 1.1964| 0.0568| 3.6802| 0.1249| —0.1647| 0.1591| 7.7594| 0.2378| 0.6351| 0.0646| 0.0363 | 0.2724| —0.2145| 0.0789
NGC 4867 1.2328| 0.0922| 3.1187| 0.2110| —0.0958| 0.0924| 8.0024| 0.3159| 0.8942| 0.1118| —0.1010| 0.4827| —0.3727| 0.1254
NGC 4874 1.3081| 0.0927| 3.4086| 0.2101| —0.1016| 0.1115| 7.7287| 0.3433| 0.6236| 0.1088| —0.1105| 0.8496| —0.6309| 0.1409
NGC 4875 1.0658| 0.0760| 3.0868| 0.1794| —0.0784| 0.0715| 6.1593| 0.2589| 0.5667| 0.0907| 0.0229 | 0.1036| —0.4076| 0.0981
NGC 4908 1.1744| 0.0721| 3.5480| 0.1596| —0.0035| 0.0529| 6.0955| 0.2465| 0.6808| 0.0843| 0.0512 | 0.1830| —0.5112| 0.0927
NGC 1453 1.4828| 0.1071| 3.9007| 0.2335| —0.1715| 0.1888| 9.0490| 0.3883| 1.0578| 0.1227| —0.0218| 0.2177| —0.0537| 0.1486
NGC 1600 1.4786| 0.1855| 3.7242| 0.3962| —0.2237| 0.2364| 8.6283| 0.5624| 0.7785| 0.2119| 0.0296 | 0.2629| —0.1213| 0.2409
NGC 1700 1.2608| 0.0735| 3.7912| 0.1549| —0.0441| 0.0562| 9.0979| 0.2444| 0.8666| 0.0826| 0.1049 | 0.5204| 0.0954 | 0.0913
NGC 221 0.9688| 0.0258| 3.2317| 0.0885| 0.0745 | 0.0292| 6.2265| 0.0981| 0.5224| 0.0310| 0.1043 | 0.1269| —0.2238| 0.0303
NGC 2329 1.2058| 0.1684| 3.6943| 0.3609| —0.0690| 0.1279| 7.6986| 0.5243| 0.6866| 0.2035| 0.0247 | 0.1651| —0.2433| 0.2139
NGC 2693 1.3144| 0.1130| 3.7511| 0.2393| —0.1354| 0.1479| 8.9953| 0.3868| 0.8837| 0.1279| 0.1107 | 0.9103| —0.0981| 0.1554
NGC 2694 1.2663| 0.1209| 3.3779| 0.2717| 0.0095 | 0.1004| 8.2997| 0.3783| 0.8384| 0.1453| —0.0306| 0.1235| —0.3180| 0.1517
NGC 2778 1.3528| 0.0594| 3.6392| 0.1445| —0.1257| 0.0703| 8.2804| 0.1934| 0.8899| 0.0696| —0.0138| 0.0782| —0.0698| 0.0752
NGC 2832 1.4971)| 0.0908| 3.7736| 0.1999| —0.1283| 0.1375| 9.1762| 0.3525| 0.9341| 0.1065| —0.1292| 1.0598| —0.4982| 0.1383
NGC 3377 1.0322| 0.0508| 3.2739| 0.1216| —0.0312| 0.0410| 6.4729| 0.1639| 0.4995| 0.0585| 0.0909 | 0.1920| —0.1021| 0.0613
NGC 3379 1.2865| 0.0635| 3.5514| 0.1398| —0.0401| 0.0488| 7.6200| 0.2053| 0.8417| 0.0705| —0.0018| 0.0619| —0.1850| 0.0820
NGC 3608 1.2421)| 0.0790| 3.5896| 0.1680| —0.1486| 0.0978| 7.8672| 0.2340| 0.7914| 0.0858| 0.0987 | 0.3412| 0.0089 | 0.0903
NGC 3641 1.2084| 0.0820| 3.4315| 0.1874| —0.1067| 0.0789| 6.6256| 0.2616| 0.4428| 0.0990| 0.0092 | 0.0836| —0.2440| 0.1051
NGC 4365 1.3372| 0.0501| 3.6822| 0.1096| —0.1198| 0.0951| 8.8237| 0.1968| 0.8237| 0.0543| —0.0240| 0.1357| —0.2015| 0.0679
NGC 4374 1.2561| 0.0610| 3.4619| 0.1249| —0.1059| 0.1024| 7.4789| 0.2274| 0.7283| 0.0642| —0.0047| 0.0649| —0.2019| 0.0799
NGC 4472 1.4096| 0.0797| 3.7285| 0.1681| —0.1219| 0.1239| 9.5192| 0.3117| 1.0135| 0.0927| —0.0345| 0.2675| —0.1178| 0.1115
NGC 5638 1.2701| 0.0525| 3.5016| 0.1333| —0.0866| 0.0539| 7.7169| 0.1715| 0.7486| 0.0617| —0.0203| 0.0816| —0.0896| 0.0687
NGC 5831 1.1637| 0.0533| 3.4456| 0.1321| —0.0919| 0.0561| 8.1495| 0.1775| 0.7868| 0.0627| 0.0552 | 0.1495| —0.1872| 0.0683
NGC 584 1.3040| 0.0868| 3.4928| 0.1920| —0.0412| 0.0659| 8.0341| 0.2767| 0.8654| 0.1015| —0.0695| 0.2870| —0.0387| 0.1097
NGC 6411 1.2787| 0.0315| 3.7496| 0.0595| —0.1270| 0.0637| 7.6584| 0.0743| 0.7926| 0.0206| 0.1218 | 0.3544| —0.0272| 0.0294
NGC 6702 1.2072| 0.0740| 3.5425| 0.1707| —0.0702| 0.0672| 8.7547| 0.2364| 0.8813| 0.0883| 0.0616 | 0.1722| —0.2180| 0.0953
NGC 6703 1.3105| 0.0507| 3.6495| 0.1255| —0.1295| 0.0751| 8.7420| 0.1759| 0.8768| 0.0589| 0.0128 | 0.0752| —0.0581| 0.0648
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Galaxy Mn4757 Mg4780 H, Hp, Ni4910 Fe4930 Ti5000
IC 0832 0.1260 | 0.1049] 0.4106] 0.1369] 1.7302] 0.0930] 1.8800| 0.0614| —0.4178] 0.1311| 1.7493] 0.1498| 1.8625] 0.1393
IC 3957 0.0747 | 0.1008| 0.5930| 0.1308| 1.6359| 0.0877 1.9160 0.0587| —0.4301| 0.1289| 1.9530  0.1882| 2.4691| 0.1361
IC 3959 0.0282 | 0.0758| 0.8750| 0.1178| 1.7601| 0.0763| 1.9120 0.0440| —0.5504| 0.1041| 1.8364  0.1369| 2.3018| 0.1030
IC 3963 —0.0832| 0.1227| 0.6463| 0.1483| 1.9096 | 0.1091| 2.0570| 0.0750| —0.4534| 0.1482 1.9537 0.1644| 1.9620| 0.1645
IC 3973 0.0358 | 0.0849| 0.3799| 0.1294| 2.0042| 0.0801 2.1150 0.0462| —0.5953| 0.1190| 1.8415  0.1656| 2.4496 0.1029
MGC+5-31-063| 0.1360 | 0.1522| 0.3985| 0.1885| 1.6133| 0.1358| 1.8390| 0.0969| —0.5470| 0.1660| 1.8912| 0.2046| 1.6380| 0.1943
NGC 4842A | 0.1269 | 0.1109| 1.0134| 0.1617| 1.3255 0.0927| 1.6520| 0.0628| —0.7913| 0.1292| 1.9094| 0.1598| 2.1849| 0.1356
NGC 4842B | 0.4406 | 0.1379| 0.9594| 0.1819| 1.6178| 0.1177 | 1.8830| 0.0784| —0.3837| 0.1539| 2.0403  0.1991| 2.0942| 0.1711
NGC 4864 0.0348 | 0.1539| 0.8211| 0.1938| 1.6999| 0.1310| 1.9050 0.0859| —0.6049| 0.1668| 2.4309  0.2346| 2.0667| 0.1802
NGC 4865 | —0.0060| 0.0771| 0.2538| 0.1188| 1.8123| 0.0885  1.9900| 0.0461| —0.7421| 0.1195| 1.9574 0.1583| 2.1010| 0.0985
NGC 4867 | —0.1398| 0.1420| 0.6515| 0.1874| 1.8807| 0.1283| 2.0740| 0.0821| —0.8449| 0.1694| 1.7342| 0.2194| 1.7742| 0.1682
NGC 4874 | —0.0927| 0.1422| 1.2423| 0.2457| 1.6426| 0.1259| 1.8040| 0.0724| —0.4422| 0.1618 1.6093  0.2596 2.2809| 0.1556
NGC 4875 | —0.0384| 0.1160| 0.8974| 0.1457| 1.7084| 0.0976  2.0240| 0.0631| —0.4320| 0.1331 1.6216 0.1790 2.1233| 0.1425
NGC 4908 0.2303 | 0.1056| 0.8089| 0.1457| 1.6239| 0.0937 | 1.8880 0.0636| —0.4824| 0.1278| 1.8536  0.1626| 1.9568| 0.1345
NGC 1453 0.1675 | 0.1542| 0.7145] 0.2348] 0.7136] 0.1276| 0.8930| 0.0819] —0.6299] 0.1706| 2.2094] 0.2791| 1.8133| 0.1643
NGC 1600 | —0.2807| 0.2673| 1.1980| 0.3590| 1.4936| 0.2138| 1.6080| 0.1365| —0.8224| 0.2732| 1.8765  0.4262| 2.4470| 0.2758
NGC 1700 | —0.1727| 0.0998| 0.4550| 0.1352| 1.9120 0.0905| 2.0870| 0.0573| —0.6945| 0.1256  2.0271 0.1604| 2.5935| 0.1232
NGC 221 0.3015 | 0.0350| 0.4618| 0.0714| 2.2667 0.0344| 2.5350| 0.0374| —0.5961| 0.1018| 1.9331| 0.0722| 1.7472 0.0705
NGC 2329 | —0.2170| 0.2514| 0.6392| 0.2995| 1.1554 0.2121| 1.5300| 0.1396| —0.8081| 0.2423 1.6403  0.3537| 2.0074| 0.2862
NGC 2693 | —0.1550| 0.1628| 1.0216| 0.2505| 1.2517| 0.1344| 1.3910| 0.0837| —0.9072| 0.1775| 1.9630 0.2825| 2.4605| 0.1762
NGC 2694 | —0.1062| 0.1812| 0.9394| 0.2097| 1.6382 0.1570| 1.9500| 0.1094| —0.7048| 0.1835| 1.9289 0.2270| 2.4119| 0.2234
NGC 2778 | —0.0076| 0.0848| 0.7701| 0.1141| 1.3014| 0.0766| 1.5530| 0.0575| —0.4403| 0.1113| 2.0473| 0.1207| 1.3001| 0.1179
NGC 2832 0.0727 | 0.1332| 0.9299| 0.2216| 1.4828| 0.1178| 1.6470 0.0689| —0.8001| 0.1562| 1.6684  0.2384| 2.8181| 0.1490
NGC 3377 0.1253 | 0.0711| 0.6647| 0.1007| 1.9020| 0.0663| 2.1320 0.0494| —0.6957| 0.1077| 1.8406  0.0976| 1.6788 0.1024
NGC 3379 0.2599 | 0.0887| 0.9077| 0.1309| 1.4453| 0.0810| 1.6760| 0.0532| —0.7543| 0.1124| 1.7442| 0.1317| 2.1540  0.1113
NGC 3608 0.0144 | 0.1062| 0.8071| 0.1410| 1.5183| 0.0964 1.8060 0.0636| —0.7752| 0.1286| 1.9313| 0.1529| 2.1098| 0.1300
NGC 3641 0.0819 | 0.1212| 0.9871| 0.1481| 1.5541| 0.1070| 1.7690 0.0737| —0.6023| 0.1313| 1.7247| 0.1664| 1.7029| 0.1522
NGC 4365 0.3421 | 0.0681| 0.7568| 0.1223| 1.6380| 0.0684 1.8360 0.0422| —0.7924| 0.1047| 1.9418| 0.1183| 2.4902| 0.0873
NGC 4374 0.1706 | 0.0826| 1.0664| 0.1692| 1.2420| 0.0766 | 1.4220 0.0447| —0.7394| 0.1049| 1.7431  0.1435| 1.9206 0.1028
NGC 4472 0.3482 | 0.1152| 0.7639| 0.1860| 1.5017| 0.1012| 1.6700 0.0620| —0.7417| 0.1336| 1.9784  0.2029| 2.4558| 0.1304
NGC 5638 0.1160 | 0.0760| 0.7871| 0.1065| 1.6516| 0.0708| 1.8850 0.0530| —0.5789| 0.1130| 1.9975 0.1170| 1.9096 0.1012
NGC 5831 0.2466 | 0.0757| 0.5362| 0.1108| 1.8095| 0.0700| 2.0550 0.0524| —0.5748| 0.1124| 2.0681  0.1133| 2.0993| 0.1015
NGC 584 0.1296 | 0.1241| 0.5641| 0.1631| 1.7288 0.1072| 1.9870| 0.0709| —0.6934| 0.1424| 2.0594| 0.1835| 2.5388  0.1572
NGC 6411 0.0874 | 0.0111| 0.7149| 0.0619| 1.8441| 0.0289| 2.0230 0.0340| —0.7300| 0.0705| 1.9362  0.0481| 2.2886| 0.0462
NGC 6702 | —0.0681| 0.1070| 0.3284| 0.1365| 2.1352| 0.0939| 2.3420| 0.0654| —0.4788| 0.1285| 2.0761 0.1484 2.2122| 0.1466
NGC 6703 0.0373 | 0.0696| 0.5444| 0.1067| 1.6995| 0.0674| 1.9290 0.0480| —0.5106| 0.1098| 2.1475 0.1112| 1.9208 0.0973

Table A.3: Continued.




155

Galaxy Mg, Mg.
IC 0832 0.1200 | 0.0020| 0.2530 | 0.0032
IC 3957 0.1250 | 0.0020, 0.2770 | 0.0022
IC 3959 0.1470 | 0.0010, 0.3030 | 0.0022
IC 3963 0.1100 | 0.0030, 0.2470 | 0.0032
IC 3973 0.1320 | 0.0020, 0.2800 | 0.0022
MGC+5—-31-063| 0.0890 | 0.0030| 0.2230 | 0.0040
NGC 4842A 0.1430 | 0.0020, 0.3020 | 0.0030
NGC 4842B 0.1310 | 0.0030, 0.2860 | 0.0032
NGC 4864 0.1360 | 0.0030, 0.2750 | 0.0040
NGC 4865 0.1290 | 0.0010, 0.2760 | 0.0020
NGC 4867 0.1290 | 0.0030, 0.2780 | 0.0032
NGC 4874 0.1440 | 0.0030, 0.2980 | 0.0032
NGC 4875 0.1200 | 0.0020, 0.2730 | 0.0032
NGC 4908 0.1270 | 0.0020, 0.2790 | 0.0032
NGC 1453 0.1280 | 0.0030, 0.2760 | 0.0032
NGC 1600 0.1300 | 0.0050, 0.2980 | 0.0060
NGC 1700 0.1020 | 0.0020, 0.2370 | 0.0020
NGC 221 0.0690 | 0.0010, 0.1770 | 0.0010
NGC 2329 —0.6160| 0.0050| —1.0500| 0.0071
NGC 2693 0.1190 | 0.0030, 0.2820 | 0.0040
NGC 2694 0.0870 | 0.0040, 0.2390 | 0.0050
NGC 2778 —0.4150| 0.0045| —0.5990| 0.0082
NGC 2832 —0.5890| 0.0020| —1.2260| 0.0112
NGC 3377 0.1040 | 0.0010, 0.2250 | 0.0022
NGC 3379 0.1390 | 0.0020, 0.2780 | 0.0022
NGC 3608 0.1330 | 0.0020, 0.2700 | 0.0032
NGC 3641 —0.1330| 0.0063| —0.1750| 0.0092
NGC 4365 —0.0090| 0.0110| 0.0420 | 0.0180
NGC 4374 0.1340 | 0.0010, 0.2730 | 0.0022
NGC 4472 —0.2410| 0.0073| —0.2980| 0.0141
NGC 5638 —0.2490| 0.0045| —0.3150| 0.0063
NGC 5831 —0.3040| 0.0045| —0.3920| 0.0073
NGC 584 0.1160 | 0.0020, 0.2420 | 0.0032
NGC 6411 0.1180 | 0.0000, 0.2550 | 0.0000
NGC 6702 —0.6190| 0.0020| —0.9500| 0.0028
NGC 6703 0.1320 | 0.0020, 0.2730 | 0.0022

Table A.3: Continued.
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Comparison of line-strength indices in low
and intermediate resolution for a sample
of dwarf early-type galaxies

This Appendix show the comparison of the Lick/IDS indicesaswged in Michielsen et al. (2008)
with those measured in the intermediate resolution datepted in Chapter 6. The sample at both
resolutions is the same one. A total of 21 dwarf early-typlexgas located mainly in the Virgo
cluster.

The indices measured in this Appendix were obtained extigitte central 4 of the spectra
of each galaxy and transforming them to the Lick/IDS syst&hich means that each index must
be measured at a specific resolution indicated in Table B.1.

To quantify whether the differences observed between thedaolutions are significant we
have looked for systematic deviations (see Table B.2), oredsas:

S,
j=1 oy]z +o:p§

ZN_ +1
j— 2 2
j=1 oy;t+ox;

Al = (B.1)

wherey; andz; is the same index measured at low and medium resolutigrandoz? the errors
for that indices respectively andd is the number of galaxies in common at both resolutions.

Figure B.1 shows the indices measured at low (M08) and medaswiution (This work).
The solid line is the relation : 1. To analyse the differences found between both studies we
calculated the typical deviation as:

(y;—=;)?
N E Uy? +0a:?

o= T (B.2)
(N=1)> P

And we made &-student statistical test to check if we could refuse thé mgpothesis of
AT = 0 with a significance level oft < 0.01. This would happen if thé parameter follows

_ AL,
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; (B.3)



B. Compatrison of line-strength indices in low and internageliresolution for a sample of dwarf

early-type galaxies

158
index | ckms?' | index | c kms!
CN; 325 Fe4668 250
CN, 325 Hp3 225
Ho 4 325 Fe5015 200
Hor 325 Mg, 200
Ca4227| 300 Mg 200
G4300 300 Mgb 200
Hya 275 | Fe5270| 200
Hye 275 Fe5335 200
Fe4383 250 Fe5406 200
Cad455 250 Fe5709 200
Fe4531 250 Fe5782 200

Table B.1: Lick/IDS system to measure indices.

which means that fotv = 10 thenty o090 > 2.82, for N = 13 thent 012 > 2.68, and for

N = 20 thenty 00,19 > 2.54. As it can be seen in Table B.2 where all these parameterssted |
for the indices under comparison, for all the cases the rydbthesis can not be refused, which
means that the differences are not statistically significan
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Index N AT o t

CN1 | 10.000| 0.011 | 0.017]| 2.163
CN2 | 10.000| 0.008 | 0.017| 1.530
HdA | 10.000| —0.687| 0.897| 2.422
HdF | 10.000| —0.216| 0.497| 1.375
Ca4227| 10.000| 0.049 | 0.198]| 0.787
G4300 | 10.000| 0.023 | 0.653]| 0.110
HgA | 10.000| —0.688| 1.037| 2.098
HgF | 10.000| —0.390| 0.624| 1.979
Fe4383| 10.000| 0.005 | 0.607| 0.024
Ca4455| 10.000| —0.048| 0.278| 0.548
Fe4531| 20.000| 0.275 | 0.675]| 1.825
Fe4668| 20.000| 0.450 | 0.824| 2.446
Hbeta | 13.000| —0.085| 0.360| 0.852
Fe5015| 13.000| 0.138 | 0.581| 0.859
Mgl | 13.000f —0.001| 0.011]| 0.302
Mg2 | 13.000| —0.009| 0.019]| 1.732
Mgb | 13.000| —0.174| 0.411| 1.528
Fe5270| 13.000| —0.120| 0.305]| 1.415
Fe5335| 13.000| —0.061| 0.289| 0.761
Fe5406| 13.000| —0.058| 0.242| 0.864
Fe5709| 20.000| —0.121| 0.336| 1.616
Fe5782| 20.000| —0.014| 0.237| 0.267

Table B.2: Comparison between the indices measured at low and medagtution. NV is the number of galaxies for
each indexAI the systematic deviatiom; the typical deviation andis the statistical parameter of thetudent test.
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Figure B.1: Comparison between the Lick/IDS indices measured at I@station by Michielsen et al. (2008, M08)
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Figure B.1: Continued.
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Method to correct line-strength indices for
the velocity dispersion of the galaxies

The line-strength indices in galaxies must be measureceatdme velocity dispersion, including
guadratically the instrumental resolution and &h&f the galaxy. For the work presented in Chapter
5 we decided to measure the indices at the resolution they sefined, 200 km's, and correct
them for the velocity dispersion of each galaxy.

To obtain the correcting factor for each velocity dispensiwve convert the SSP models of
Bruzual & Charlot (2003), used for indices at< 3600 (see discussion at, Toloba et al. 2009b),
and of Vazdekis et al. (2010) for the remaining, to a resotutif 200 km s, and broad them
in steps of 10 km 3! until 400 km s'. We measure all the indices under study in all of these
broadenings (the variation of the indices for the&eare shown in the right panels of Figure C.1).
Being /(o) the index measured at the different broadenings &gl the index measured at the
resolution 200 kms!, we fit a third degree polynomial to the curvBsr)/1(0) — o. Therefore,
we apply the factor indicated by this polynomial to each indeeasured in the observed galaxies.

Figure C.1 shows in the right panels the indexiagrams for the sample of galaxies from
Chapter 5 using this technique to correct from the veloagpersion of the galaxies.
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Figure C.1: Right panels: indexo diagrams for the Lick/IDS indices, NH3360 from Davidge & &41994), and
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and have been corrected for the velocity dispersion of thexgss. Blue dots are for galaxies located in low density
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C. Method to correct line-strength indices for the veloditgpersion of the galaxies
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Tables of the kinematic profiles of dwarf
early-type galaxies

The Tables of the kinematic profiles published in Toloba e(2011) and presented in Chapter
6 are electronically availablet t p: // vi zi er. cfa. harvard. edu/ vi z- bi n/ Vi zi eR?
- sour ce$=%$J/ A$+$A/ 526/ A114. For completeness we include them in this Appendix.
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176 D. Tables of the kinematic profiles of dwarf early-type gatax

R, (") [vkms?)|v.(kms) | R, (") | o (kms) | o, (kms?)
—-92.11 2.3 14.4 —71.98 52.5 10.0
—82.30 —-21.6 6.9 —65.33 43.4 7.9
—72.18 -17.0 23.5 —58.85 48.8 6.0
—71.39 —-14.5 9.5 —54.88 52.2 9.1
—67.28 —-24.1 5.7 —52.42 43.7 10.0
—64.11 —18.8 8.8 —49.77 54.5 9.1
—61.63 —-14.6 5.3 —46.52 47.7 4.8
—58.64 —-17.8 4.8 —43.78 47.5 3.7
—55.81 —-10.3 5.9 —40.70 47.0 4.0
—52.69 —13.6 4.6 —37.86 52.5 3.5
—49.25 -3.7 3.3 —34.46 50.0 2.6
—46.50 -11.4 3.9 —-31.35 53.2 2.3
—43.76 -8.3 2.3 —28.42 535 2.0
—40.49 —-14.8 2.2 —25.52 52.7 1.9
—37.46 —-18.0 2.3 —22.57 55.3 1.3
—34.50 —-14.4 1.7 —19.49 53.9 1.2
—-31.55 —-17.2 1.5 —16.52 59.0 0.9
—28.41 —-18.5 1.2 —14.82 58.1 1.6
—25.57 -17.8 1.0 —14.41 57.3 1.5
—22.55 -19.6 0.8 —-14.01 58.1 1.7
—-19.80| -21.8 35 —13.60 56.4 1.5
—19.60 —18.6 1.8 —13.20 55.1 1.5
—-19.24 —20.6 1.6 —-12.79 59.4 1.6
—18.83 —-23.1 1.6 —12.38 57.3 1.5
—18.42 —-22.5 14 —11.98 58.1 1.4
—18.01 —18.8 1.6 —-11.57 60.9 14
—-17.60 —-24.0 1.5 —-11.16 59.9 14
—-17.19| -26.8 15 —10.80 56.8 1.2
—-16.78 —-21.3 1.4 —10.42 60.8 1.2
—-16.37 —-22.3 15 —10.01 58.9 1.1
—15.96 —-25.5 1.4 —-9.61 58.3 1.1
—15.55 —-24.9 1.3 -9.20 59.1 11
—15.20 —28.6 1.4 -8.80 56.6 0.9
—14.83 —-30.8 1.2 —-8.39 59.7 0.9
—14.42 -30.9 1.2 —7.99 59.8 0.9
—14.02 —-27.5 1.1 —7.58 59.7 0.9
—13.61 —28.6 1.1 —-7.19 59.8 0.8
—-13.20 —29.8 1.1 —6.80 58.6 0.9
—-12.79 —29.8 1.1 —6.41 57.0 0.7
-12.38| -30.8 1.0 —6.01 58.1 0.8
—-11.97 -30.7 1.0 —-5.61 62.5 0.7
—11.56 —-29.5 1.0 -5.20 61.4 0.8
-11.16| -32.6 0.9 —4.80 59.3 0.8
-10.80| -33.0 1.1 —4.40 61.8 0.7
—-10.43 —34.2 1.0 —-3.99 60.9 0.6
—10.02 -334 0.9 —-3.59 64.3 0.6
—9.62 —-34.6 0.8 -3.19 64.4 0.6
-9.21 —-35.1 0.8 —2.78 64.0 0.5
—8.80 —36.2 0.7 —2.38 63.6 0.5
—-8.39 —-36.5 0.7 —-2.00 64.2 0.4

Table D.1: Kinematic profiles for M32. NOTES: Column 1: radius for theéation speed profile. Column 2: rotation
velocities. Column 3: rotation velocity errors. Column ddius for the velocity dispersion profile. Column 6: velgcit
dispersions. Column 7: velocity dispersion errors.
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R () [vkms ) [v.(kms )| R, () |o(kms?) o (kms?)
799 376 0.7 160 668 0.4
~757| -39.0 0.7 —121| 697 0.4
~717| -37.1 0.7 ~0.80| 752 0.3
~6.80| -39.6 0.7 ~0.40| 80.4 0.3
_6.44| —40.3 0.7 000 | 827 0.3
~6.03| -41.4 0.6 040 | 803 0.3
562 -42.6 0.6 080 | 73.6 0.3
521| -42.8 0.5 120 | 675 0.4
~481| -39.2 0.5 161 | 665 0.4
~4.40| -39.9 0.5 200 | 637 0.4
~4.00| —40.2 0.5 238 | 647 0.5
358 407 0.4 278 | 64.0 0.4
~3.18| -40.2 0.4 318 | 64.0 0.5
_276| —41.0 0.4 359 | 623 0.5
237 -408 0.4 3.99 | 604 0.6
~2.00| -39.5 0.4 4.40 | 60.3 0.7
~1.63| -40.3 0.3 480 | 613 0.7
~1.22| -381 0.3 521 | 60.9 0.7
~0.81| -31.9 0.2 561 | 60.3 0.7
—0.41| -21.3 0.2 6.01 | 60.6 0.7
0.00 | -43 0.2 6.42 | 60.3 0.8
041 | 131 0.2 6.80 | 580 0.9
081 | 251 0.3 718 | 58.0 0.9
122 | 336 0.3 757 | 613 0.9
163 | 375 0.3 7.98 |  60.0 0.9
200 | 381 0.3 839 | 590 1.0
236 | 397 0.3 8.80 | 582 1.0
277 | 412 0.4 920 | 584 1.0
318 | 428 0.4 960 | 60.6 1.1
359 | 427 0.4 10.01| 59.8 1.0
3.99 42.4 0.5 10.41 56.6 1.2
4.40 | 423 0.5 10.83| 57.3 1.3
481 | 43.3 0.5 11.20| 586 15
5.22 42.3 0.5 11.57 57.9 1.2
5.63 42.8 0.5 11.98 58.7 1.4
6.03 | 425 0.6 12.39| 583 1.3
6.44 | 414 0.6 12.79| 544 1.3
6.80 | 425 0.7 13.20| 576 16
717 | 417 0.6 13.60| 57.6 1.6
757 | 39.1 0.7 14.01| 56.3 15
798 | 396 0.8 14.42| 579 16
8.39 | 415 0.7 14.82| 56.3 1.7
8.80 | 39.3 0.8 16.41| 58.3 0.9
921 | 382 0.8 19.22| 559 1.0
962 | 37.8 0.9 2225| 540 13
10.02| 36.1 0.9 2528| 54.0 17
10.44| 376 0.9 28.45| 54.8 2.0
10.84| 359 1.0 31.06| 50.8 2.0
11.20| 36.8 1.1 34.47| 52.8 2.7
11.57| 34.4 0.9 37.57| 49.4 3.1
11.97| 32.2 1.0 40.02| 509 4.2

Table D.1: Continued.
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R, |vkms?) |v.(kms)) | R, (") | o (kms?) | o, (kmst)
12.38 32.3 11 43.16 48.2 4.0
12.79 311 1.0 46.81 49.7 4.8
13.20 32.8 11 49.20 47.0 5.5
13.61 30.3 1.2 52.80 58.0 9.0
14.02 30.9 1.3 55.37 51.2 8.9
14.43 28.7 1.2 58.19 52.3 8.7
14.84 30.0 1.2 64.06 45.3 11.3
15.20 27.9 1.4 71.38 69.6 12.8
15.55 27.2 1.3

15.95 27.0 1.4

16.37 28.8 1.5

16.78 26.3 15

17.19 26.5 15

17.60 25.8 1.4

18.01 27.4 14

18.42 235 15

18.84 25.9 1.7

19.24 22.4 1.7

19.65 28.6 1.5

21.29 23.9 0.7

24.31 24.1 1.0

27.33 23.6 11

30.45 19.2 1.2

33.28 18.5 1.6

36.52 19.7 2.0

39.27 15.2 24

42.15 16.9 2.7

45.31 15.7 3.0

48.20 13.4 3.4

51.18 11.4 3.9

54.69 15.7 5.6

57.47 20.9 5.3

61.01 23.8 6.4

63.02 36.2 7.2

66.65 10.4 8.1

68.99 16.4 14.6

72.09 33.2 11.7

77.57 22.2 7.7

85.18 24.4 11.5

92.12 4.2 14.1

Table D.1: Continued.
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R, (") [vkms?)[v.(kms )| R, (") | o (kms?)| o, (kms?)
—18.62 -18.4 9.9 —20.79 48.7 22.3
—-16.81 31.4 15.5 —14.62 41.8 10.8
—-14.75 -1.6 14.8 —12.26 41.9 21.4
—-13.35 —-4.8 6.7 —-10.19 20.2 7.0
—-12.57 —-8.8 8.4 —9.22 42.7 154
—-11.74 —-25.3 6.8 -8.15 40.4 5.9
—11.18 —-4.3 12.8 —7.25 52.6 23.1
—9.97 —-9.7 6.0 —6.62 37.3 6.8
—-9.24 5.8 27.7 —5.66 36.3 7.2
—8.98 0.0 6.6 —-4.97 39.6 6.4
—-8.21 —-5.6 4.8 —-4.20 38.5 7.4
—7.39 -1.1 5.6 —3.58 41.5 6.5
—6.80 -25 6.6 —2.75 38.7 6.5
—6.40 1.7 7.9 —-2.32 374 4.0
—6.00 3.4 6.5 —-2.00 45.9 6.6
—5.60 2.0 6.4 -1.64 45.4 3.9
—-5.49 -9.0 8.0 -1.23 43.0 3.3
-5.20 —-5.6 4.5 —0.82 38.4 3.1
—-4.80 —-8.0 5.2 —-0.41 36.3 2.4
—4.40 0.3 4.5 0.00 40.2 25
—-3.98 514 5 0.41 41.3 2.7
—-3.57 8.9 4.2 0.82 43.7 3.2
-3.18 —-4.3 4.0 1.22 46.3 3.3
—2.75 -2.1 31 1.66 32.3 4.7
—-2.32 -3.8 2.6 2.00 50.0 7.7
—2.00 —-2.0 2.6 2.33 42.8 35
—1.66 1.1 2.2 2.74 45.7 3.9
—-1.24 4.8 2.1 3.14 43.8 51
—-0.83 2.2 1.3 3.57 44.6 53
—0.42 2.5 1.4 4.17 35.8 12.1

0.00 -0.6 1.3 4.20 43.0 3.8

0.42 0.9 1.6 4.97 40.4 5.6

0.84 -0.0 1.6 5.58 40.2 6.4

1.23 0.5 1.8 6.75 38.6 5.3

1.65 -1.0 2.1 7.25 38.9 16.8

2.00 —2.7 3.4 8.16 34.6 55

2.33 —4.1 2.5 9.22 42.8 20.1

2.74 —-3.5 2.6 10.19 43.1 4.9

3.18 -5.3 1.8 12.31 54.1 19.3

3.58 -5.1 2.9 14.59 319 7.2

3.98 2.9 4.0

4.40 0.0 3.3

4.80 -3.0 3.6

5.20 21 2.9

5.55 5.9 4.6

6.00 -3.0 4.8

6.38 6.3 5.2

6.80 12.8 7.7

7.35 1.9 5.0

8.21 10.5 4.7

8.99 3.6 6.1

9.98 11.8 5.3

11.31 -2.0 7.5

12.55 28.8 11.5

13.31 7.9 7.4

14.72 16.1 11.5

16.84 -1.0 12.6

18.67 17.5 104

22.93 69.0 43.4

Table D.2: Kinematic profiles for NGC3073.
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D. Tables of the kinematic profiles of dwarf early-type gatax

R, (" Jokms?) |v.(kms) | R, (") o (kms)|o. (kms)
-10.86| —36.7 16.4 —6.08 42.1 5.3
—9.76 —26.5 8.1 —2.52 34.6 6.5
—7.66 —7.2 9.7 —1.04 32.7 4.5
—6.08 -9.3 12.1 —-0.02 27.2 51
—5.28 -20.4 4.9 0.97 30.8 6.6
-3.81 -7.9 5.0 1.63 26.7 4.8
—3.40 —4.5 5.8 6.03 42.3 4.6
—2.66 —-23.1 4.7

—2.14 -85 51

—-1.78 -3.5 4.9

-1.23 -8.0 34

—0.80 -7.9 5.4

—0.54 7.7 4.3

—-0.02 —-5.5 3.2

0.20 —2.7 3.7

0.52 —-2.2 3.0

0.80 2.6 5.4

1.21 12.7 3.4

1.77 9.8 3.8

2.09 13.9 6.5

2.66 14.4 4.4

3.39 9.5 4.4

3.85 15.9 53

5.19 15.3 4.1

7.66 11.2 6.1

9.72 32.9 6.8

10.97 18.0 33.4

Table D.3: Kinematic profiles for PGC1007217.

R, |vkms?) |v.(kms?t) | R, (") | oc(kms?)| o (kmsT)
—5.38 14.9 7.4 -3.41 33.0 7.3
—4.53| -131 6.1 —0.90 28.7 8.0
—2.44 3.2 4.5 0.00 29.3 7.7
-1.51 1.0 4.9 1.17 335 16.7
—0.98 3.7 4.5 3.30 27.7 6.0
—0.54 4.9 5.5
—0.06 4.6 4.0

0.20 -3.3 6.6

0.53 6.3 5.8

0.95 -3.2 4.8

1.39 1.8 8.6

1.97 -0.2 4.2

2.56 -9.2 5.0

4.42 4.4 10.8

5.46 -11.3 5.0

6.11 -85 9.3

Table D.4: Kinematic profiles for PGC1154903.
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Ro()Jvkms ) [v.(kms ) | R, ()| o®kms ") | o (kms )
~3.74| 236 104 | —3.07| 214 12.9
~258| -84 122 | —0.99| 300 10.4
~1.78| 107 11.5 0.02 0.2 8.5
~1.20| 14.0 12.9 0.99 16.9 11.6
~0.80| 205 12.3 3.14 | 29.7 12.5
—040| 53 6.9

0.00 | -23.7 6.3

0.40 5.0 7.9

0.80 | -165 11.9

120 | -0.2 12.4

1.78 0.8 7.9

2.60 7.4 11.6

3.73 | -10.2 12.8

Table D.5: Kinematic profiles for VCC21.
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D. Tables of the kinematic profiles of dwarf early-type gatax

R () Jo(kms )| o.(kms )| R, () | o (kms ) | o, (kms )
2422 111 173 | —9.64| 350 14.7
~17.02| -23.1 13.9 | -6.14| 17.7 23.8
~16.02| -6.38 232 | -5.02| 206 11.0
~13.36| -96 9.0 ~417| 543 11.7
~12.31] 27.9 172 | -3.42| 295 4.4
~11.04| 56 6.0 ~264| 416 18.1
~9.67 1.4 121 | —220| 41.0 14.2
855 | 4.3 8.3 ~159| 314 4.1
~760| -82 5.3 ~1.46| 293 8.0
~6.92| -30 8.7 —0.88| 385 10.5
~6.25 1.0 8.8 ~0.54| 290 3.7
~5.85 1.3 8.4 0.00 | 329 3.5
528 | 207 19.9 052 | 317 3.7
498 | 07 4.9 0.88 | 297 8.0
440 | -17.1 13.0 1.32 | 400 15.1
~413| -16 4.2 158 | 27.8 4.5
354 | -17 4.7 238 | 268 11.4
~3.08| -09 7.1 2.64 | 418 15.0
—265| -0.2 3.7 335 | 387 4.6
~220| 04 5.1 417 | 408 17.4
~1.78 1.7 2.6 502 | 28.0 9.4
~126| -16 3.5 6.14 | 206 18.2
—0.84 1.1 2.8 964 | 627 26.8
042 | -18 1.8 12.26| 51.3 16.2
0.00 37 1.7 17.80 | 145 21.9
0.41 -39 1.8
0.84 20 2.2
1.25 3.2 3.2
1.77 4.3 3.4
2.20 9.1 5.4
2.66 6.9 3.1
3.08 5.4 7.8
3.55 2.1 4.8
4.11 2.9 5.1
4.40 2.3 14.9
4.98 10.3 4.8
5.28 6.3 15.6
5.89 7.4 7.7
6.24 4.6 9.4
6.92 18.9 8.8
7.62 7.5 5.8
8.55 71 7.9
9.67 20.0 21.4
11.00 | -45 6.1
1231 | 333 19.8
13.33 1.4 10.8
16.47 | 14.1 9.3
19.08 | 53.6 17.3
2422 | 446 24.4

Table D.6: Kinematic profiles for VCC308.
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R, (") |vtkms ) |v.(kms?) | R, (") |o(kms?)| o (kms?)
—15.106f —63.8 25.7 —10.39 41.0 21.7
—14.05 —58.5 15.1 -5.21 33.9 4.5

—9.57 —-38.9 4.6 —-3.93 50.3 17.2

—7.76 —29.6 8.8 —2.85 23.2 19.3

—6.22 —26.0 8.5 —-2.10 26.3 55

—-5.31 —26.9 4.4 —-1.30 41.0 9.0

—4.92 -9.9 9.4 —0.96 36.8 4.7

—4.17 -9.2 104 -0.41 33.7 4.7

—3.65 -17.1 3.8 0.00 34.8 2.6

—-3.24 -1.4 5.8 0.40 349 4.9

—2.60 —-10.0 4.0 0.97 35.3 4.2

—2.20 —-13.3 7.1 1.30 37.9 7.3

—1.80 —-8.5 3.0 2.12 34.8 4.9

—-1.24 —-2.5 35 2.85 64.0 13.2

—0.85 —2.2 2.3 3.93 25.0 22.6

—-0.41 —-2.5 1.8 5.26 30.4 5.1

0.00 -1.8 15
0.40 0.6 1.8
0.86 7.1 2.8
1.23 12.3 3.2
1.82 8.6 2.7
2.20 8.8 9.1
2.60 14.2 4.1
3.08 28.2 18.8
3.63 16.0 3.7
4.17 51.2 12.7
4.82 36.8 10.2
5.33 23.5 4.5
6.23 374 9.7
8.10 52.0 13.7
9.52 36.1 5.1
15.21 22.5 35.6

Table D.7: Kinematic profiles for VCC397.
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R, [v(kms ) v (kms )| R, (") | o(kms') | o, (kms )
2660 125 21.7 | 1575 499 53
2259 718 14.6 | -10.80| 44.6 4.2
~19.00, 215 6.0 ~838 | 413 6.1
~17.01| 382 8.1 661 | 426 55
—-15.11 34.7 6.4 —5.47 41.0 3.9
~12.82| 205 5.4 421 | 375 5.3
~12.04| 315 5.6 375 | 497 3.7
~1056| 222 4.5 ~329 | 591 11.1
—997 | 154 5.9 265 | 402 3.2
—958 | 264 5.1 207 | 397 5.2
~829 | 207 3.5 ~168| 458 3.8
746 | 294 4.9 ~135| 261 3.6
—672| 133 4.4 ~0.89 | 466 2.9
580 | 121 4.8 040 | 377 4.4
558 | 108 5.9 0.00 39.5 3.0
540 | 16.8 6.7 0.40 39.9 3.3
~498 | 134 3.3 0.88 36.5 3.3
446 | 88 3.4 1.27 30.9 4.6
-390 | 116 3.2 1.68 41.5 4.5
353 | 136 3.6 2.05 46.1 5.4
~3.00| 103 2.4 2.66 40.2 4.2
275 | 114 2.9 3.38 38.5 3.6
232 80 2.8 4.17 16.7 22.0
~1.99 | 6.3 2.9 4.20 41.2 4.9
164 | 47 2.5 5.65 39.0 4.7
~123| 05 1.9 6.57 42.1 5.7
084 0.3 2.2 8.37 44.0 10.2
040 | -0.9 1.8 10.89 | 315 4.9
000 | -35 1.7 15.74 | 373 6.2
040 | -59 2.0 19.95 | 50.6 29.9
0.83 36 2.0

1.23 -55 2.1

1.69 9.4 2.6

200 | -68 3.4

2.37 ~9.6 3.9

274 | -35 3.8

310 | 94 2.7

352 | 150 3.2

3.91 5.4 3.6

4.42 0.9 3.1

4.80 0.2 7.5

543 | -138 3.0

6.19 ~9.3 4.2

693 | -167 4.4

779 | —207 7.7

846 @ 272 4.7

993 | 232 45

10.17 | -23.3 8.5

11.68 | —22.9 3.6

1313 | —23.0 4.8

1552 | -30.2 7.3

16.98 | —26.4 10.0

19.39 | 280 6.5

2058 | 413 25.5

26.66 | —35.4 16.7

Table D.8: Kinematic profiles for VCC523.
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R,(|vkms?) |v.(kms) | R, (") | o (kms) | o, (kms?)
-3.07 21.2 6.5 —2.88 40.2 6.1
—-1.15 —4.1 5.3 —-0.01 20.7 54
—0.40 3.9 6.0 2.92 34.4 6.2
0.00 —14.2 6.0

0.40 -0.0 4.9

1.15 -2.3 7.9

3.09 -0.8 4.7

Table D.9: Kinematic profiles for VCC856.
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R, (") |[vkms ) [v.(kms?) | R, (") | o (kms™!) | 0. (kms)
—17.68 23.3 21.0 —8.58 52.1 8.3
—-12.72 4.2 11.2 —6.58 69.0 29.5
—-11.19 21.4 19.1 —5.49 38.0 17.8
—10.30 3.8 9.4 —-4.35 39.5 6.7
—9.66 3.8 23.7 —4.17 30.9 15.3
—8.74 0.2 6.2 -3.86 42.0 8.3
—7.69 8.0 9.0 -3.29 12.1 10.2
—6.81 —-4.3 11.2 —2.74 28.5 5.4
—6.06 3.1 4.9 -2.30 33.2 5.9
-5.81 22.1 7.7 —-1.78 36.9 4.6
-5.28 19.0 6.8 -1.30 30.1 3.9
—-4.79 —-2.9 5.2 -0.82 28.8 3.6
—4.39 8.3 5.6 —-0.41 28.0 3.4
-3.87 -24 4.7 0.00 30.0 3.0
—3.47 7.7 4.3 0.41 29.1 3.2
-3.01 —-5.5 35 0.82 28.7 3.7
—2.61 2.3 34 1.30 34.2 3.9
—-2.20 0.7 29 1.77 33.0 4.8
—2.00 —2.4 5.0 2.31 30.7 5.3
—1.68 1.7 2.6 2.73 42.3 4.7
—-1.25 0.8 1.9 3.21 28.7 10.7
—0.83 0.1 15 3.97 31.9 7.3
-041 —-0.4 1.3 4.38 40.3 6.8

0.00 —-2.5 15 5.29 23.7 12.8

0.41 -1.0 1.2 6.58 23.3 19.2

0.83 1.2 1.6 8.43 41.2 7.5

1.25 —-3.4 2.0

1.67 1.7 2.4

2.00 —-2.2 5.1

2.17 1.2 3.7

2.62 -1.9 34

3.02 -1.2 3.4

3.47 3.6 5.2

3.88 5.0 4.9

4.39 1.9 55

4.79 0.9 4.7

5.28 1.3 7.8

5.89 0.2 7.7

6.05 4.6 5.9

6.81 5.7 8.1

7.69 —-2.8 7.7

8.73 0.6 4.6

10.14 1.6 9.6

11.19 —-5.6 18.4

12.78 —-38.7 11.3

16.64 —69.7 16.9

Table D.10: Kinematic profiles for VCC917.
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R, Jvkms?Y|[v.(kms?) | R, (") | oc(kms™?) | o, (kms?)
—-5.43 1.8 55 —4.98 36.0 6.2
—3.56 16.8 6.4 —2.36 47.2 6.0
—2.58 9.8 6.3 —1.38 39.2 54
—2.00 10.5 6.4 —0.80 35.8 4.6
—1.60 1.7 6.2 —0.40 32.5 3.5
—1.20 —6.2 4.3 0.00 42.2 3.1
—0.80 3.9 2.7 0.40 41.3 2.8
—0.40 0.1 2.3 0.80 39.7 3.6
0.00 6.8 1.9 1.38 37.7 3.9
0.40 2.2 2.4 2.36 36.1 8.5
0.80 1.0 3.0 4.97 374 5.6
1.20 -5.1 5.2

1.60 —-11.7 5.6

2.00 —25.2 6.4

2.58 —-17.0 7.2

3.56 —29.5 5.7

5.42 —25.2 6.0

Table D.11: Kinematic profiles for VCC990.
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R, (") [vkms?)[v.(kms )| R, (") | o (kms?)| o, (kms?)
—24.81 331 12.6 —20.80 28.3 27.6
—20.18 20.7 18.8 —12.28 43.4 38.1
—17.56 2.9 9.2 -9.80 47.2 9.5
—15.60 13.9 10.7 —-9.18 47.5 6.1
—14.07 12.9 8.7 —7.69 385 8.7
—12.53 —-1.6 4.5 —6.63 35.1 11.9
—-11.65 4.0 10.3 —5.72 48.3 4.7
-10.64 4.6 6.7 —4.86 50.2 5.0
—-9.89 10.6 9.4 —4.17 43.4 9.0
—-9.21 —2.4 5.1 —-3.71 50.2 4.6
—8.13 —7.8 6.2 —3.08 45.0 10.7
—7.39 —-4.0 4.2 —2.60 43.4 7.0
—7.04 —-7.3 7.0 —2.34 46.6 4.3
—6.60 —-9.2 7.4 —-1.76 68.5 8.7
—6.03 4.4 4.9 —-1.33 44.6 3.8
—5.72 5.7 7.6 —0.88 25.4 7.2
-5.31 5.8 5.4 —0.53 45.9 2.9
—4.91 —-3.5 4.3 0.00 42.6 2.5
—-4.31 4.0 4.3 0.54 42.8 2.8
—-3.97 -1.7 3.9 0.88 43.7 6.0
—3.47 -3.2 3.9 1.30 44.2 3.3
-3.06 -3.2 4.4 1.76 46.1 7.0
—2.60 —-4.4 2.9 2.34 44.5 4.1
—-2.13 0.4 3.2 2.60 40.7 7.0
—-1.68 0.7 35 3.08 41.2 10.5
—1.28 2.3 2.8 3.74 47.5 4.1
-0.83 1.1 2.7 4.17 34.9 12.2
—0.42 —4.5 1.5 4.72 50.7 7.1

0.00 -1.0 15 5.76 48.9 4.3

0.41 0.4 1.8 6.70 33.0 16.0

0.84 -2.8 2.5 7.80 41.1 13.7

1.27 -1.0 2.7 9.36 41.5 4.6

1.70 —-0.1 3.1 11.78 40.1 11.9

2.14 2.9 2.9

2.61 2.0 2.7

3.04 —-5.2 4.0

3.44 —-2.3 3.2

3.97 5.6 4.9

4.26 6.4 3.6

4,94 -1.0 4.7

5.32 5.7 5.4

5.72 8.0 6.6

6.04 9.1 4.9

6.60 -8.9 8.4

7.04 7.3 10.6

7.37 3.3 4.1

8.13 8.3 8.2

9.24 5.7 4.5

9.90 —-7.1 8.0

10.61 4.4 6.6

11.66 -1.6 10.6

12.57 8.5 5.3

14.07 0.1 11.5

15.60 29.5 11.0

17.56 6.8 9.2

20.30 18.0 10.0

24.84 —15.8 13.6

Table D.12: Kinematic profiles for VCC1087.
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R,(") |vkms?) |v.(kms?) | R, (") | o (kms) | o, (kms)
—23.37 16.5 17.3 —17.02 294 24.0
—18.40 7.9 17.6 —12.03 21.9 20.5
—-15.21 9.9 8.5 -10.97 35.8 7.7
—14.07 6.2 11.5 —-9.83 25.1 23.6
—-12.75 15.6 15.6 —7.33 36.4 6.2
—-11.52 19.7 4.7 —-5.94 38.5 8.8
-10.33 10.6 12.6 —-5.32 33.4 6.9
—9.39 13.3 9.0 —3.99 38.0 6.9
—8.58 7.1 11.6 —3.45 35.6 7.2
—7.96 7.4 5.7 —2.75 36.0 4.6
—7.55 7.0 12.9 —-2.20 28.4 10.9
—7.04 -12.4 12.4 —-1.78 36.4 4.3
—6.75 13.2 6.3 -1.31 435 9.6
—6.16 12.7 7.9 -0.97 35.0 4.3
—5.76 7.6 4.6 —0.40 34.3 5.9
-5.28 —-2.2 11.3 0.00 325 3.7
—4.95 8.7 5.8 0.40 28.7 4.4
—4.26 8.2 34 0.95 33.2 4.2
-3.95 5.9 9.2 131 335 9.1
-3.41 2.0 4.8 1.78 39.1 4.8
-3.08 17.4 8.3 2.20 53.1 19.8
—2.70 35 3.4 2.76 39.2 4.5
—2.29 1.7 3.3 3.40 40.4 5.9
—2.00 1.8 4.8 4.04 345 54
—1.68 2.4 3.0 5.30 351 6.5
-1.29 1.1 2.4 5.93 68.1 15.6
-0.84 2.0 2.6 7.29 37.9 55
-0.41 0.9 25 8.00 56.6 8.1

0.00 0.5 1.9 9.88 29.9 18.0

0.41 -0.3 2.1 10.96 37.3 7.7

0.85 -0.3 2.4 12.03 40.2 25.6

1.25 -0.2 3.3

1.67 -1.5 31

2.00 -1.7 53

2.31 0.5 3.9

2.71 -1.9 4.1

3.08 —-4.7 6.7

3.43 -9.3 3.5

3.95 —-14.1 6.5

4.27 —-4.3 35

4.93 -94 5.0

5.32 -0.2 6.7

5.76 —-8.5 5.9

6.16 —20.0 10.6

6.75 —-4.5 4.4

7.04 -10.4 10.4

7.53 —-12.7 9.9

7.96 -134 54

8.57 -84 8.8

9.41 —13.0 6.5

10.33 -10.3 12.7

11.50 -14.4 53

12.74 —7.5 14.1

14.07 —47.4 20.2

15.37 —22.2 7.5

18.39 —27.7 16.2

Table D.13: Kinematic profiles for VCC1122.
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D. Tables of the kinematic profiles of dwarf early-type gatax

R,(M|vkms)|v.(kms) | R, (") |okms?)|o (kmsT)
-4.91 -10.2 5.8 -3.08 40.8 3.8
—2.76 5.8 7.0 -0.97 43.6 4.6
—-1.79 -0.2 4.7 —0.40 445 4.0
-1.20 -5.6 5.0 0.00 34.0 3.6
-0.80 —-4.5 3.5 0.40 44.4 4.5
-0.40 -0.8 2.4 0.98 44.7 3.4
0.00 1.1 1.4 3.08 51.9 6.9
0.40 3.9 2.8

0.80 5.3 4.3

1.20 1.3 3.6

1.78 3.1 6.0

2.76 -5.8 4.9

4.93 -10.6 7.4

Table D.14: Kinematic profiles for VCC1183.

R,(") |vkms?) |v.(kms?) | R, (") | o (kms?) | o, (kms)
—-13.72 —40.1 11.2 —-9.43 57.0 7.5
-9.34 —-19.9 10.4 -5.14 87.9 6.5
—7.37 -5.2 10.7 —-3.58 49.7 6.9
—-5.98 —21.7 9.1 —-2.59 51.4 9.7
—4.99 13.3 9.9 —-1.78 54.5 5.6
—-4.19 6.4 8.0 -1.20 61.1 6.0
-3.39 -3.9 11.4 —0.80 40.8 5.8
—2.80 -11.2 10.0 —0.40 43.1 2.9
—2.40 -7.5 9.3 0.00 44.3 4.9
—2.00 -9.7 6.3 0.40 447 2.6
—1.60 -0.1 6.3 0.80 47.0 3.9
—-1.20 1.5 4.5 1.20 46.9 4.9
—-0.80 0.7 2.6 1.79 53.9 4.8
—-0.40 2.7 2.0 2.59 48.0 5.2

0.00 4.5 1.9 3.58 45.2 6.0

0.40 4.3 2.0 5.14 57.1 10.6

0.80 -4.9 2.9 9.48 70.5 7.8

1.20 —2.6 4.0

1.60 -1.7 3.8

2.00 2.1 6.0

2.40 -3.5 6.8

2.80 —4.2 10.5

3.39 -1.6 5.7

4.19 —22.3 6.7

4,99 -3.1 10.3

5.98 -3.2 8.7

7.37 0.3 10.6

9.34 -8.0 15.7

13.71 —-6.5 16.4

Table D.15: Kinematic profiles for VCC1261.
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R, |vkms?) |v.(kms) | R, (") | o (kms) | o, (kms?)
—5.51 -0.2 9.6 —3.45 49.5 7.3
—3.16 -0.1 7.7 —1.38 63.3 8.8
—2.18 —4.7 7.8 —0.80 51.6 10.9
—-1.60 -1.8 12.4 —0.40 49.4 35
-1.20 10.9 55 0.00 48.7 2.8
—-0.80 55 4.4 0.40 57.2 7.9
—0.40 2.4 29 0.80 97.0 17.9
0.00 3.1 2.4 1.38 60.3 10.7
0.40 -85 3.6 3.46 49.0 4.8
0.80 —8.5 8.2

1.20 6.2 8.5

1.60 -1.8 9.4

2.18 —-8.5 7.3

3.16 -17.6 7.9

551 7.4 8.3

Table D.16: Kinematic profiles for VCC1431.

R, vkmsY|v.(kms?) | R, (") | oc(kms?)| o, (kmsT)
—2.36 —15.2 54 —2.62 33.1 4.4
-1.38| -10.3 3.4 —0.57 38.6 3.0
—0.80 -55 3.8 0.00 35.3 4.2
—0.40 4.4 2.6 0.57 42.4 3.7
0.00 8.1 29 2.64 37.4 5.0
0.40 6.8 3.1

0.80 2.0 7.7

1.38 —2.4 5.3

2.36 -55 4.6

Table D.17: Kinematic profiles for VCC1549.
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R, (") [vkms ) [v.(kms?) | R, (") | o (kms™!) | 0. (kms)
—-15.24 3.9 12.9 —7.85 28.6 18.2
—11.29 -9.1 5.9 —6.13 37.1 21.0
—9.87 -10.9 13.8 —4.89 26.5 5.7
—8.97 3.8 10.3 -3.73 23.7 11.8
—8.66 —-16.2 10.6 -3.23 36.9 4.6
—7.36 —13.6 8.0 —2.78 20.1 8.6
—6.73 -9.9 7.8 —-2.19 43.8 6.5
—6.37 -3.1 7.3 -1.87 37.3 51
—5.72 10.2 21.1 —-1.36 29.8 4.2
-5.31 —-5.2 4.7 -0.85 34.4 4.1
—4.84 34 7.8 -0.41 30.8 4.5
—4.27 -0.1 4.5 0.00 29.1 3.3
—3.96 -39 5.1 0.41 28.0 4.1
—-3.44 —6.6 35 0.85 30.6 3.8
-3.04 0.0 4.5 1.37 25.9 4.0
—-2.70 -1.0 3.7 1.89 36.3 7.6
—2.24 2.2 29 2.19 31.2 5.2
—2.00 —-4.3 5.7 2.80 27.6 9.0
—1.68 —-6.3 2.5 3.26 37.9 4.5
-1.26 -3.0 2.3 3.73 20.1 12.5
—-0.83 —2.7 2.1 4.17 33.2 20.3
-0.41 —2.4 2.0 4.92 36.6 4.8

0.00 -1.7 1.9 7.85 27.3 24.3

0.41 —-2.8 2.0 12.59 20.4 25.8

0.83 0.0 2.2

1.25 -0.2 24

1.66 2.0 2.5

2.00 2.5 4.4

2.30 6.2 2.4

2.70 5.8 3.9

3.05 6.2 4.3

3.43 6.0 34

3.96 -2.1 4.5

4.26 9.2 3.9

4.84 14.0 6.8

5.32 6.9 3.7

5.72 -1.3 19.9

6.56 11.9 5.0

7.40 15.7 7.4

8.72 15.7 5.3

9.87 8.7 14.6

11.26 16.7 5.6

15.17 10.0 13.7

Table D.18: Kinematic profiles for VCC1695.
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R, (") [vkms?)|v.(kms) | R, (") | o (kms?) | o, (kms?)
—18.69 0.8 15.9 —14.48 50.5 14.7
—-14.71 22.8 9.3 —9.38 41.9 19.6
-13.66| -25 7.3 —7.44 36.7 4.2
—-12.18 5.8 8.6 —-5.70 51.3 13.2
-10.67 12.1 10.0 —4.41 38.8 4.2
—8.82 5.9 4.7 —-3.62 40.1 54
—-8.13 6.2 7.5 —2.81 40.4 4.0
-7.25 4.5 8.7 —2.20 35.8 9.3
—6.47 8.3 35 -1.61 44.2 3.1
—5.72 13.5 9.1 -1.33 345 55
-5.20 5.4 4.1 —0.88 39.9 9.5
—4.84 —-5.6 6.6 —0.55 36.3 3.3
—-4.25 2.5 35 0.00 34.9 3.0
—4.02 —-0.6 4.0 0.55 32.6 3.5
—3.42 1.2 29 0.88 40.6 7.3
—3.08 10.6 5.9 1.33 39.1 4.9
—2.64 4.5 2.7 1.61 375 3.7
—2.20 5.7 51 2.20 30.2 10.7
—-1.78 4.7 2.2 2.80 35.9 4.0
-1.26 -0.6 2.9 3.61 35.2 5.6
—-0.87 0.0 25 4.38 395 4.3
—0.42 1.3 2.0 5.69 36.7 8.8
0.00 —-0.9 1.7 7.45 44.5 4.9
0.41 —-2.2 21 9.38 47.9 8.2
0.86 -1.3 2.3

1.26 -1.6 3.0

1.78 -2.3 2.4

2.20 -8.7 5.0

2.63 —-1.2 2.7

3.08 -0.9 5.0

3.44 —-6.4 3.5

4.05 —-2.2 4.1

4.26 —-4.0 3.7

4.84 -10.4 6.8

5.20 —2.6 3.7

5.72 2.7 7.0

6.41 —6.3 3.6

7.25 —-6.4 6.7

8.13 8.5 9.2

8.86 —6.6 4.2

10.63 -1.8 6.5

12.16 -1.5 9.4

13.67 -3.0 6.6

14.66 2.0 9.4

18.86 -1.9 11.5

Table D.19: Kinematic profiles for VCC1861.
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D. Tables of the kinematic profiles of dwarf early-type gatax

R,(|vkms?) |v.(kms) | R, (") | o (kms?) | o, (kms?)
—7.88 —-8.3 7.1 —-5.28 23.6 54
—4.54 —-2.1 4.5 —2.36 40.9 4.7
-3.39 -6.4 6.6 -1.38 40.8 3.0
-2.58 -3.3 3.6 -0.80 42.3 3.5
—2.00 -4.0 4.7 —0.40 39.8 3.0
—1.60 —8.8 35 0.00 44.1 2.3
—-1.20 —-0.6 2.8 0.40 41.3 3.3
—0.80 —4.1 2.4 0.80 49.5 4.8
—0.40 —-3.3 1.9 1.38 43.6 3.1
0.00 5.4 2.0 2.36 44.0 4.2
0.40 5.3 2.1 5.29 29.3 4.4
0.80 1.4 3.0

1.20 14 3.1

1.60 1.5 3.6

2.00 -0.6 4.2

2.59 4.4 3.4

3.39 -0.5 5.4

4.55 —2.7 5.3

7.89 10.8 9.1

Table D.20: Kinematic profiles for VCC1910.

R,(M|vkms)|v.(kms)) | R, (") |okms?)|o (kmsT)
—-9.67 4.9 12.7 —7.92 25.5 8.5
—6.75 3.0 10.3 —3.74 37.3 7.3
-5.18 —-4.9 8.3 —2.59 375 8.9
-4.19 7.8 8.2 —-1.79 40.3 3.9
-3.39 5.9 8.0 —1.20 37.4 55
—2.80 0.2 57 —0.80 34.6 5.2
—2.40 14 8.3 —0.40 30.7 5.0
—2.00 1.2 5.2 0.00 30.5 3.4
—1.60 -0.9 4.5 0.40 37.8 4.1
—-1.20 -5.9 4.7 0.80 24.2 6.3
—0.80 —6.4 3.4 1.20 335 6.4
—0.40 10.3 2.1 1.79 35.7 6.0
0.00 8.2 1.9 2.59 52.8 7.7
0.40 2.8 2.3 3.75 34.3 5.8
0.80 —-10.4 3.4 7.88 37.4 5.7
1.20 —-12.7 4.0

1.60 —-2.9 6.4

2.00 —6.1 7.4

2.40 54 10.3

2.80 -20.9 8.2

3.39 -5.1 6.2

4.19 —-17.8 6.7

5.18 —-10.1 8.9

6.75 —25.7 7.1

9.66 —-33.1 8.6

Table D.21: Kinematic profiles for VCC1912.
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R,(|vkms?) |v.(kms) | R, (") | o (kms) | o, (kms?)
—3.56 22.0 9.4 —3.46 51.2 3.9
—2.58 22.9 4.0 —1.38 42.0 5.3
—2.00 16.6 5.6 —0.80 59.8 5.7
—1.60 13.9 6.1 —0.40 42.2 2.4
—-1.20 10.6 3.6 0.00 45.9 2.8
—0.80 4.3 3.2 0.40 525 4.4
—0.40 6.3 1.4 0.80 56.1 6.4
0.00 4.9 1.6 1.38 45.9 4.5
0.40 0.4 2.2 3.45 42.0 4.3
0.80 -5.6 4.4

1.20 -16.7 5.3

1.60 —-354 4.1

2.00 —23.6 4.0

2.58 -31.7 34

3.56 —-23.0 6.0

Table D.22: Kinematic profiles for VCC1947.
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Photometric parameters measured Iin the
optical and infrared of dwarf early-type
galaxies

In this Appendix | show all the photometric parameters dalad in the different bands following
the procedure explained in Section 6.2.

From the MAGPOP collaboration most of the galaxies obseatededium-resolution spec-
troscopy were also observed in the near-infrared in photign(@7% in H and/orK band). For the
remaining 3%, H-band images were drawn from GOLDMine database (Gavazti20@3a). In
order to carry out the studies ihand B bands presented in Sections 6.2 and 6.4 we also needed
some optical bands to make the transformations accordimgky photometry chosen for this pur-
pose is SDSS (York et al. 2000) DR6 and DR7 (Adelman-McCaetrgl. 2008;?) because all of
our target galaxies are observed by the Sloan Digital Skyejur

Tables E.1 and E.2 show all the parameters measured in fieeedif bands. Note that faor
band instead of showing the average surface brightneswhi half-light radius, it is the surface
brightness at thé. ;. All the magnitudes in these tables are in AB system buffdsand that is
in Vega.

In Section E.1 we defined an objective technique to measerelitkynesgboxyness pa-
rameter that has into account the variationg€’'gfpresent along the radius of the galaxies and the
quality of the images. In the published version of the papersivowed only three examples to
justify our methodology, thus here we show these radial lptfC, for all the galaxies in our
sample.

Figure E.2 present the ellipticity profiles of the galaxi€se dashed black lines indicate the
region between/Band theR.;;. The red line shows the mean value averaged between theddashe
lines, which is the value assumed as ellipticity of the ggalax
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198 E. Photometric parameters measured in the optical andédfiaf dwarf early-type galaxies

NOTES:m is the total apparent magnitude,..;; > is the average effective surface brightness within theligtt radius, .. s, is the surface
brightness measured at the half-light radius (onlyifloand),?. s, is the effective radiusi band was obtained fromandr bands as explained

in Section 6.4.

Galaxy mp < Heff,B > Mg €g Regrg < Heffg >
mag mag arcsec? mag arcsec | mag arcsec
PGC1007217 15.714+ 0.019| 22.958+0.019| 15.539t 0.017| 0.129+ 0.054 | 12.02+- 0.12 | 22.783+ 0.072
PGC1154903 16.446+ 0.021| 22.788+0.021 | 16.245+ 0.018 | 0.340+ 0.024| 9.11+ 0.12 | 22.58# 0.050
NGC3073 | 13.6306t 0.017| 21.416+0.017| 13.419% 0.015| 0.142+ 0.016| 15.54+ 0.13 | 21.205t 0.028
VCCO0021 | 14.868t 0.017| 22.091+0.017 | 14.664 0.015| 0.354 0.029| 13.86+ 0.09 | 21.89H 0.051
VCCO0308 | 13.996+ 0.016| 22.364+0.016 | 13.77H 0.014| 0.035+ 0.032| 19.16+ 0.04 | 22.13%9+ 0.037
VCC0397 | 15.184+ 0.017| 22.406+0.017| 14.968+ 0.015| 0.330+ 0.027 | 13.56+ 0.07 | 22.190+ 0.045
VCCO0523 | 13.473+t0.018| 22.287+0.018 | 13.244+ 0.015| 0.252+ 0.007 | 26.73+ 0.23 | 22.05%9 0.022
VCC0856 | 14.416+ 0.017| 22.362+0.017| 14.137 0.015| 0.086+ 0.031| 16.21+ 0.09 | 22.084+ 0.039
VCC0917 | 15.431 0.016| 21.789+0.016| 15.208+ 0.014 | 0.406+ 0.021| 9.68+ 0.03 | 21.566+ 0.040
VCC0990 | 14.599+ 0.016| 21.123+0.016| 14.364+ 0.014| 0.336+ 0.019| 9.88+ 0.03 | 20.888+ 0.033
VCC1087 | 13.868+ 0.017| 22.663+0.017| 13.59H- 0.014| 0.28%+ 0.034 | 27.02+ 0.15| 22.387 0.053
VCC1122 | 14.881 0.017| 21.885+0.017| 14.642- 0.014 | 0.504+ 0.041 | 14.26+ 0.07 | 21.646+ 0.092
VCC1183 | 14.17H0.017| 22.589+0.017 | 13.938t 0.015| 0.223+ 0.117| 21.85+ 0.14 | 22.356+ 0.165
VCC1261 | 13.61H 0.016| 21.985+0.016| 13.343t 0.014 | 0.369% 0.045| 23.76+ 0.10 | 21.71°A# 0.078
VCC1431 | 14.544+ 0.016| 21.568+0.016 | 14.248t 0.014| 0.033+ 0.009| 10.3H1H-0.02 | 21.272+ 0.011
VCC1549 | 14.879 0.016| 22.270+0.016 | 14.606t 0.014 | 0.159% 0.014| 13.09+ 0.04 | 21.99A4 0.020
VCC1695 | 14.323t 0.020| 23.254+0.020| 14.101 0.017| 0.220+ 0.049| 27.614- 0.37 | 23.032+ 0.075
VCC1861 | 14.163t0.017| 22.787+0.017 | 13.906t 0.015| 0.036+ 0.015| 21.5A4 0.14 | 22.530+ 0.023
VCC1910 | 14.28H 0.016| 22.014+0.016| 14.02H 0.014| 0.142+ 0.040| 14.24+ 0.12 | 21.61°A# 0.055
VCC1912 | 14.11A 0.016| 22.129+0.016 | 13.89H 0.014 | 0.53% 0.061| 23.53+ 0.09 | 21.903+ 0.146
VCC1947 | 14.493t 0.016| 21.462+0.016 | 14.225+ 0.014 | 0.230G+ 0.007| 11.26+ 0.04 | 21.194+ 0.013

Table E.1: Photometric parameters of the sample of dwarf early-typeexigs analysed in Chapter 6 i andg bands.




Galaxy my €r Repypr < Meffr > m; Heffi M €K Reyr i < feff, K >
mag arcsec mag arcsec? mag mag arcsec? mag arcsec mag arcsec?
PGC1007217 15.083k 0.0146| 0.129+ 0.054| 10.014- 0.15| 21.930k 0.075| 14.66+- 0.02 | 21.595 0.026| 12.66+ 0.05| 0.14+ 0.03| 8.52+ 0.07 | 18.934+ 0.042
PGC1154903 15.724-0.0179| 0.340+ 0.024| 8.74+ 0.45 | 21.973:0.119| 15.49+-0.02 | 21.233:0.107 | 14.59-0.05| 0.26+ 0.01| 3.93+ 0.05 | 17.900k 0.033
NGC3073 | 12.873t 0.0148| 0.142+ 0.016| 17.31+ 0.15| 20.892+- 0.028| 12.73+ 0.02 | 21.014+0.009 | 10.69+ 0.05| 0.14+ 0.03| 11.09+ 0.03 | 17.536+ 0.038
VCC0021 | 14.1474-0.0152| 0.357A-0.029| 14.72+ 0.13| 21.501 0.053| 13.86+ 0.02| 21.472:0.028 | 12.30+ 0.05| 0.35+-0.02 | 10.80+ 0.19 | 18.814~ 0.052
VCC0308 | 13.188k0.0142| 0.035+ 0.032| 18.68+ 0.02 | 21.50H 0.037| 12.82+ 0.02| 21.704:0.008 | 11.08+ 0.05| 0.06+ 0.03 | 16.70+ 0.03 | 18.832- 0.034
VCC0397 | 14.408k 0.0147| 0.330+ 0.027| 12.54+ 0.09| 21.460E 0.046| 13.98+ 0.02| 21.875-0.008 | 11.95+ 0.05| 0.374-0.04 | 12.57 0.03 | 18.730k 0.069
VCC0523 | 12.650k 0.0152| 0.252+ 0.007 | 24.62+ 0.15| 21.287-0.017| 12.48+ 0.02| 21.326+0.026 | 10.50+ 0.05| 0.274-0.02 | 17.17-0.18 | 18.32°A 0.039
VCC0856 | 13.417-0.0150| 0.086+ 0.031| 17.06+ 0.15| 21.474+ 0.042| 13.16+ 0.02| 21.52°A40.040 | 11.23+ 0.05| 0.114+0.05| 14.15+ 0.11 | 18.682- 0.063
VCC0917 | 14.629-0.0146| 0.406+ 0.021| 9.04+ 0.17 | 20.839t 0.057| 14.25+ 0.02| 21.204:0.013 | 12.53+ 0.05| 0.374-0.07 | 8.614-0.04 | 18.488: 0.121
VCC0990 | 13.755k0.0142| 0.336+ 0.019| 9.31+ 0.06 | 20.149E 0.035| 13.37:0.02| 21.234-0.072 | 11.82: 0.05| 0.364+ 0.04 | 9.92+-0.08 | 18.103k 0.070
VCC1087 | 12.876k0.0147| 0.281+ 0.034| 27.32+ 0.07 | 21.695+ 0.052| 12.69+ 0.02| 21.627A40.043 | 10.71: 0.05| 0.32+-0.04 | 17.09+ 0.35| 18.450k 0.079
VCC1122 | 14.022-0.0148| 0.504+ 0.041| 13.99+ 0.14 | 20.985+ 0.094| 13.70£ 0.02| 21.360:0.057 | 12.01- 0.05| 0.55+-0.08 | 11.814-0.09 | 18.269+ 0.194
VCC1183 | 13.333:0.0144| 0.223+ 0.117| 19.19+ 0.04 | 21.469t 0.164| 13.05+ 0.02| 21.506:0.006 | 11.24+ 0.05| 0.314-0.09 | 13.92+ 0.04 | 18.240k 0.142
VCC1261 | 12.65H-0.0148| 0.369+ 0.045| 24.214+0.11| 21.065+ 0.078| 12.42+-0.02| 21.276:0.004 | 10.514- 0.05 | 0.414- 0.06 | 20.54+- 0.03 | 18.285- 0.110
VCC1431 | 13.483k0.0142| 0.033+ 0.009| 10.15+ 0.09| 20.474£ 0.022| 13.09+ 0.02| 20.70H-0.004 | 10.85+ 0.05| 0.02+-0.02 | 9.22+-0.02 | 17.64 A 0.022
VCC1549 | 13.900k 0.0144| 0.159+ 0.014| 12.85+ 0.06 | 21.25H- 0.021| 13.46+ 0.02| 21.491-0.010 | 11.574-0.05| 0.19+-0.01 | 11.83+ 0.04 | 18.36H- 0.015
VCC1695 | 13.524+ 0.0166| 0.220+ 0.049| 26.14+ 0.22| 22.336+ 0.072| 13.48+-0.02| 22.26A4-0.046 | 11.86+- 0.05| 0.16+ 0.07 | 15.15+-0.48 | 19.238- 0.114
VCC1861 | 13.240+ 0.0153| 0.036+ 0.015| 21.52+ 0.12| 21.859t 0.022| 12.99+- 0.02| 21.411-0.006 | 10.99+- 0.05| 0.01+0.01| 12.01-0.02| 18.162- 0.011
VCC1910 | 13.3474-0.0151| 0.142+ 0.040| 13.5A40.17| 20.838t 0.058| 12.92+ 0.02| 21.436:0.008 | 10.74+ 0.05| 0.174-0.01 | 14.43+- 0.05| 18.119+ 0.015
VCC1912 | 13.304+ 0.0144| 0.539+ 0.061| 23.574 0.03 | 21.319+ 0.146| 13.02+ 0.02| 21.232-0.013 | 11.06+ 0.05| 0.594+-0.08 | 19.71 0.06 | 18.350+ 0.211
VCC1947 | 13.530k 0.0144| 0.230+ 0.007 | 10.92+ 0.09 | 20.433£ 0.020| 13.18: 0.02| 20.49A-0.016 | 10.92: 0.05| 0.23+-0.01| 8.564+ 0.02 | 17.294+ 0.015

Table E.2: Photometric parameters of the sample of dwarf early-typexges analysed in Chapter 64#n: and K bands.

m Is the total apparent magnitude, ..., > is the average effective surface brightness within theligtit radius, R, ;; is the effective radius.
B band was obtained fromandr bands as explained in Section 6.4.
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200 E. Photometric parameters measured in the optical andédfiaf dwarf early-type galaxies
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