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Resumen

La demografia de la poblacién local de galaxias trazada por sus multiples com-
ponentes (masas estelares, de gas atémico HI, gas molecular Hy, gas neutro total
y materia oscura) es el resultado de un complejo proceso evolutivo del campo de
perturbaciones primigenio de materia oscura acoplado al gas que disipa, forma es-
trellas y se retro-alimenta energética y quimicamente. Una descripciéon demografica
multi-componente de la poblacion galactica local es entonces crucial para entender la
evolucion de las galaxias. Los catastros de cientos de miles galaxias en el éptico han
permitido lograr una descripcién estadistica completa en funciéon de la masa estelar
M, de las galaxias. No es el caso de las observaciones en radio que trazan las compo-
nentes de gas neutro y molecular, HI y Hy respectivamente. En una primera parte de
esta Tesis, se busca subsanar esta situacién a través de una extensa compilacion de
detecciones y no detecciones en radio de HI y Hy para galaxias de tipos tardios (LTGs)
y tempranos (ETGs). Después de homogeneizar la muestra y corregir por sisteméticos
y sesgos, se aplica un analisis de supervivencia para detecciones y limites superiores
y asi obtener las distribuciones condicionales (DCs) de My; y My, dada la M,, tanto
para galaxias tardias y tempranas como para el total. El primer y segundo momento
de estas DCs son la relaciones promedio My;-M, y Mpy,-M, y sus dispersiones. En
combinacién con funciones de masa (FM) estelar meticulosamente calculadas aqui,
completas hasta M, ~ 3 x 107 M, se predicen entonces las distribuciones bivariadas
de (M., My;) y (M,,My,) cuyas proyecciones dan las FM empiricas de HI y Hy. Con
base a la demografia empirica obtenida, se presenta un censo césmico de estrellas, HI,
Hs, medio interestelar y bariones para LTGs, ETGs y todas las galaxias. De aqui,
se estiman tiempos caracteristicos de consumo del gas HI y Hy por formacién estelar
para las LTGs.

En una segunda parte de la Tesis, se establece la conexion galaxia-halo oscuro
a nivel estelar y de gas HI, para LTGs, ETGs y todas las galaxias. Con un po-
tente método estadistico se genera un catdlogo de galaxias en los halos y subhalos
de una enorme simulaciéon cosmolégica de N cuerpos. Por construccion, la poblacion
de galaxias de este catalogo sintético presenta la demografia estelar y de HI de las
observaciones, tanto para LTGs y ETGs como para todas las galaxias, ademas de
reproducir el acumulamiento espacial en M, de las galaxias y la fraccion de galaxias
satélites/centrales en funcion de M,. Haciendo uso de una sub-muestra reciente de
galaxias proveniente del sondeo SDSS con informacién de HI, el xGASS, se infieren

las correcciones apropiadas para aplicar a nuestras DCs de My; dada la M, y asi

iii



obtener las DCs correspondientes de galaxias centrales y satélites. Como resultado,
se obtienen las correlaciones de M, y My con la masa de los halos, para todas las
galaxias, asi como para sélo las galaxias centrales y satélites. Esto permite medir en
la simulacion el acumulamiento espacial en My; y comparar con las observaciones de
catastros ciegos en HI. Se encuentra que los efectos de seleccién de ALFALFA, el més
completo de estos catastros, afectan considerablemente el acumulamiento espacial por
HI.

Los resultados de esta Tesis ofrecen una descripcion empirica completa de la de-
mografia y distribucion espacial de la poblacién local de galaxias, misma que es una
antesala a lo que se lograra en la siguiente década con los catastros en radio obtenidos
con los radiotelescopios SKA e instrumentos precursores como ASKAP y WSRT.
Estos resultados pueden ser usados como comparaciones y calibraciones de modelos
semi-analiticos y simulaciones cosmoldgicas de evolucion de galaxias de nueva gen-
eracién, mismos que son capaces ya de modelar no sélo la componente estelar y de
materia oscura de las galaxias, sino que también modelan la componente disipativa

bariénica (es decir el gas neutro y molecular del medio interestelar).
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Chapter 1

Introduccion

1.1 Antecedentes y Motivacion

De acuerdo al paradigma cosmoldgico actual, conocido como el modelo de Materia
Oscura Fria con constante cosmolégica A (ACDM por sus siglas en inglés), ~ 84% de
la densidad de masa no relativista en el Universo se encuentra en forma de materia
oscura (Planck Collaboration et al., 2016a), siendo el resto la materia bariénica. El
paradigma ACDM establece que las galaxias se forman, evolucionan y eventualmente
fusionan dentro de estructuras virializadas masivas de materia oscura, referidos en la
literatura como halos de materia oscura. Estos halos oscuros, de acuerdo al cada vez
mas establecido paradigma inflacionario, son el producto de la evolucion gravitacional
de un campo primigenio de perturbaciones en densidad originado de las fluctuaciones
del vacio cuantico. Se postula que con el tiempo los halos de materia oscura crecen
mediante dos mecanismos impulsados por la gravedad: (1) la incorporacién de ma-
terial difuso o acrecién suave y (2) la incorporacién de materia mediante fusiones.
Dichos procesos establecen las condiciones para la formacion de las galaxias en el
interior de los halos oscuros (ver resefias del paradigma cosmoldgico actual, p. €j. en
Baugh, 2006; Avila-Reese, 2007; Longair, 2008; Mo et al., 2010a).

Dentro del paradigma ACDM, la formacién de galaxias es un proceso complejo y
no lineal en el cual la materia oscura debi6 jugar un papel importante. A medida que
las estructuras de materia oscura crecen por acrecion suave y fusiones, el gas barionico
inicialmente se encuentran bien mezclado con la materia oscura pero eventualmente se
redistribuye hacia una variedad de estructuras mas complejas como las que vemos hoy.
El gas, originalmente chocado y calentado por el arrastre gravitacional de la materia
oscura, se enfria dentro del halo por procesos radiativos, pierde energia y va cayendo
hacia el centro del mismo para formar una galaxia. La formacion ulterior de estrellas
en la galaxia se encuentra regulada por una interaccion compleja entre la caida de gas
frio y el proceso de calentamiento/expulsién del gas debido a la retroalimentacién de
las estrellas y sus explosiones, asi como eventualmente de un posible Nicleo Galéactico

Activo (NGA), proceso que depende del potencial gravitacional dado principalmente



por la masa de halo. En halos de baja masa, la retroalimentacion estelar, en su mayoria
debido a las explosiones de supernova, es capaz no sélo de calentar el medio intereste-
lar sino también de expulsar grandes fracciones de gas de la galaxia misma (Dekel &
Silk, 1986; Nelson et al., 2015). En halos masivos, por un lado los largos tiempos de
enfriamiento del gas calentado por choques en el colapso del halo y, por otro lado, los
poderosos procesos energéticos debido a la presencia de agujeros negros supermasivos
en fase activa de crecimiento que calientan y/o expulsan el gas, llegan eventualmente
a amortiguar la formacion estelar de la galaxia y por ende su crecimiento por for-
macién estelar in situ (Cattaneo et al., 2009). En este contexto, el paradigma ACDM
postula de manera natural que las propiedades, distribucién espacial y evolucion de
las galaxias estan intimamente conectadas a la evolucién y distribucion espacial de
los halos oscuros donde residen. En otras palabras, dentro del paradigma ACDM, el
molde para la formacién de galaxias lo provee la materia oscura, aspecto que esta a
la base de la modelacién ab initio de formacién y evolucion de galaxias, como ser los
modelos semi-analiticos y las simulaciones cosmoldgicas hidrodindmicas; ver resenas
actuales al respecto por ej. en Mo et al., 2010a; Frenk & White, 2012; Somerville &
Davé, 2015; Naab & Ostriker, 2017; Lagos et al., 2018.

A pesar de la complejidad y la amplia gama de procesos involucrados en la
evolucion de las galaxias, es sorprendente que, en general, sigan relaciones bastante
regulares en formacion estelar, dindmica y estructura con su masa estelar. Lo anterior
usualmente se interpreta como un indicativo de que la masa estelar es la propiedad
mas fundamental de las galaxias. En efecto, la conexion entre la masa estelar de las
galaxias y la de los halos de materia oscura, conocida como la relaciéon Masa Estelar-
Masa del Halo (MEMH), codifica en gran parte todos aquellos mecanismos que han

sido involucrados durante la formacién y evolucién de las galaxias.

Con base a lo arriba mencionado, es logico que se hayan desarrollado multiples en-
foques para constrenir la evolucién de galaxias conocidos genéricamente como conezion
galazia-halo o modelacién semi-empirica (v.gr., Cooray & Sheth, 2002; Conroy &
Wechsler, 2009; Behroozi et al., 2010; Mo et al., 2010a; Firmani et al., 2010; Moster
et al., 2010; Behroozi et al., 2013a; Moster et al., 2013; Rodriguez-Puebla et al., 2017,
Wechsler & Tinker, 2018a; Behroozi et al., 2019; Moster et al., 2018). Como veremos
mas abajo, estos modelos son una verdadera interfase entre lo que es la informacion
observacional de las poblaciones de galaxias y los resultados tedricos de evoluciéon de
galaxia ab initio. No obstante, dada la diversidad de las galaxias y la complejidad de
sus procesos evolutivos, la descripcion de las mismas a un segundo y mayores ordenes
de aproximacién, requiere de mas ingredientes que simplemente una propiedad de

los halos (su masa) y una propiedad las galaxias (su masa estelar). A fin de con-
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Figure 1.1: Representacion esquematica sobre los métodos para modelar la poblacién
de galaxias. El enfoque semi-empirico de la conexion galaxia-halo puede ser pensando
como la interfaz entre las observaciones y los modelos cosmolégicos de formacion de
estructuras.

siderar esto, se han introducido una gran cantidad de modificaciones y extensiones
a los modelos de conexién galaxia-halo. En esta Tesis abordaremos una extensién
de dicha conexién para considerar el contenido de gas frio (principalmente hidrégeno
atémico y molecular) en las galaxias de bajo corrimiento al rojo. No obstante, para
ello, fue necesario antes lograr una descripcion homogénea y completa del contenido
de gas atémico y molecular de las galaxias locales en funcién de su masa estelar y
morfologia.

A continuacion se describe someramente los diferentes enfoques para estudiar las
propiedades y evolucion de galaxias a nivel poblacional, desde los empiricos hasta
los tedricos. Esto, con el objetivo de contextualizar el rol que juega la modelacion

semi-empirica como interfase.

1.1.1 Enfoques para estudiar galaxias a nivel poblacional

La figura 1.1 resume los enfoques para estudiar la formacion y evolucién de galaxias

a nivel poblacional. Por un lado, estan los métodos basados sélo en las observaciones
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(modelacién empirica) y por otro estéan los métodos tedricos que modelan la evolucion
de la poblacion de galaxias ab initio, en el contexto cosmolégico del ACDM arriba
descrito e introduciendo la compleja fisica de los bariones. En la interseccién de estos
enfoques emergio con fuerza en los ultimos anos la modelacion semi-empirica donde
se establece una conexién a nivel estadistico entre la poblacion de galaxias observadas
y la poblacién de halos de materia oscura simulados.

Modelacién empirica: En las ultimas dos décadas, la astronomia ha entrado en

una era de grandes mapeos digitales del cielo a partir de los cuales se pueden inferir
de manera homogénea las propiedades fotométricas, parametros estructurales y mor-
fologia para enormes muestras de galaxias; no sélo para poblaciones locales sino que
a diferentes corrimientos al rojo, llegando incluso a z ~ 10. Estos avances han permi-
tido desarrollar métodos estadisticos puramente empiricos (ver Figura 1.1) basados en
la conexion temporal de poblaciones galacticas observadas a diferentes corrimientos
al rojo mediante una ecuacién de continuidad (Drory & Alvarez, 2008; Peng et al.,
2010; Leja et al., 2013, 2015, 2020). Intuitivamente, esta conexién emerge debido
a que la evolucion de la Funcién de Masa Estelar de Galaxias brinda informacién
del ensamblaje global de las galaxias (es decir, la cantidad de masa estelar prove-
niente de la formacién estelar in situ y de la obtenida por fusiones, ex situ); mientras
que tasa formacién estelar establece el ritmo de crecimiento en masa estelar solo in
situ. De esta manera, conectando las descripciones estadisticas de las poblaciones de
galaxias a diferentes tiempos se logran ciertas inferencias de la evolucién promedio
de las galaxias. Existe otro tipo de métodos empiricos no basados en la informacién
de "tiempo atras” sino que en observaciones de la poblacion actual de galaxias con
informacién (principalmente espectral) que permita aplicar el método de registro f6sil
o arqueologico para reconstruir la historia de formacién estelar y crecimiento de masa
de las galaxias a través de la sintesis de poblacion estelar (v.gr. Cid Fernandes et al.,
2005; Panter et al., 2007, 2008; Ibarra-Medel et al., 2016; Sanchez et al., 2019; Sanchez,
2020). Mientras ambos métodos representan una herramienta valiosa para el estudio
detallado del ensamblaje de masa estelar de las galaxias, estos no brindan ninguna
informacion sobre formacion de galaxias en el contexto cosmologico.

Modelacién Tedrica: A partir de primeros principios se sigue la evolucion de la

poblacion de galaxias formadas en los halos oscuros que crecen en un univeso en

expansion. Existen principalmente dos métodos de este tipo:

e Simulaciones hidrodinamicas: Calculan las ecuaciones hidrodinamicas, con-
siderando procesos radiativos de calentamiento y enframiento, para el gas in-
merso en el campo gravitacional de las estructuras de materia oscura que evolu-

cionan en el régimen no lineal. Debido a su costo computacional, las simu-
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laciones hidrodinamicas estan limitadas en resolucién lo cual impide seguir la
amplia gama de procesos y escalas involucrados. En consecuencia, se tienen que
usar modelos analiticos de sub-malla que describen la formacion estelar, la for-
macién de Agujeros Negros Supermasivos (ANSM), la retroalimentacién de las
estrellas y los NGAs al medio interestelar y otros. Los modelos sub-malla tienen
parametros libres que deben ser “ajustados” para reproducir las observables que
se escojan. Recientes avances han permitido seguir la formacion y evolucion de
las galaxias en volimenes cosmoldgicos (v.gr. Hopkins et al., 2014; Vogelsberger
et al., 2014; Pillepich et al., 2018; Schaye et al., 2015). Ademds con técnicas
de post-procesado de las simulaciones, se ha podido modelar incluso fases del
medio interestelar como ser gas frio de hidrégeno atémico y molecular (ver por
ej. Lagos et al., 2015; Diemer et al., 2018, 2019; Popping et al., 2019).

e Modelos semi-analiticos: Utiliza recetas fenomenoldgicas para modelar los
procesos fisicos relevantes que establecen las propiedades observadas de las
galaxias utilizando como esqueleto la formacion y evolucion de los halos de
materia oscura. Estas recetas contienen una gran cantidad de pardmetros libres
que se ajustan para reproducir las observables que se escojan. Las galaxias en los
modelos semi-analiticos son objetos no resueltos caracterizados simplemente por
las propiedades integradas de las galaxias, aunque versiones més recientes logran
una modelacién a nivel de distribuciones radiales azimutalmente promediadas,
algo que se habia logrado en el pasado con métodos semi-numéricos para galax-
ias de disco (v.gr. Dalcanton et al., 2007; Avila-Reese et al., 1998; Avila-Reese
& Firmani, 2000; Firmani & Avila-Reese, 2000; Dutton et al., 2007). Debido a
su versatilidad y relativo bajo costo computacional, los modelos semi-analiticos
son una excelente herramienta para generar grandes muestras de galaxias y ex-
perimentar diferentes casos (v.gr. White & Frenk, 1991; Baugh, 2006; Somerville
& Primack, 1999; Benson, 2012; Somerville & Davé, 2015; Lagos et al., 2018, y

muchas més referencias ahi).

A pesar de los logros obtenidos recientemente, ambos métodos tienen limitaciones
en introducir los complejos procesos fisicos de los bariones y por ende en hacer predic-
ciones de resultados observacionales que son fundamentales para la formulaciéon de una
teoria de evoluciéon de galaxias. Por ello, en mayor o menor medida, estos métodos
requieren de calibraciones con un conjunto de datos empiricos a fin de hacer predic-
ciones en otros aspectos empiricos. En este sentido, los métodos semi-empiricos se han
vuelto claves. Por ejemplo, hoy en dia, toda simulacién hidrodindmica cosmoldgica o

modelo semi-analitico se suele comparar con la relacion MEMH a diferentes épocas



obtenida con los métodos semi-empiricos de conexién galaxia-halo.

Modelacién Semi-empirica: Como se mencioné anteriormente, la modelacion semi-

empirica provee una valiosa interfase entre las observaciones y los modelos tedricos.
Gracias al avance en la produccién de cajas cosmolégicas de N—cuerpos de alta res-
olucion en grandes volumenes, a partir de las cuales la formacién y evolucion de los
halos de materia oscura se pueden estudiar con gran precision, asi como a los avances
en el ensamble de enormes catastros de galaxias observadas, nuevos enfoques semi-
empiricos del tipo estadistico han surgido con el propdsito de encontrar correlaciones
estadisticas entre las propiedades de las galaxias con la de los halos. Esta conexion
se logra principalmente mediante dos enfoques estadisticos: (1) la técnica del empate
de las abundancias (TEA), que conecta las propiedades de los halos (masa, velocidad
circular méxima, historia de formacién, etc.) con las propiedades de las galaxias (lumi-
nosidad, masa, color, formacién estelar, etc.) mediante el empate de sus abundancias
(Vale & Ostriker, 2004; Conroy et al., 2006; Conroy & Wechsler, 2009; Behroozi et al.,
2010; Rodriguez-Puebla et al., 2012); y (2) el modelo de distribucién de la ocupacién
del halo (DOH) que especifica la funcién de distribucién de probabilidad del niimero
de galaxias de una cierta propiedad dada con las propiedades del halo donde se al-
bergan (Peacock & Smith, 2000; Berlind & Weinberg, 2002; Cooray & Sheth, 2002;
Berlind et al., 2003). La TEA se restringe usando principalmente la abundancia de
galaxias por su masa estelar y en casos mas sofisticados, se separa incluso en galaxias
centrales y satélites (v.gr. Yang et al., 2008, 2009a; Rodriguez-Puebla et al., 2012,
2013). Los modelos de DOH se restringen usando principalmente el agrupamiento
espacial de galaxias y en algunos casos incluye las funciones de masa estelar condi-

cionales. Ambos enfoques son utilizados principalmente para encontrar la relacién
MEMH.

Tanto la TEA como el modelo DOH, son dos poderosos y practicos enfoques es-
tadisticos que proporcionan un entendimiento robusto sobre la conexion galaxia-halo
sin conocer previamente los mecanismos fisicos detras de la formacién de galaxias.
Este enfoque se puede visualizar como la interfaz entre observaciones y el modelo
cosmolégico (ver Figura 1.1). En consecuencia, este enfoque puede ser utilizado como
una herramienta para estudiar la evolucion de las propiedades de las galaxias y ulti-
madamente para restringir los principales mecanismos fisicos detras de la formacién
de las galaxias. En lo que resta de esta Tesis, nos referiremos a estos enfoques semi-

empiricos como simplemente la conexién galaxia-halo?

Al restringir la relacion entre las galaxias y sus halos, la mayoria de los estudios

'No obstante, los modelos semi-empricos no toman en cuenta el efecto de los bariones sobre las
propiedades de los halos de materia oscura (ver por ejemplo, Beltz-Mohrmann et al., 2020)
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supone que la masa estelar o la luminosidad es la principal propiedad de las galax-
ias que correlaciona con la masa del halo o velocidad circular maxima, es decir, la
conexion galaxia-halo es usualmente caracterizada por la funcion de distribucién de
probabilidad condicional P(g|h) donde ¢ se refiere a la masa estelar o luminosidad
y h a la masa del halo o su velocidad circular maxima. En realidad, las galaxias
tienen diferentes propiedades intrinsecas (color, tasa de formacién de estrellas, edad,
morfologia, etc.), cada una con sus distribuciones y correlaciones con la masa estelar.
No obstante, en una primera aproximacion al problema de ir mas alld de la masa
estelar, las galaxias pueden ser acomodadas en dos categorias principales de acuerdo
a su propiedad intensiva mas relevante, por ejemplo en galazias tardias o azules y
tempranas o rojas. Las galaxias tardias son galaxias de disco con poblaciones es-
telares mayormente de edades intermedias a jévenes (por ende generalmente azules),
con altos contenidos de gas y que ain mantienen una formacién activa de estrellas.
Las galaxias tempranas son elipticas o lenticulares con poblaciones estelares mayor-
mente viejas (por ende generalmente rojas), con muy bajo contenido de gas y escasa
formacién estelar. Es claro entonces que estas propiedades no pueden estar determi-
nadas unicamente por la masa del halo de materia oscura en el que residen, sino que,
debido a la complejidad del proceso de formacién de galaxias, se espera una depen-
dencia con otras propiedades de los halos y el medio ambiente. Dentro del contexto
estadistico de la conexion galaxia-halo, lo anterior se puede generalizar al definir la
funcién de distribucién de probabilidad condicional conjunta P(g1, ..., gn|h1, .- Bn)-
Aqui g; representa las propiedades de las galaxias tales como su masa estelar, color,
tasa de formacion estelar, masa de gas, metalicidad, morfologia, etc., mientras que h;
denota las propiedades de los halos de materia oscura, tales como su masa, concen-

tracion, tasa de crecimiento, momento angular, etc.

Se han hecho diversos intentos por estudiar la conexion galaxia-halo introduciendo
alguna(s) propiedad(es) de las galaxias aparte de la masa estelar. Por ejemplo, en
Rodriguez-Puebla et al. (2015) se hicieron inferencias separando a la poblacién de
galaxias en azules y rojas de acuerdo a las observaciones y se encontré que la relacion
MEMH se segrega, es decir es (ligeramente) diferente para un tipo y otro de galaxias.
El origen de la conexion galaxia-halo y el establecimiento de las propiedades observ-
ables de las galaxias que pueden introducir una segregacién en la (estrecha) dispersién
de la misma se encuentran entre los problemas sin resolver mas importantes en la for-
macién de galaxias. También se han explorado posibles segregaciones de esta relacion
por propiedades de los halos, tal como su concentraciéon o época caracteristica de
formacién, algo que se asocia al asi llamado “sesgo de ensamblaje” (v.gr. Hearin &
Watson, 2013a; Hearin et al., 2016; Zehavi et al., 2019).
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Un aspecto de la conexion galaxia-halo que puede enriquecer mucho el entendimiento
de las galaxias asi como servir de restricciones finas a los modelos semi-analiticos y
simulaciones hidrodindmicas, es su extension para incluir la masa en gas frio (atémico
y/o molecular) y por ende lograr asi no sélo la relacion MEMH, sino que también
la relacién masa bariénica-masa de halo (la masa bariénica es la suma de masa en
estrellas y en gas) y, eventualmente, la relacién de masa gaseosa-masa de halo. Lo
optimo es lograr una descripcion estadistica de funciones multivariadas de la masas
estelar, de gas atémico y molecular y del halo (masa virial, que en realidad incluye

tanto la masa dominante oscura como la bariénica hasta un radio virial).

1.2 Componente fria gaseosa de las galaxias y ex-
tension de la conexién galaxia-halo para incluir

gas

Las galaxias estdn compuestas tanto de gas frio como de estrellas y las estrellas
no siempre son el componente bariénico dominante en una galaxia. De hecho, el
metabolismo galactico que regula en gran parte la evolucién de las galaxias se basa
en el proceso de acrecién de gas frio conducido por el ensamblaje del halo oscuro,
su transformacion parcial en estrellas y la retroalimentacion que sufre por objetos
estelares y NGAs. La cantidad resultante de estrellas y gas frio (atémico y molecular,
HI y Hs) es entonces un importante indicativo del estado evolutivo de la galaxia. Por
otro lado, la suma de masas en estrella y gas es la masa bariénica, Mpay = M, 4+ Mgas,
misma que comparada con la masa total al radio virial, M, constituye una pieza
clave en el rompecabezas de la conexion galaxia-halo en su contexto cosmologico asi
como de la formacién de galaxias. La razén My,,/M,;, (denominada como la fraccién
bariénica de galaxias) es clave para restringir los modelos de galaxias, particularmente
para las galaxias tardias, es decir con morfologia dominada por disco (e.g., Firmani &
Avila-Reese, 2000; Dutton et al., 2007; Avila-Reese et al., 2008; Dutton et al., 2010).

Mientras que los catastros homogéneos actuales en 6ptico e infrarrojo han logrado
gran profundidad barriendo extensas areas en el cielo, por lo que abarcan cientos de
miles de galaxias locales, los catastros en radio, con los que se mapea la componente
de gas atémico HI y de gas molecular Hy, son mucho mas limitados en su sensibilidad
y cobertura del cielo. Por lo tanto, los catastros ciegos en radio proveen en realidad
informacion poblacional y de correlaciones de galaxias en HI y Hy limitada y plagada
de sesgos. Por ejemplo, es bien sabido que el catastro actual mas completo en HI, el
Arecibo Legacy Fast ALFA survey (ALFALFA; Giovanelli et al., 2005; Haynes et al.,
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2011, 2018), detecta so6lo las galaxias maés ricas en HI mismas que son tipicamente
azules y de tipo tardio. En el caso del Hy la situacion es peor atun, debido a las
limitaciones observacionales no existen muestreos estadisticos del universo local como
ALFALFA para el Hy, sin embargo, se han hecho grandes esfuerzos para tener son-
deos que contienen cientos de galaxias tales como xCOLDGASS (Saintonge et al.,
2017). En vista de estas dificultades observacionales, no ha sido posible establecer
una conexion atendible a nivel de poblacion de galaxias entre sus masas estelares y
sus masas en HI y Hy. A fin de estimar correlaciones que implican las masas en HI
y Hs, se han elaborado catalogos galacticos incluyendo estas componentes a partir de
(1) estudios limitados de seguimientos en radio con cierta profundidad de muestras
grandes de galaxias seleccionadas en el éptico/IR o cruzando algunos catastros en
radio con catastros (v.gr. Catinella et al., 2010, 2012, 2018; Saintonge et al., 2011;
Boselli et al., 2010, 2014a; Papastergis et al., 2012; Kannappan et al., 2013; Stark
et al., 2016; van Driel et al., 2016; Butcher et al., 2016); y (2) de inferencias de-
pendientes de modelo basadas, por ejemplo, en las metalicidades de las galaxias o
de correlaciones calibradas con propiedades fotométricas (v.gr. Baldry et al., 2008;
Zhang et al., 2009; Eckert et al., 2015).

1.2.1 Contribuciones de la Tesis y articulos asociados

Uno de los objetivos que se persigui6 en la primera fase de esta Tesis fue justamente
lograr la mejor descripcién posible de la conexién entre la masa estelar y las masas
de HI y Hy a nivel de la poblacion completa de galaxias en el Universo local. Esto,
haciendo uso de la mayor cantidad posible de informacion observacional disponible,
su correcta homogenizacién, eliminaciéon de posibles sesgos (en particular en lo que
concierne a los objetos que no se lograron detectar en radio y para los cuales se
reportan limites superiores) y tratamiento estadistico adecuado. Es importante re-
saltar que en esta tesis hemos optado segregar galaxias por tipo morfolégico en vez
de color o tasa de fomacion estelar primordialmente porque no toda la recopilacién
observacional utilizada tiene informacién de estds propiedades. Como resultado de
este trabajo, hemos logrado determinar no sélo las relaciones promedio M, — Myy y
M, — My, con sus respectivas dispersiones, separando las galaxias en tempranas y
tardias, sino que las distribuciones condicionales completas de My y My, dada M,.
Estos resultados se reportaron en Calette et al. (2018) y constituyen el Capitulo 2 de
esta Tesis. Nuestros resultados fueron usados de inmediato para comparaciones con
las predicciones de simulaciones hidrodinamicas cosmolégicas, por ejemplo, la simu-
lacién TNG-Illustris (Diemer et al., 2019, A.R. Calette es co-autor de este trabajo)

asi como modelos semi-analiticos, por ejemplo, SHARK (Lagos et al., 2018).
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Haciendo uso de las distribuciones condicionales de My; y My, dada la M, de
Calette et al. (2018), se puede usar la Funcién de Masa Estelar (FME) para mapear
entonces las correspondientes Funciones de Masa de HI y de Hy. Para esto se requiere
de una FME muy bien determinada, completa hasta las masas mas bajas posibles y
con sus errores bien evaluados. Como resultado, combinando entonces la FME con las
distribuciones condicionales en HI y Hy, se logran funciones bivariadas completas de
(M., M) y (M,,Mp,) del Universo local, ademds separando siempre a la poblacién
galactica en dos grupos: galaxias tardias y tempranas. La proyeccion de estas fun-
ciones bivariadas son las Funciones de Masa de HI y H,. Todos estos resultados fueron
reportados en Rodriguez-Puebla et al. (2020, A.R. Calette es segundo autor de este
trabajo) y son parte de los Capitulos 3 (determinacién completa de la FME desde
M, ~ 3 x 10" Mghasta M, ~ 3 x 10'2?) y Capitulo 4 (Funciones bivariadas, Funciones
de Masa y el censo de bariones contenidos en galaxias). Los resultados del Capitulo
3 no son parte medular del proyecto de Tesis pero fue imperioso obtenerlos pues son
un ingrediente clave para los cédlculos presentados en los capitulos posteriores. Mi
contribucion a esta parte ha sido a la par del primer autor en lo que refiere a calculos
y desarrollo de codigos pero la conduccion del trabajo no fue realizada por mi. El
Capitulo 4 es parte estructural del proyecto de Tesis y mi contribucion a la parte
del articulo relacionado con este capitulo ha sido también a la par del primer autor
en cuanto a calculos y desarrollo de codigos, asi como en la conduccion del mismo.
Particularmente en esta parte he desarrollado la actualizacién del cédigo en python
del capitulo 2 para generar figuras y tablas de 1) la relaciones Ry-M, y Ry,-M., asi
como su dispersién intrinseca y 2) las funciones condicionales de distribucién de Ry

and Ry, asi como sus momentos (promedio y desviacién estandar).

Como se ha mencionado en la Seccién anterior, el enfoque semiempirico con el que
se logra la conexion galaxia-halo se ha consolidado como una herramienta poderosa
para constrenir los procesos astrofisicos y evolutivos de las galaxias y para poner a
prueba el paradigma cosmoldgico subyacente. No obstante la gran mayoria de los
estudios dentro de la literatura se han focalizado en restringir la relacion MEMH y
algunos en la relacién My—M), y unos pocos a la relacion M,,,—M),. En los Capitulos
5y 6 de esta Tesis se busca lograr una conexion galaxia-halo lo mas completa posible
incluyendo gas atémico, ademas separando en galaxias con morfologias tempranas y
tardias. Para esto, haremos uso de la descripcion estadistica completa de las galaxias
locales por su masa estelar y de gas en HI que logramos en los Capitulos 2-4. Debido
a que la conexién galaxia-halo implicard la generacién de un catalogo sintético basado
en una poblacion de millones de halos oscuros de una simulacién cosmologica de N

cuerpos, tendremos también la posibilidad de ofrecer una descripciéon semi-empirica
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del acumulamiento espacial de las galaxias en funcion de M, y My, incluyendo si son

centrales o satélites.

1.3 Objetivos

Esta Tesis se enfoca en lograr una descripcion estadistica completa de la poblacion
local de galaxias separada en tardias y tempranas en lo que respecta a sus masas
estelares, en HI, H,, gas frio total, y bariénicas. Esta descripcion incluye las relaciones
de escala de masa estelar con las fracciones de gas y las distribuciones condicionales
completas de estas masas de gas dada la masa estelar, las Funciones de Masa Estelar,
de HI, de Hy y bariénicas, asi como las funciones bivariadas de (M,,Mp;) y (M.,Mg,).
Con esta informacién se buscard extender el analisis de la conexién galaxia-halo, a
través del enfoque de la TEA y el sembrado de galaxias sintéticas en una simulacion de
N cuerpos, para determinar como las galaxias tardias y tempranas pueblan sus halos
de materia oscura cuando son caracterizadas por su masa estelar y masa de hidrogeno
atémico. Los resultados de esta tesis serdan claves para restringir los mecanismos mas
relevantes que gobernaron la formacion y evolucién de las galaxias. Los objetivos mas

relevantes propuestos para esta Tesis son:

e Compilar una muestra de galaxias locales, z ~ 0, que contenga informacion

sobre gas atémico y molecular, masa estelar y morfologia.

e Estudiar los efectos de seleccién en nuestra muestra y estudiar el impacto de las
no detecciones. Desarrollar un catalogo sintético de galaxias para proponer una

correccion a las no detecciones.

e Determinar las relaciones HI-M, y Ho-M, y sus dispersiones para galaxias tem-
pranas y tardias, asi como las distribuciones condicionales completas de My v
My, dado M,.

e Determinar la FME usando el SDSS DR7 desde galaxias enanas M, ~ 3 X 107M@
hasta galaxias masivas M, ~ 102M, para todas las galaxias y dividido en
tempranas y tardias. Lo anterior implica lograr los siguientes sub-objetivos:

1. Estudiar las correcciones K para galaxias locales.

2. Desarrollar una metodologia para estimar el nimero de galaxias de baja

masa no observadas por efectos del brillo superficial.

3. Desarrollar una metodologia para corregir la FME por fluctuaciones en el

conteo debido a la estructura a gran escala del universo.
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4. Desarrollar una metodologia para deconvolucionar por errores a la FME y

estudiar el impacto de errores sistematicos.

Utilizando la FME determinada y las districiones condicionales de Myy y My,
dado M., determinar las distribuciones bivariadas My; y My, en funcién de la

masa estelar para galaxias tardias y tempranas, asi como la poblacién completa.

Utilizar los resultados de la FME para determinar la funciéon de masa de HI y

Hs, gas frio y bariones y a su vez divididas en tardias y tempranas.

Determinar la densidad césmica en masa estelar, HI, Hy, gas frio total y en masa

de bariones en galaxias tardias y tempranas y para el total.

Usando la muestra reciente de galaxias locales xGASS (Catinella et al., 2018) y
después de aplicarle el tratamiento estadistico adecuado, cuantificar las desvia-
ciones que sufren las distribuciones condicionales de My dado M, por el efecto
de ser galaxia central o satélite. Con base a esto, introducir las correcciones
pertinentes a nuestras determinaciones de la relacion My;-M, y su distribucién
para galaxias centrales y satélites y a su vez divididas en galaxias tardias y

tempranas.

e Generar un catalogo sintético de galaxias utilizando simulaciones de N —cuerpos
y a partir de la relacién semi-empirica M, — V. de nuestra conexion galaxia-
halo. Utilizar las fracciones de galaxias tempranas y tardias para asignar mor-
fologias y utilizar las distribucién bivariada de HI descrita en el item anterior

para asignar gas atomico a las galaxias.

e A partir del catalogo sintético determinar la relaciones My — Vinax v sus disper-
siones para galaxias centrales, satélites y divididas en tempranas y tardias. De

manera similar para las relaciones Myr — M;,.

e Predecir con el catdlogo sintético la funcién de correlacion de 2 puntos en funcion
de la masa estelar y en funcién de la masa en HI. Comprobar si estas funciones
estan de acuerdo con las observaciones. Explorar los posibles sesgos del catastros
ALFALFA en cuanto a la funcién de correlacién de 2 puntos que se miden del

mismo.

1.4 Contenido

Esta tesis se divide en 7 Capitulos.
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e En el capitulo 2 se presenta y discute la muestra compilada para galaxias con
informacion en HI y Hy. En este capitulo homogeneizamos la muestra a una
misma funcién inicial de masa, cosmologia, factor de conversiéon de CO a lumi-
nosidad y tomamos en cuenta efectos de seleccién. Adicionalmente, tomamos
en cuenta los limites superiores reportadas en las observaciones en radio y cor-
regimos por efectos de distancia y sensibilidad. Los datos reportados en este
capitulo utiliza el estimador estadistico de Kaplan-Meier para datos censura-
dos. Por 1ultimo se presenta las relaciones HI-M, y Hy-M, y sus distribuciones
para galaxias tempranas y tardias a z = 0 de la muestra compilada. Con base
a catalogos sintéticos de galaxias, mostramos que con la caracterizacién de la
muestra compilada es posible determinar las funciones de masa en HI y Hy para

galaxias tempranas y tardias.

e En el capitulo 3 utilizamos la muestra de galaxias del SDSS DR7 y una sub-
muestra de galaxias cercanas del SDSS DR4 para determinar la funcién de masa
de galaxias desde M, ~ 3 x 10" M, hasta galaxias masivas M, ~ 3 x 102M,.
En este capitulo proponemos una serie de mejoras al estimador clasico 1/V ax,
en particular a su sensibilidad a la estructura a gran escala del universo, y de-
sarrollamos una metodologia para corregir a la funciéon de masa de galaxias por

efectos de brillo superficial.

e En el capitulo 4 se discute el formalismo de la funcién condicional para de-
terminar las funciones de masa de HI, Hy, gas frio y barfonica de las galaxias
tempranas y tardias. Se discute también la contribucion de las galaxias a la den-
sidad césmica en masa estelar, HI, Hy, gas frio y de bariones. En este capitulo
también se discute el impacto de errores sistematicos en las funciones de masa
y se deconvolucionan por errores sistematicos. Adicionalmente contrastamos
funciones de masa de las componentes mencionadas con nuestro formalismo
presentado en este Capitulo contra simulaciones hidrodindmicas de volumenes
cosmolégicos. Usamos informacion de la componente estelar, HI, y Hy de la
simulacion IllustrisTNG en dos cajas cubicas que tienen tamanos de 100 y 300

Mpc por lado.

e En el capitulo 5 analizamos el catastro reciente de galaxias con informacién de
contenido de gas HI “extended GASS” (xGASS) con el mismo tratamiento de
las no detecciones (limites superiores) y andlisis estadistico de supervivencia del
Capitulo 2. La particularidad de xGASS es que al ser una muestra tomada del
catastro optico SDSS, cuenta con informacion sobre si las galaxias son centrales o

satélites. De esta manera estudiando cuanto depende de esto el contenido de gas
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HI de las galaxias tardias y tempranas. Usando los resultados que inferimos para
xGASS, introducimos “correcciones” basadas en el mismo a nuestros resultados
de los Capitulos 2 y 4 (las distribuciones condicionales de HI dada la masa
estelar) para lograr que los mismos se refieran también a galaxias centrales y
satélites, con lo cual incluimos el medio ambiente local a nuestra descripcién

estadistica de la poblacién de galaxias a z ~ 0

En el capitulo 6 generamos un catalogo sintético de galaxias utilizando los
catalogos de halos de materia oscura de la simulaciéon Small Multidark Planck
(Rodriguez-Puebla et al., 2016). Este catdlogo implica la conexién galaxia-halo
a nivel estelar y de gas atomico. Para lograr lo anterior, utilizamos la funcién de
masa de galaxias restringida en el capitulo 3 y las distribuciones condicionales
de HI y Hy del capitulo 4, con las correcciones adecuadas encontradas en el
capitulo 5 para introducir separaciones en galaxias centrales y satélites, mismas
que pueblan halos principales y subhalos, respectivamente. Adicionalmente, uti-
lizamos un catdlogo de grupos de galaxias (Yang et al., 2012) para dividir a las
galaxias en centrales y satélites, tanto para morfologias tempranas como tardias.
Esto con el fin de asignar correctamente las abundancias de galaxias observadas
en funcién de su ambiente y su morfologia. Obtendremos una descripcion es-
tadistica completa de los contenidos de masa estelar y gaseosa de las galaxias
en funcién de los halos o subhalos que habitan. Predeciremos la funcién de
correlacién de dos puntos en funcién de la masa en HI y mostramos que haber
introducido el contenido de HI por separado para centrales y satélites fue im-
portante. Se presentara una comparacion con la observaciones y exploraremos

los sesgos que ellas introducen por los efectos de seleccion.

Finalmente, el capitulo 7 enumeramos las conclusiones mas importantes alcan-

zadas en esta tesis y plantemos el trabajo a futuro.
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Chapter 2

The HI- and Hs-to-stellar mass correlations
of late- and early-type galaxies and their
consistency with the observational mass

functions

El contenido de este Capitulo se publico en el articulo: Calette, A. R.; Avila-Reese,
V.; Rodriguez-Puebla, A.; Hernandez-Toledo, H.; Papasterqgis, E. 2018, RevMexAA,

94, PP- 443-483.

ABSTRACT
In this Chapter we compile and carefully homogenize local galaxy samples with available information
on stellar, HI and/or Hy masses. After taking into account gas non-detections, we determine the
HI- and Hs-to-stellar mass relations and their 1o scatter for late- and early-type galaxies. These
relations are fitted to single or double power laws. Late-type galaxies are significantly gas richer
than early-type ones, specially at high masses. The Ho-to-HI mass ratios as a function of M, are
discussed. We constrain the distribution functions of the HI- and Hs-to-stellar mass ratios. We find
that they can be described by a Schechter function for late types and a (broken) Schechter + uniform
function for early types. Using the observed galaxy stellar mass function and the volume-complete
late-to-early-type galaxy ratio as a function of M,, these distributions are mapped into HI and Hs
mass functions. The obtained mass functions are consistent with those inferred from large surveys.

The results presented here can be used to constrain models and simulations of galaxy evolution.

2.1 Introduction

Galaxies are complex systems, formed mainly from the cold gas captured by the
gravitational potential of dark matter halos and transformed into stars, but also
reheated and eventually ejected from the galaxy by feedback processes (see for a
recent review Somerville & Davé, 2015). Therefore, the content of gas, stars, and
dark matter of galaxies provides key information to understand their evolution and

present-day status, as well as to constrain models and simulations of galaxy formation
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(see e.g., Zhang et al., 2009; Fu et al., 2010; Lagos et al., 2011; Duffy et al., 2012;
Lagos et al., 2015).

Local galaxies fall into two main populations, according to the dominion of the
disk or bulge component (late- and early-types, respectively; a strong segregation is
also observed by color or star formation rate). The main properties and evolutionary
paths of these components are different. Therefore, the present-day stellar, gaseous,
and dark matter fractions are expected to be different among late-type/blue/star-
forming and early-type/red/passive galaxies of similar masses. The above demands
the gas-to-stellar mass relations to be determined separately for each population.
Morphology, color and star formation rate correlate among them, though there is a
fraction of galaxies that skips the correlations. In any case, when only two broad
groups are used to classify galaxies, the segregation in the resulting correlations for
each group is expected to be similar for any of these criteria. Here we adopt the

morphology as the criterion for classifying galaxies into two broad populations.

With the advent of large homogeneous optical /infrared surveys, the statistical dis-
tributions of galaxies, for example the galaxy stellar mass function (GSMF), are very
well determined now. In the last years, using these surveys and direct or statistical
methods, the relationship between the stellar, M,, and halo masses has been con-
strained (e.g., Mandelbaum et al., 2006; Conroy & Wechsler, 2009; More et al., 2011;
Behroozi et al., 2010; Moster et al., 2010; Rodriguez-Puebla et al., 2013; Behroozi
et al., 2013a; Moster et al., 2013; Zu & Mandelbaum, 2015). Recently, the stellar-to-
halo mass relation has been even inferred for (central) galaxies separated into blue
and red ones by Rodriguez-Puebla et al. (2015). These authors have found that there
is a segregation by color in this relation (see also Mandelbaum et al., 2016). The
semi-empirical stellar-to-halo mass relation and its scatter provide key constraints to
models and simulations of galaxy evolution. These constraints would be stronger if
the relations between the stellar and atomic/molecular gas contents of galaxies are
included. With this information, the galaxy baryonic mass function can be also con-
structed and the baryonic-to-halo mass relation can be inferred, see e.g, Baldry et al.
(2008).

While the stellar component is routinely obtained from large galaxy surveys in
optical/infrared bands, the information about the cold gas content is much more scarce
due to the limits in sensitivity and sky coverage of current radio telescopes. In fact,
the few blind HI surveys, obtained with a fixed integration time per pointing, suffer of
strong biases, and for Hy (CO) there are not such surveys. For instance, the HI Parkes
All-Sky Survey (HIPASS; Barnes et al., 2001; Meyer et al., 2004) or the Arecibo Legacy
Fast ALFA survey (ALFALFA; Giovanelli et al., 2005; Haynes et al., 2011; Huang
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et al., 2012b), miss galaxies with low gas-to-stellar mass ratios, specially at low stellar
masses. Therefore, the HI-to-stellar mass ratios inferred from the crossmatch of these
surveys with optical ones should be regarded as an upper limit (see e.g., Baldry et al.,
2008; Papastergis et al., 2012; Maddox et al., 2015). In the future, facilities such
as the Square Kilometre Array (SKA; Carilli & Rawlings, 2004; Blyth et al., 2015)
or precursor instruments such as the Australian SKA Pathfinder (ASKAP; Johnston
et al., 2008) and the outfitted Westerbork Synthesis Radio Telescope (WSRT), will
bring extragalactic gas studies more in line with optical surveys. Until then, the
gas-to-stellar mass relations of galaxies can be constrained: i) from limited studies
of radio follow-up observations of large optically-selected galaxy samples or by cross-
correlating some radio surveys with optical/infrared surveys (e.g., Catinella et al.,
2012; Saintonge et al., 2011; Boselli et al., 2010; Papastergis et al., 2012); and ii)
from model-dependent inferences based, for instance, on the observed metallicities of
galaxies or from calibrated correlations with photometrical properties (e.g., Baldry
et al., 2008; Zhang et al., 2009).

While this thesis does not present new observations, it can be considered as an
extension of previous efforts in attempting to determine the HI-, Hs- and cold gas-to-
stellar mass correlations of local galaxies over a wide range of stellar masses. Moreover,
here we separate galaxies into at least two broad populations, late- and early-type
galaxies (hereafter LTGs and ETGs, respectively). These empirical correlations are
fundamental benchmarks for models and simulations of galaxy evolution. Our main
goal here is to constrain these correlations by using and uniforming large galaxy sam-
ples of good quality radio observations with confirmed optical counterparts. Moreover,
the well determined local GSMF combined with these correlations can be used to con-
struct the galaxy HI and Hy mass functions, GHIMF and GH;MF, respectively. As
a test of consistency, we compare these mass functions with those reported in the
literature for HI and CO (Hs).

Many of the samples compiled here suffer of incompleteness and selection effects
or in many cases the radio observations provide only upper limits to the flux (non
detections). To provide reliable determinations of the HI- and Ha-to-stellar mass
correlations, for both LTGs and ETGs, here we homogenize as much as possible the
data, check them against selection effects that could affect the calibration of the
correlations, and take into account the upper limits adequately. We are aware of the
limitations of this approach (given the heterogeneous nature of our compiled data,
such as selection effects, incompleteness, etc.). Note, however, that in absence of large
homogeneous galaxy surveys reporting gas scaling relations over a wide dynamical

range and separated into late- and early-type galaxies, the above approach is well
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supported as well as their fair use.

2.2 Compilation of the Observational Data

The main goal of this section is to present our extensive compilation of observational

studies (catalogs, surveys or small samples) that meet the following criteria:

e Include HI and/or Hy masses from radio observations, and luminosities/stellar

masses from optical /infrared observations.
e Provide the galaxy morphological type or a proxy of it.

e Describe the selection criteria of the sample and provide details about the radio

observations, flux limits, etc.

e Include individual distances to the sources and corrections for peculiar motions/large-

scale structures for the nearby galaxies.

e In the case of non-detections, provide estimates of the upper limits for HI or Hy

masses.
Table 2.1: Observational samples
Sample Selection ~ Environment HI Detections / Total H,; Detections / Total IMF Category
UNGC ETG+LTG local 11 Mpc  Yes 407 / 418 No diet-Salpeter Gold
GASS/COLD GASS ETG+LTG  no selection  Yes 511 / 749 Yes 229 / 360 Chabrier (2003) Gold
HRS-field ETG+LTG  no selection  Yes 199 / 224 Yes 101 / 156 Chabrier (2003) Gold
ATLAS?P-field ETG field Yes 51 / 151 Yes 55 / 242 Kroupa (2001) Gold
NFGS ETG+LTG  no selection  Yes 163 / 189 Yes 27 /31 Chabrier (2003) Silver
Stark et al. (2013) compilation* LTG no selection  Yes 62/62 Yes 14 /19 diet-Salpeter Silver
Leroy+08 THINGS/HERACLES LTG nearby Yes 23 /23 Yes 18 /20 Kroupa (2001) Silver
Dwarfs-Geha+06 LTG nearby Yes 88 /88 No Kroupa et al. (1993)  Silver
ALFALFA dwarf ETG+LTG  no selection  Yes 57 / 57 No - Chabrier (2003) Silver
ALLSMOG LTG field No Yes 25 / 42 Kroupa (2001) Silver
Bauermeister et al. (2013) compilation LTG field No - Yes 7/8 Kroupa (2001) Silver
ATLAS?P-Virgo ETG Virgo core  Yes 2/15 Yes 4/21 Kroupa (2001) Bronze
AMIGA ETG+LTG isolated Yes 229 / 233 Yes 158 / 241 diet-Salpeter Bronze
HRS-Virgo ETG+LTG  Virgo core  Yes 55/ 82 Yes 36 / 62 Chabrier (2003) Bronze
UNAM-KIAS ETG+LTG isolated Yes 352 / 352 No - Kroupa (2001) Bronze
Dwarfs-NSA LTGs isolated Yes 124 / 124 No - Chabrier (2003) Bronze

* From this compilation, we considered only galaxies that were not in GASS, COLD GASS and ATLAS?P samples.

2.2.1 Systematic Effects on the HI- and Hs-to-stellar mass

correlations
To reduce potential systematic effects that can bias how we derive the HI- and Hs-to-
stellar mass correlations we homogenize all the compiled observations to a same basis.

Following, we discuss some potential sources of bias/segregation and the calibration

that we apply to the observations. It is important to stress that for inferring scaling
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correlations, as those of the gas fraction as a function of stellar mass, is important to
have a statistically representative sample of galaxies at each mass bin. Thus, there
is no need to have mass limited volume-complete samples (see also subsection 2.5.1).
However, a volume-complete sample assures that possible biases on the measure in
question due to selection functions in galaxy type, color, environment, surface bright-
ness, etc., are not introduced. The main expected bias in the gas content at a given
stellar mass is due to the galaxy type/color, or SFR; this is why we need to separate

the samples into at least two broad populations, LTGs and ETGs.

Galaxy type

The gas content of galaxies, at a given M,, segregates significantly with galaxy mor-
phological type (e.g., Kannappan et al., 2013; Boselli et al., 2014b). Thus, information
on morphology is necessary in order to separate galaxies into at least two broad pop-
ulations, LTGs and ETGs. Besides its physical basis, this separation is important for
not introducing biases in the obtained correlations due to selection effects related to
the morphology in the different samples used here. For example, some samples are
only for late-type or star-forming galaxies, others only for early-type galaxies, etc.,
therefore by combining them without a separation by morphology would yield cor-
relations that are not statistically representative. We consider ETGs those classified
as ellipticals (E), lenticulars (S0), dwarf E, and dwarf spheroidals or with 7' < 1,
and LTGs those classified as Spirals (S), Irregulars (Irr), dwarf Irr, and blue com-
pact dwarfs or with 7" > 1'. The morphological classification criteria used in the
different samples are diverse, from individual visual evaluation to automatic classifi-
cation methods as the one by Huertas-Company et al. (2011). We are aware of the
high level of uncertainty introduced by using different morphological classification
methods. However, in our case the morphological classification is used for separating
galaxies just into two broad groups. Therefore, such an uncertainty is not expected
to affect significantly any of our results. It is important to highlight that the terms
LTG and ETG are useful only as qualitative descriptors. These descriptors should not
be applied to individual galaxies, but instead to two distinct populations of galazies in

a statistical sense.

Environment

The gas content of galaxies is expected to depend on environment (e.g., Zwaan et al.,
2005; Geha et al., 2012; Jones et al., 2016; Brown et al., 2017). In this study we are

LT is the numerical value of the de Vaucouleurs morphological classification
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not in a position of studying in detail such a dependence, though our separation into
LTG and ETG populations partially takes into account this dependence because these
populations are segregated by environment (e.g., Dressler, 1980; Kauffmann et al.,
2004; Blanton et al., 2005b; Blanton & Moustakas, 2009, and references therein). In
any case, in our compilation we include three samples specially selected to contain
very isolated galaxies (AMIGA, Geha et al. and Bradford et al. galaxies from SDSS)
and one subsample of galaxies from the Virgo Cluster central regions. We will check
whether their HI and H, mass fractions significantly deviate or not from the mean

relations.

Systematic Uncertainties on the Stellar Masses

There are many sources of systematic uncertainty in the inference of the stellar masses
related to the choices of: initial mass function (IMF), stellar population synthesis and
dust attenuation models, star formation history parametrization, metallicity, filter
setup, etc. For inferences from broad-band spectral energy distribution fitting and
using a large diversity of methods and assumptions, Pforr et al. (2012) estimate a
maximal variation in stellar mass calculations of ~ 0.6 dex. The major contribu-
tion to these uncertainties comes from the IMF (see also Marchesini et al., 2009).
The IMF can introduce a systematic variation up to ~ 0.25 dex (see e.g., Conroy,
2013). For local normal galaxies and from UV /optical /IR data (as it is the case of
our compiled galaxies), Moustakas et al. (2013) find a mean systematic differences be-
tween different mass-to-luminosity estimators (fixed IMF) less than 0.2 dex (see also,
, Robotham+2020). We have seen that in most of the samples compiled here, the stel-
lar masses are calculated using roughly similar mass-to-luminosity estimators, but the
IMF are not always the same.Therefore, we homogenize the reported stellar masses in
the different compiled samples to the mass corresponding to a Chabrier (2003) initial

mass function (IMF), and neglect other sources of systematic differences.

Other effects

We also homogenize the distances to the value of Hy = 70 kms~* Mpc~!. In most of
the samples compiled here (at least the most relevant ones for our study), distances
were corrected for peculiar motions and large-scale structure effects. When the authors
included helium and metals to their reported HI and Hs masses, we take care in
subtracting these contributions. When we calculate the total cold gas mass, then

helium and metals are explicitly taken into account.
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Categories

The different HI and Hy samples used in this thesis are wide in diversity, in particular
they were obtained with different selection functions, radio telescopes, exposure times,
etc. We have divided the different samples into three categories according to the
feasibility of each one for determining robust and statistically representative HI- or
Hs-to-stellar mass correlations for the LTG and ETG populations. We will explore
whether the less feasible categories should be included or not for determining these

correlations. The three categories are:

1. Golden: It includes datasets based on volume-complete (above a given luminos-
ity /mass) samples or on representative galaxies selected from volume-complete
samples. The Golden datasets, by construction, are unbiased samples of the

galaxy properties distribution.

2. Silver: It includes datasets from galaxy samples that are not volume complete
but that are attempted to be statistically representative at least for their mor-
phological groups, i.e., these samples do not present obvious or strong selection

effects.

3. Bronze: This category is for samples selected deliberately by environment, and
it will be used to explore the effects of environment on the LTG and ETG HI-

or Hs-to-stellar mass correlations.

2.2.2 The compiled HI sample

Table 2.2: Number of galaxies with detections and upper limits by morphology

Morphology(%) Detections(%) Upper limits(%) Total

HI data
LTG (78%) 1975 (94%) 121 (6%) 2096
ETG (22%) 292 (50%) 288 (50%) 580
H, data
LTG (63%) 533 (75%) 180 (25%) 713
ETG (37%) 124 (29%) 298 (71%) 422

Appendix A presents a summary of the HI samples compiled in this chapter (see
also Table 2.1). Table 2.2 lists the total numbers and fractions of compiled galaxies
with detection and non detection for each galaxy population. Table 2.3 lists the num-
ber of detected and non-detected galaxies for the golden, silver, and bronze categories
listed above (§§2.2.1).
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Table 2.3: Number of galaxies with detections and upper limits by category

Category (%) Detections (%) Upper limits (%) Total

HI data
Golden (58%) 1168 (76%) 374 (24%) 1542
Silver (16%) 391 (94%) 26 (6%) 417
Bronze (26%) 708 (99%) 9 (1%) 717
H, data
Golden (67%) 385 (51%) 373 (49%) 758
Silver (10%) 91 (76%) 29 (24%) 120
Bronze (23%) 181 (70%) 76 (30%) 257

Figure 2.1 shows the mass ratio Ry; = My;/M, vs. M, for the compiled samples.
Note that we have applied some corrections to the reported samples (see above) to
homogenize all the data. The upper and bottom left panels of Figure 2.1 show,
respectively, the compilations for LTGs and ETGs. The different symbols indicate
the source reference of the data and the downward arrows are the corresponding upper
limits on the HI-flux for non-detections. We also reproduce the mean and standard
deviation in different mass bins as reported in Maddox et al. (2015) for a cross-match
of the ALFALFA and SDSS surveys. As mentioned in the Introduction, the ALFALFA
survey is biased to high Ry values, specially towards the low mass side. Note that
the small ALFALFA subsample of dwarf galaxies by Huang et al. (2012a, dark purple
dots) was selected as an attempt to take into account low-HI mass galaxies in the

low-mass end.

2.2.3 The compiled Hs; sample

Obtaining Hy masses directly from observational measurements of molecular hydrogen
fluxes in galaxies is not possible. Hs is a diatomic molecule with identical nuclei, thus,
it does not have a permanent dipole moment neither dipolar rotational transitions. Hy
purely rotational quadrupole transitions are the lowest energy transitions in the far
infrarred (FIR) and weak due to their spontaneous decay lifetimes (fgecay ~ 100years).
Other H, transitions such as the ortho and para or the lowest vibrational energy
transitions need temperatures 7' > 100 K. Therefore, given that Hs is formed in cold
molecular clouds (7" ~ 10 — 30 K), cold Hy emission from the ISM of galaxies is
practically absent, hence a tracer of the cold Hy abundance should be used.

The best tracer from the observational point of view is the CO molecule due to

its relatively high abundance and its low excitation energy. The H, mass is related
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Figure 2.1: Atomic gas-to-stellar mass ratio as a function of M,. Upper panels: Compiled
and homogenized data with information on Ry and M, for LTGs (the different sources are
indicated inside the left panel; see Appendix A for the acronyms and authors); downward
arrows show the reported upper limits for non detections. The blue triangles with thin error
bars are mean values and standard deviations from the v.40 ALFALFA and SDSS cross-
match according to Maddox et al. (2015); the ALFALFA galaxies are biased to high values
of Ry (see text). Right panel is the same as left one, but with the data separated into three
categories: Golden, Silver, and Bronze (yellow, gray, and brown symbols, respectively). The
red and blue lines are Buckley-James linear regressions (taking into account non-detections)
for the high- and low-mass sides, respectively; the dotted lines show extrapolations from
these fits. Squares with error bars are the mean and standard deviation of the data in differ-
ent mass bins, taking into account non-detections by means of the Kaplan-Meier estimator.
Open circles with error bars are the corresponding median and 25-75 percentiles. Estimates
of the observational uncertainties are showed in the panel corners (see text). Lower panels:
Same as in upper panels but for ETGs. In the right panel, we have corrected by distance
the galaxies with upper limits from GASS to make them consistent with the distances of
the ATLAS3P sample (see text), and the upper limits from the latter, where increased by a
factor of two to homogenize them to the ALFALFA instrument and signal-to-noise criteria.
For the bins where more than 50% of the data are upper limits, the median and percentiles
are not calculated.
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Figure 2.2: Left panel: Dependence of the CO-to-Hy factor on gas-phase metal-
licity as given by physical models (Wolfire et al., 2010; Glover & Mac Low, 2011)
calibrated by observations and by a pure empirical approach (Schruba et al., 2012).
Observations do not allow to constrain these relations for metallicities lower than
12 + log,,(O/H) ~ 7.9 Middle panel: Dependence of metallicity on mass according
to the CALIFA (Sénchez et al., 2013) and SDSS (Andrews & Martini, 2013) surveys.
We use an updated relation for CALIFA that includes more galaxies, specially at low
masses (S. Sanchez, priv. communication); the masses were corrected from Salpeter
to Chabrier IMF. The dotted line is the SDSS relation lowered by 0.1 dex to correct
for the aperture effect; notice how well it agrees with the CALIFA relation but it
extends to lower masses, so this is the relation we use. Right panel: Dependence of
the CO-to-Hy factor on mass inferred from the aco—M, and Z — M, dependences
plotted in the other panels.

to the CO luminosity through a CO-to-Hs conversion factor: My, = acolco. This
factor has been determined in molecular clouds in the Milky Way (MW), acomw =
3.2 (K km s7! pc1)™!, with a systematic uncertainty of 30%. It was common to
assume that this conversion factor is the same for all galaxies. However, several
pieces of evidence show that aco is not constant, and it depends mainly on the gas-
phase metallicity, increasing as the galaxy metallicity decreases (e.g., Boselli et al.,
2002; Schruba et al., 2012; Narayanan et al., 2012; Bolatto et al., 2013, and more
references therein). As first-order, aco changes slowly for metallicities larger than
12 4 log;,(O/H) ~ 8.4 (approximately half the solar one) and increases considerably

as the metallicity decreases.

In a recent review on the topic, among the several approaches for determining the
dependence of aco on Z in galaxies, Bolatto et al. (2013) recommend to adopt a pre-
scription based on a local physical model for the Hy, and CO production and calibrate
it with extragalactic observations. In particular, they find that the prescription given
in Wolfire et al. (2010), based on photodissociation models with shielding, is the most

consistent with the scarce observational data that provides aco vs. Z in galaxies.
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According to Wolfire et al. (2010):

+4.OAAV} . {—4.OAAV] (2.2.1)

aco = Aco,Mw €Xp [—
’ Z' Ay mw

Avaw
where aco yw = 3.2 (in units Mg pe™?/K km s71) is the adopted conversion factor
for the Milky Way, Z' = Z/Z., where log Z = 12+ log,,(O/H), AAy ~ 1, and Ay yw
is the mean extinction through a giant molecular cloud at Milky Way metallicity Z,
with Ay ymw ~ 5 for Sauc &~ 100 Mgpe™2. According to Eq. (2.2.1), aco & acomw
for Z 2 Zs. The left panel of Fig. 2.2 shows the Wolfire et al. (2010) relation along
with those of Glover & Mac Low (2011) and Schruba et al. (2012).

To relate aco with stellar mass, we use the mass-metallicity relation for galax-
ies in the local Universe. Sanchez et al. (2013) and Andrews & Martini (2013)
determined the mass-metallicity relation for galaxies using the Calar Alto Legacy
Integral Field Area Survey (CALIFA) and SDSS surveys in the stellar mass range
8.4 <log(M,/Mg) < 11.2 and 7.4 < log(M./Mg) < 11.2, respectively. The work by
Séanchez et al. (2013) provides a more reliable estimate of the mass-metallicity relation;
recall that the SDSS galaxies are mapped by only one central fiber of fixed aperture,
while CALIFA maps the whole galaxies with many integral field units. However, the
mass range in the CALIFA sample is limited, while Andrews & Martini (2013) extends
to very low masses. We use an updated version of the CALIFA mass-metallicity rela-
tion (S. F. Sanchez, priv. communication) and correct M, to pass from the Salpeter
IMF to the Chabrier one used in Andrews & Martini (2013). At the mass range where
both studies coincide, they agree modulo a shift in the SDSS relation by ~ +0.1 dex
in metallicity with respect to the CALIFA one (see the middle panel of Fig. 2.2).
This is expected given that CALIFA covers the galaxies up to 2-3 effective radii while
SDSS, in most of the cases, covers only the central regions which are typically more
metallic than the outer ones (see for a discussion Sanchez et al., 2013). Thus, we use
the relation as reported in Andrews & Martini (2013) but lowering it by 0.1 dex. They
find that the function proposed by Moustakas et al. (2011) fits well their observational
results:

12 + logyo(O/H) = (12 + log;(O/H ) asm)

—logy, (1 + (AXEO)W) , (2.2.2)

with 12 4 1og;,(O/H)asm = 8.798 (we use 8.698, after subtracting 0.1 dex), Mro =

8.901, and v = 0.640. We are aware that the uncertainties involved in any metallicity-

dependent correction remain substantial (Bolatto et al., 2013). Note, however, that
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our aim is to introduce and explore at a statistical level a reasonable mass-dependent
correction to the CO-to-Hy factor, which must be better than ignoring it. In any case,
we present results both for aco = @comw and our inferred mass-dependent aco factor.
In fact, the mass-dependent factor is important only for LTGs with M, < 3 x 1010
Me; for higher masses and for all ETGs, aco & Qcow?

Appendix B presents a description of the CO (Hy) samples that we utilize in
this thesis. Table 2.2 lists the number of galaxies with detections and upper limits
of the compilation sample in terms of morphology. Table 2.3 lists the number of
detections and upper limits for the golden, silver, and bronze categories mentioned
above (§§2.2.1).

Figure 2.3 shows the mass ratio Ry, = My, /M, vs. M, for the compiled samples.
Similarly to the Ry— M, relation, we applied some corrections to observations in order
to homogenize our compiled sample and to have this way a more consistent comparison
between the different samples. The upper and bottom left panels of Figure 2.3 show,
respectively, the compiled datasets for LTGs and ETGs.

2.3 Selection effects

In this Section we check the gas-to-stellar mass correlations from the different com-
piled samples against possible selection effects. We also introduce, when possible, an
homogenization in the upper limits of ETGs. The reader interested only on the main
results can skip to Section 2.5.

As seen in Figs. 2.1 and 2.3 there is a significant fraction of galaxies with no
detections in radio, for which the authors report an upper limit flux (converted into
an HI or Hy mass). The non detection of observed galaxies gives information that
we cannot ignore, otherwise a bias towards high gas fractions would be introduced
in the gas-to-stellar mass relations to be inferred. To take into account the upper
limits in the compiled data, we resort to survival analysis methods for combining
censored and uncensored data (i.e., detections and upper limits for non detections;
see e.g., Feigelson & Babu, 2012). We will use two methods: the Buckley-James linear
regression (Buckley & James, 1979) and the Kaplan-Meier product limit estimator
(Kaplan & Meier, 1958a). Both are survival analysis methods commonly applied in

Astronomy.? The former is useful for obtaining a linear regression from the censored

2This is well justifyied since massive LTGs have oxygen abundances with typical values larger
than 12 + log;((O/H) ~ 8.7 while ETG have high metallicities at all masses.

3We use the ASURV (Astronomy SURVival analysis) package developed by T. Isobe, M. LaVal-
ley and E. Feigelson in 1992 (see also Feigelson & Nelson, 1985), and implemented in the stsdas
package (Space Telescope Science Science Data Analysis) in IRAF. In particular, we make use of the
buckleyjames (Buckley-James linear regression) and kmestimate (Kaplan-Meier estimator) routines.
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Figure 2.3: Molecular gas-to-stellar mass ratio as a function of M,. Upper panels:
Compiled and homogenized data with information on Ry, and M, for LTGs (see inside
the panels for the different sources; see Appendix B for the acronyms and authors);
downward arrows show the reported upper limits for non detections. Right panel is
the same as left one, but with the data separated into three categories: Golden, Silver,
and Bronze (yellow, gray, and brown symbols, respectively). The red and blue lines
are Buckley-James linear regressions (taking into account non-detections). The dotted
lines show extrapolations from these fits. The green dashed line shows an estimate for
the Ry, M., relation inferred from combining the empirical SFR-Mp, and SFR-M,
correlations for blue/star-forming galaxies (see text for details). Squares with error
bars are the mean and standard deviation of the data in different mass bins, taking
into account non-detections by means of the Kaplan-Meier estimator. Open circles
with error bars are the corresponding median and 25-75 percentiles. Estimates of
the observational/calculation uncertainties are showed in the panel corners (see text).
Lower panels: The same as in upper panels but for ETGs. In the right panel, we
have corrected by distance the galaxies with upper limits from COLD GASS to make
them consistent with the distances of the ATLAS3P sample (see text). For the bins
where more than 50% of the data are upper limits, the median and percentiles are
not calculated.

27



and uncensored data. Alternatively, for data that can not be described by a linear
relation, we can bin them by mass, use the Kaplan-Meier estimator to calculate the
mean, standard deviation,* median, and 25-75 percentiles in each stellar mass bin,
and fit these results to a function by using conventional methods, e.g., the Levenberg-
Marquardt algorithm. For the latter case, the binning in log M, is started with a width
of &~ 0.25 dex but if the data is too scarce in the bin, then its width is increased as to
have not less than 25% of galaxies than in the most populated bins. Note that, for
detection fractions smaller than 50%, the median and percentiles are very uncertain
or impossible to be calculated with the Kaplan-Meier estimator (Lee & Wang, 2003),
while the mean can be yet estimated for fractions as small as ~ 20%, though with a
large uncertainty. In the case of the Bukley-James linear regression, reliable results

are guaranteed for detection fractions larger than 70 — 80%.

When the fraction of non detections is significant, the inferred correlations could be
affected by selection effects in the upper limits reported in the different samples. This
is the case for ETGs, where a clear systematic segregation between the upper limits
of the GALEX Arecibo SDSS Survey (GASS, Catinella et al., 2010, 2012, 2013) and
ATLAS?P (Serra et al., 2012) or Herschel Reference Survey (HRS, Boselli et al., 2010,
2014a) surveys is observed in the log Ryy — log M, plane (see the gap in the left lower
panel of Fig. 2.1), as well as between the CO Legacy Database for GASS (COLD
GASS, Saintonge et al., 2011) and ATLAS?*P (Young et al., 2011) or HRS (Boselli
et al., 2014a) surveys in the log Ry, — log M, plane (see the gap in the left lower
panel of Fig. 2.3). The determination of the upper limits depends on distance and
instrumental /observational constrains (telescope sensitivity, integration time, spatial
coverage, signal-to-noise threshold, etc.). The HI observations of GASS and ATLAS3P
were carried out with different radio telescopes: the single-dish Arecibo Telescope and
the Westerbork Synthesis Radio Telescope (WRST) interferometer array, respectively.
Serra et al. (2012) discussed about differences regarding detections between single-
and multiple-beam observations. For some galaxies from ATLAS3P that they were
able to observe also with the Arecibo telescope, they conclude that their upper limits
should be increased by a factor of ~ 2 in order to agree with the ALFALFA survey

sensitivity and the signal-to-noise threshold they use for declaring non detections in

4The IRAF package provides actually the standard error of the mean, SEM = s/\/n, where

5= \/ % o (z; — ®)? is the sample standard deviation, n is the number of observations, and Z is

the sample mean. In fact, s is a biased estimator of the (true) population standard deviation o. For
small samples, the former underestimates the true population standard deviation. A commonly used
rule of thumb to correct the bias when the distribution is assumed to be normal, is to introduce the
term n — 1.5 in the computation of s instead of n. In this case, s — o. Therefore, an approximation
to the population standard deviation is o = (n/v/n — 1.5) x SEM. This is the expression we use to
calculate the reported standard deviations.
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their multiple-beam observations. Thus, to homogenize the upper limits, we correct
the ATLAS3P upper limits by this factor. In the case of Ry,, the CO observations in
the ATLAS?P and COLD GASS samples were taken with the same radio telescope
(IRAM).

The GASS (COLD GASS) samples are selected to include galaxies at distances
between ~ 109 and 222 Mpc, while the ATLAS?®"® and HRS surveys include only
nearby galaxies, with average distances of 25 and 19 Mpc, respectively. Since the
definition of the upper limits depends on distance, for the same radio telescope and
integration time, more distant galaxies have systematically higher upper limits than
closer galaxies. This introduces a clear selection effect. In the case we have infor-
mation for a sample of galaxies closer than other sample, and under the assumption
that both samples are roughly representative of the same local galaxy population,
a distance-dependent correction to the upper limits of the non-detected galaxies in
the more distant sample should be introduced. Next, we describe our approach to
apply such a correction to GASS (COLD GASS) ETG upper limits with respect to
the ATLAS?P ETGs.

2.3.1 Corrections to the upper limits of ETGs

Here we have noted that the upper limits reported for the GASS (HI) and COLD
GASS (H;) samples in the case of ETGs are significantly larger than those reported
for the ATLAS?P or HRS samples. Following Serra et al. (2012), we have corrected
the ATLAS?P upper limit values by a factor of two in order to take into account
differences between the different telescopes and signal-to-noise thresholds used in this
survey and in GASS (see Section 2.8). However, the main reason of the differences in
the upper limits among these samples is a selection effect due to the different volumes
covered by them. To illustrate this, in the left panel of Fig. 2.4 we plot the histogram
of HI masses for ETGs in the 10.10 — 10.65 log M, bin for GASS (solid black line)
and ATLAS?P (dotted black line). Non detections are also included, with values of
My corresponding to their upper limits. The red lines show the histograms of only
detections. The number of GASS ETGs increases as My is lower and it has a peak at
log(Mpyr/Mg)~ 8.4—9.0, contributed mainly by the upper limits and consistent with
the sensitivity limit of the ALFALFA survey at the distances of the GASS galaxies
in the mentioned stellar mass range. For ATLAS?P,| with distances much closer than
GASS, some ETGs are detected in HI with masses lower than log(Mg;/Mg)=8.4, but
most of them are actually undetected, having upper limits 1-1.5 orders of magnitude
lower than in the case of GASS, consistent with the distance differences between both

samples. The main difference between the My, distributions of both samples is in
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Figure 2.4: Left panel: Distributions of HI masses for ETGs in the 10.10 — 10.65
log M., bin for GASS (solid black line) and ATLAS3P (dashed black line). Non detec-
tions are also included, with values of My corresponding to their upper limits (for
ATLAS?P, we use the upper limits increased already by a factor of two as explained
in Section 2.8). The red lines show the contribution of detected galaxies. The GASS
distribution is clearly limited to much higher upper limits than in ATLAS?*P, and this
is mainly due to a distance selection effect. Right panel: Same as in the left panel

but after correcting the upper limits of GASS with respect to the observations of
ATLAS?P.

their upper limits, and this is clearly due to a selection effect imposed by the different
distance ranges of these samples. Basically, if the undetected GASS ETGs would
be at the distances of ATLAS3® ETGs, then probably most of them would not be
yet detected in HI, having upper limits lower by 1-1.5 orders of magnitude. Thus,
the high values of their upper limits imposed by the volume of GASS, is expected to

introduce a bias in the determination of the gas-to-stellar mass correlations of ETGs.

In an attempt to correct for this selection effect in the upper limits, we will assume
that the ETGs in the GASS and ATLAS?®*P (and HRS, too) samples are representative
of the same local ETG populations. Then, that the upper limits for the ATLAS?P
(or HRS) ETGs are significantly lower than those of similar stellar mass galaxies
from GASS, is mainly due to the distance differences among these samples. If the
GASS ETGs would be as close as those of the ATLAS3P ones, then the upper limit
region in the plots of HI-to-stellar mass ratio vs. M, would be on average lower by
a factor equal to the distance ratio to the square. Thus, to homogenize the upper
limits in Ryp given by the GASS and ATLAS?P samples, we lower the upper limits
of the galaxies in the volume-limited sample with more distant galaxies (GASS) by
(Di/ Driag0 )?, where D is the distance of each GASS ETG and D yppagsp = 25 Mpc
is the average distance of the ATLAS®® ETGs. In fact, according to the ATLAS?P
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Figure 2.5: Left panel: ETGs from our 109 < D < 222 Mpc volume mock catalog in
the Ry vs. M, plane, following the selection and Ryp limits of GASS. All mock ETGs
below the GASS Ry limits (dashed line) are assumed as undetected and assigned an
Ry value equal to the Ry limit (upper limit; blue arrows). The magenta squares with
error bars are the mean and standard deviation calculated in different mass bins with
the Kaplan-Meier estimator. The Ry;—M, correlation for ETGs used in the generation
of the mock catalog is plotted with the red solid line and shaded area. The circles with
error bars are the mean and standard deviation calculated in different mass bins for
all the ETGs from the mock catalog. The mock catalog samples very well the input
correlation but this is not anymore the case when the Ry limit of GASS is imposed,
even if using the Kaplan-Meier estimator to take into account the upper limits. Right
panel: Same as in left panel but after applying our ATLAS3P-based corrections to the
upper limits of GASS (see text). The mean and standard deviation in the different
mass bins, taking into account the (corrected) upper limits, follow now closely the
input correlation.
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observations, 25% of ETGs below the upper limit region of GASS were detected (see
for an example Fig. 2.4). Therefore, we lower the GASS upper limits as mentioned
above for 75% of the galaxies, and for the remaining ones we assign randomly an Ry
value between its upper limit and the average upper limit of ATLAS?P galaxies at the
corresponding stellar mass using a flat distribution. The same procedure is applied to
the COLD GASS ETGs for the Ry, upper limits, where the corresponding D aryagsp
for COLD GASS is 26 Mpc.

The right panel of Fig. 2.4, shows the same histograms as in the left panel but now
the upper limits of the GASS sample were corrected as explained above. Observe how
close the upper limit distributions of GASS and ATLAS?P galaxies are after correcting
by the distance selection effect. Further, we use a large mock galaxy catalog to test the
procedure applied here to the GASS (or COLD GASS) upper limits for homogenizing

them with those of nearby samples such as ATLAS3P

. The mock catalog is a volume-
limited sample (up to 313 Mpc) of 5 x 10° galaxies that sample well the observational
GSMF and LTG/ETG fractions as a function of M, (see Section 2.7). We assign
HI masses to each LTG/ETG galaxy by using an input Ry distribution for a given
M, (a Rpr—M, relation and its scatter) for LTGs and ETGs. Distances are assigned
assuming an isotropic distribution within a sphere of radius of the volume sampled.
Note that we ignore any clustering properties of the galaxies. This is a safe assumption
as we are only interested on the selection effects introduced by the detection limits
of the GASS and ATLAS?P samples. Then, we select the ETGs more massive than
10 Mg, that are in the 109 < D < 222 Mpc range (the GASS volume), and impose
upper limits to the Ry ratio as a function of mass as the one of GASS (see Catinella
et al., 2012). Then, we calculate the mean Ryy and its standard deviation taking into
account the upper limits in mass bins as we did for the observational sample (using
the Kaplan-Meier estimator). The question now is whether we recover or not the
input Rgr—M, correlation for ETGs.

In the left panel of Fig. 2.5, we plot our input Ry;—M, correlation for ETGs (for
this exercise, is described by a double power-law function with the parameters given
in Table 2.5 and assuming a lognormal scatter) along with the values from the mock
catalog in the 109 < D < 222 Mpc volume and imposing the sensitivity limit of the
GASS sample (dots). All the dots below this limit are plotted as upper limits (blue
arrows); they populate the imposed sensitivity limit in the Ry vs M, diagram. The
open circles with error bars are the mean and standard deviation calculated directly
from the catalog in log M, bins for ETGs in the 109 < D < 222 Mpc volume, while the
magenta squares and error bars are the same means and standard deviations calculated

with the Kaplan-Meier estimator for the case of imposing the GASS sensitivity limit.
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Thus, after imposing this limit, the recovered correlation is far from the input one.

Then, we apply the same corrections we have used for the real GASS data, based
on the information from the ATLAS?P sample, i.e., the GASS-like imposed upper
limits to the mock catalog galaxies were lowered by D?[Mpc?]/25°Mpc? in 75% of
the cases, and for the remaining, a random detection value for Ry was assigned as
explained above. The right panel of Fiig. 2.5 shows the result of these corrections along
with the mean and standard deviations calculated with the corrected data in the same
three mass bins as in the left panel (magenta squares with error bars). Observe that
after our corrections, the calculated mean and standard deviation in each mass bin
are in better agreement with those corresponding to the mock catalog without any
selection, that is, the input Ry;—M, correlation is reasonable well recovered, showing

this the necessity of applying the mentioned corrections.

The effect of introducing or not the mentioned above correction to the GASS and
COLD GASS upper limits on the determination of the HI- and Hs-to-stellar mass
correlations of ETGs are, of course, not so significant as in the experiment shown in
Fig. 2.5 because these samples are not the only ones used for that (subsections 2.2.2
and 2.2.3). In Tables 2.4 and 2.5 (cases ETG"), we present the fitted HI-to-stellar
mass correlation for ETGs in the case the upper limits of the GASS sample were
not corrected by distance. The double power-law correlation, without the correction,
changes slightly at the high-mass end: it would be shallower but with a much larger
scatter than when we took into account the correction; the latter is expected due to
the strong segregation of the upper limits from COLD GASS and from the less distant
ATLAS3D and HRS samples. The single power-law would be shallower. Similarly,
in these Tables is also present the fitted Ha-to-stellar correlation for ETGs in the
case the upper limits of the COLD GASS sample were not corrected by distance.
The relations are actually almost the same when taking or not taking into account
the correction but the scatter is larger at the high-mass end for the latter case, as
expected due to the segregation of the upper limits from COLD GASS and from the
less distant ATLAS?*? and HRS samples.

Note that after our corrections by distance and instruments, the upper limits of
the massive ETGs in the GASS/COLD GASS sample are now consistent with those
in the ATLAS?P (as well as HRS) samples, as seen in the right panels of Figs. 2.1
and 2.3 to be described below, and in Fig. 2.4 in Section 2.3.1. In the case of LTGs,
there is no evidence of much lower values of Ry and Ry, than the upper limits given
in GASS and COLD GASS for galaxies closer than those in these samples.
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2.4 Preliminary results on the Ry—M, and the Ry,—

M, relations

In the right panels of Figs. 2.1 and 2.3, all the compiled data shown in the left
panels are again plotted with dots and arrows for the detections and non detections,
respectively. The yellow, dark gray, and brown colors correspond to galaxies from
the Golden, Silver, and Bronze categories, respectively (see §§2.2.1). The above men-
tioned corrections to the upper limits of GASS/COLD GASS and ATLAS?*® ETG
samples were applied. Observe that the large gaps in the upper limits between the
GASS/COLD GASS and ATLAS?P (or HRS) samples tend to disappear after the

corrections we have applied.

We further group the data in logarithmic mass bins and calculate in each mass bin
the mean and standard deviation of log Ry and log Ry, (black circles with error bars),
taking into account the upper limits with the Kaplan-Meier estimator as described
above. The orange squares with error bars are for the corresponding medians and 25-
75 percentiles, respectively. In some mass bins, the fraction of detections are smaller
than 50% for ETGs, therefore, the median and percentiles can not be estimated (see
above). However, the mean and standard deviations can be yet calculated, though

they are quite uncertain.

As seen in the right panels of Figs. 2.1 and 2.3, the logarithmic mean and median
values tend to coincide and the 25-75 percentiles are roughly symmetric in most of
the cases. Both facts suggest that the scatter around the mean relations (at least for
the LTG population) tend to follow a nearly symmetrical distribution, for instance,
a normal distribution in the logarithmic values (for a more detailed analysis of the

scatter distributions see section 2.6).

In the following, we check whether each one of the compiled and homogenized
samples deviate significantly or not from the mean trends. This could happen due to
selection effects in the given sample. For example, we expect systematic deviations in
the gas contents for the Bronze samples, because they are selected to contain galaxies
in extreme environments. As a first approximation, we apply the Buckle-James linear
regression to each one of the compiled individual samples, taking into account this
way upper limits. When the data in the given sample are too scarce and /or dominated

by non detections, the linear regression is not performed but the data are plotted.
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Figure 2.6: Atomic gas-to-stellar mass ratio as a function of M, for the Golden,
Bronze, and Silver LTGs (upper panels) and ETGs (lower panels). The mean and
standard deviation in different mass bins, taking into account upper limits by means
of the Kaplan-Meier estimator, are plotted for each case (filled circles connected by
a dotted line and dotted lines around, respectively). For comparison, the mean and
standard deviation (dashed lines and shaded area) from all the LTG (ETG) samples
are reproduced in the corresponding upper (lower) panels. For each sample compiled
and homogenized from the literature, the Buckley-James linear regression is applied,
taking into account upper limits. The lines show the result, covering the range of the
given sample; the error bars show the corresponding standard deviations obtained
from the regression. When the data are too scarce and dominated by upper limits,
the linear regression is not applied but the data are plotted. The number of LTG and
ETG objects in each category are indicated in the respective panel.
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2.4.1 RHI VS. M*

In Fig. 2.6, results for log Ry vs. log M, are shown for LTGs (upper panels) and
ETGs (lower panels). From left to right, the regressions for samples in the Golden,
Silver, and Bronze categories are plotted. The error bars correspond to the 1o scatter
of the regression. Each line covers the mass range of the corresponding sample. The
blue/red dashed lines and shaded regions in each panel correspond to the mean and
standard deviation values calculated with the Kaplan-Meier estimator in mass bins
for all the compiled LTG and ETG samples and previously plotted in Figs. 2.1 and
2.3, respectively. On the other hand, the yellow, gray, and brown dots connected with
thin solid lines in each panel are the mean values in each mass bin calculated only
for the Golden, Silver, and Bronze samples, respectively. The standard deviation are
plotted with dotted lines. In the following, we discuss the results shown in Fig. 2.6.

Golden category: For LTGs, the three samples grouped in this category agree
well among them in the mass ranges where they overlap; even the 1o scatter of each
sample do not differ significantly among them.® Therefore, as expected, these samples
provide unbiased information for determining the Ry;—M, relation of LTGs from
log(M,/Mg)~ 7.3 to 11.4. For ETGs, the deviations of the Golden linear regressions
among them and with respect to all galaxies are within their 1o scatter, which are
actually large. If no corrections to the upper limits of the GASS and ATLAS?P
are applied, then the regression to the former would be significantly above than the
regression to the latter. Within the large scatter, the three Golden samples of ETGs
seem not to be particularly biased, and they cover a mass range from log(M, /Mg )~
8.5 to 11.5. At smaller masses, the Updated Nearby Galaxy Catalog (UNGC) sample
provides mostly only upper limits to Ry;.

Silver category: The LTG and ETG samples in this category, as expected, show
a more dispersed distribution in their respective Rgr—M, planes than those from the
Golden category. However, the deviations of the Silver linear regressions among them
and with respect to all the galaxies are within the corresponding 1o scatter. If any,
there is a trend of the Silver samples to have mean Ry values above the mean values
of all galaxies in special for ETGs. Since the samples in this category are not from
complete volumes, but they were specially constructed for studying HI gas contents,
a selection effect towards objects with non-negligible or higher than the mean HI
contents can be expected. In any case, the biases are small. Thus, we decide to include
the Silver samples to infer the Ry—M, correlations below in order to increase slightly

the statistics (the number of galaxies in this category is actually much lower than in

®Note also that the 1o scatter provided by the Buckle-James linear regression is consistent with
the standard deviations in the mass bins obtained with the Kaplan-Meier estimator.

36



the Golden category), specially for ETGs of masses lower than log(M./Mg)~ 9.7 (see
Table 2.3).

Bronze category and the effects of environment: The very isolated LTGs
(from the UNAM-KIAS and Analysis of the interstellar Medium of Isolated GAlaxies
-AMIGA- samples) have HI contents higher than the mean of all the galaxies, specially
at lower masses: log Ry is 0.1 — 0.2 dex higher than the average at M, 2 10° Myand
these differences increase up to 0.6 — 0.3 dex for 8 < log(M,/My) < 9, though the
number of galaxies at these masses is very small. The HI content of the Bradford
et al. (2015) isolated dwarf galaxies is also higher than the mean of all the galaxies
but not by a factor larger than 0.4 dex. For isolated ETGs, the differences can attain
an order of magnitude and are in the limit of the upper standard deviations around
the means of all the ETGs. Thus, while isolated LTGs have somewhat higher Ry
ratios on average than galaxies in other environments, in the case of isolated ETGs,
this difference is very large; isolated ETGs can be almost as gas rich as LTGs. In
the Bronze group we have included also galaxies from the central regions of the Virgo
Cluster as reported in HRS and ATLAS3P (only ETGs for the latter). According
to Fig. 2.6, the LTGs in this high-density environment are clearly HI deficient with
respect to LTGs in less dense environments. For ETGs, the HI content is very low
but only slightly lower on average than the HI content of all ETGs. It should be
noted that ETGs, in particular the massive ones, tend to be located in high-density

environments.

We conclude that the HI content of galaxies is affected by the effects of extreme
environments. The most remarkable effect is for ETGs, which in the very isolated
environment can be as rich in HI as LTGs. Therefore, we decide to not include
galaxies from the Bronze category to determine the Ry—M, correlation of ETGs. In
fact, our compilation in the Golden and Silver categories includes galaxies from a
range of environments (for instance, in the largest compiled catalog, UNGC, 58% of
the galaxies are members of groups and 42% are field galaxies, see Karachentsev et al.,
2014) in such a way that the Ry;—M, correlation determined below should represent
an average of different environments. Excluding the Bronze category for the ETG
population, we avoid biases due to effects of the most extreme environments. For
LTGs, the inclusion of the Bronze category does not introduce significant biases to
the Ryi—M, correlation of all galaxies but it helps to improve the statistics. The mean
values of Ry in mass bins above ~ 10° M, are actually close to the mean values of
all the sample (compare the brown solid and blue dashed lines); at lower masses the

deviation increases, but the differences are well within the 1o dispersion.
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Figure 2.7: Same as Fig. 2.6 but for the molecular gas-to-stellar mass ratio.

2.4.2 Ry, vs. M,

In Fig. 2.7, we present similar plots as in Fig. 2.6 but for log Ry, vs. log M,. The
symbol and line codes are the same in both figures. In the following, we discuss the

results shown in Fig. 2.7.

Golden category: For LTGs, the two samples grouped in this category agree
well among them and with the overall sample, though for masses < 10'° My, where
the Golden galaxies are only those from the HRS sample, the average Ry, values
are slightly larger than those from the overall LTG sample (compare the solid yellow
and dashed blue lines), but yet well within the 1o scatter (shaded area). For ETGs,
the deviations of the linear regressions of the Golden samples among them, and with
respect to all ETGs, are within the respective 1o scatters, which are actually large.
If no corrections to the upper limits of the GASS and ATLAS3P are applied, then
the regression to the former would be significantly above than the regression to the
latter. Summarizing, the Golden samples of LTGs and ETGs do not show particular
shifts in their respective Ry,~ M, correlations. Therefore, the combination of them
are expected to provide reliable information for determining the respective Ry,— M.
correlations; for LTGs, in the ~ 10%° — 10115 Mg mass range, and for ETGs, only for
M, 2 10 M.

Silver category: The LTG samples present a dispersed distribution in the log Ry, —
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logM, plane but well within the 1o scatter of the overall sample (shaded area). The
mean values in mass bins from samples of the Silver category are in reasonable agree-
ment with the mean values from all the samples (compare the gray solid and blue
dashed lines). Therefore, the Silver samples, though scattered and not complete in
any sense, seem not to suffer a clear systematic shift in their Hy content. We include
then these samples to infer the Ry,-M, correlation of LT Gs. For ETGs, the two Silver
samples provide information for masses below M, ~ 10'° Mg, and both are consis-
tent with each other. Therefore, we include these samples to infer the ETG Ry,-M,
correlation down to M, ~ 10%5 M.

Bronze category and the effects of environment: The isolated (from the
AMIGA sample) and Virgo central (from the HRS catalog) LTGs have Hy contents
similar to the mean in different mass bins of all the galaxies. If any, the Virgo LTGs
have on average slightly higher values of Ry, than the isolated LTGs, specially at
masses lower than M, ~ 10'° My, given that the My, is denser and more compact
than My, accretion from galaxy interactions could lead to this scenario. Given that
LTGs in extreme environments do not segregate from the average Ry, values at dif-
ferent masses of all galaxies, we include them for calculating the Ry, M, correlation
of LTGs.

For ETGs, the AMIGA isolated galaxies have on average significantly higher val-
ues of Ry, than the mean of other galaxies, while those ETGs from the Virgo central
regions (from HRS and ATLAS?P; mostly upper limits), seem to be on average con-
sistent with the mean of all the galaxies, though the scatter is large. Given the strong
deviation of isolated ETGs from the mean trend, we prefer to exclude galaxies from
the Bronze category for determining the ETG Ry, M, correlation. We conclude that
the Hy content of LTGs is weakly dependent on the environment of galaxies, but in
the case of ETGs, very isolated galaxies have systematically higher Ry, values than

galaxies in more dense environments.

2.5 The gas-to-stellar mass correlations of the two

main galaxy populations

2.5.1 Strategy for constraining the correlations

In spite of the diversity in the compiled samples and their different selection functions,
the exploration presented in the previuos Section shows that the HI and Hy contents
as a function of M, from most of the samples compiled here do not se