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Conexion Halo-Galaxia: Fraccion baridnica de galaxias rojas y azules.

by Angel Rubén Calette Morin

Con base en una exhaustiva compilacién de la literatura y su homogeneizacién (considerando limites
superiores), determinamos las correlaciones empiricas entre las masas de gas atémico y molecular, M,
y Mu,, con la masa estelar, M., para galaxias locales separadas en dos poblaciones, azules/tardias y
rojas/tempranas (ATs y RTs). Para el cdlculo de My, introducimos un factor de conversién CO-to-Ha
dependiente de M.. El cociente My, /My, incrementa lentamente (considerablemente) con M, para las
galaxias ATs (RTs). Con las correlaciones empiricas que determinamos hasta M, =~ 10” Mg y usando
como “interface” las funciones de masa estelar de las galaxias ATs y RT's, calculamos las correspondientes
funciones de masa (FM) de Hr, Ha, gas y bariones para ambas poblaciones locales y el promedio pesado
en densidad de ambas. Nuestras FM promedio de Hy y H2 estdn de acuerdo con los resultados de
catastros ciegos; en estas funciones de masa la poblacién dominante por mucho son las galaxias ATs. La
pendiente de la FM bariénica promedio (total) a bajas masas es —1.52, ligeramente més empinada que

la pendiente de la FM estelar (—1.49) pero menos empinada que las funciones de masa de Hy, Ha, y gas.

Generamos un catalogo sintético de 3 millones de galaxias que muestrea estadisticamente las FMs estelar
de las galaxias ATs y RTs. Con un método estadistico logramos la conexién entre M, y masa de halo M},
y usando nuevamente las correlaciones empiricas Mu,—M, y Mu,—M. que encontramos para galaxias
ATs y RTs, asignamos masas de Hy y Hy. Nuestro catdlogo reproduce por ende las FMs de Hy, Ha y
bariénicas mencionadas antes. Encontramos que las relaciones de M., Mu;, Mu,, Mgas Yy Mpar con M,
se segregan por el color/tipo de las galaxias. En el caso de la relacién Mgas—M), de las ATs, crece rapido
hasta log(Mp,/Mg)~ 11.4 y a masas mayores tienden a aplanarse, mientras que en el caso de las RTs, en
halos més masivos que log(Mn/Mg)~ 11.2, la relacién decrece con Mp. La segregacion entre ATs y RT's
en la relacién Mya,—M), es menor que en el caso del gas pero mayor que el estelar; a paridad de My, las
galaxias ATs tienen masas bariénicas mayores que las RTs. Esta diferencia se incrementa hacia bajas
masas debido a que las galaxias ATs enanas son mucho més dominadas por gas que las RTs enanas.
Las relaciones Mgas—M}p v Mypar—M), de galaxias ATs y RT's locales contienen informacién clave sobre la

evolucién de galaxias y pueden ser usadas para restringir modelos y simulaciones numéricas.

Finalmente, hemos extendido la recopilacién de la literatura de abundancias de gas hasta z ~ 2 -3 y
hemos inferido la evolucién de la relacién masa de gas a masa estelar. El punto cero de esta relacién
crece fuertemente con el corrimiento al rojo z, debido principalmente al incremento de la fracciéon de gas

molecular.
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http://www.astroscu.unam.mx
http://www.astroscu.unam.mx/IA/index.php?option=com_content&view=article&id=486&Itemid=200&lang=es
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Galaxy-Halo connection: Baryonic fraction of red and blue galaxies.

Abstract

Based on an exhaustive literature compilation and homogenization (taking into account
reported upper limits), we have obtained the empirical correlations of the atomic and
molecular gas masses, My, and Mpy,, with the stellar mass, M, for local galaxies divided
into two populations, late/blue and early/red galaxies (LTGs and ETGs). To calculate
Mpy,, we introduced an M, dependent CO-to-Hy conversion factor. The My, /My,
ratio slowly (strongly) increases with M, for local LTGs (ETGs). Once determined the
empirical correlations up to M, ~ 10"M and using as an “interface” the galaxy stellar
mass functions of LTGs and ETGs, we calculate the corresponding Hy, Ho, gas, and
baryonic mass functions (MFs) for both populations and the weighted density mean of
both. Our H; and He mean MF's agree with the results of blind surveys; these MF's are
by much dominated by the LTG population. The slope of the mean (total) baryonic
mass function at the low-mass end is —1.52, slightly steeper than the stellar MF slope

(—1.49) but less steep than the Hy, Hy, and gas MFs.

We have generated a mock catalog of 3 million galaxies that statistically samples the
stellar MFs of LTGs and ETGs. Using an statistical method, we obtained the connection
between M, and the halo mass M}, and using once again the empirical correlations
My,-M, and Mpy,-M, found for LTGs and ETGs, we assign the H; and Hs masses.
Thus, our synthetic catalog reproduces the Hy, Ho, and baryonic MFs mentioned above.
We find that the M,-, My,-, Mu,-, Mgas- and My,,-Mj, relations are segregated by
color/type. The Mgas-M), relation of LTGs grows fast up to log(M},/Mg) ~ 11.4 and
then it tends to flatten at higher masses, whereas for ETGs, in halos more massive than
log(Mp,/Mg) =~ 11.2, the relation decreases with Mj. The segregation among LTGs and
ETGs in the My,- M}, relation is smaller than in the gas cases but higher than the stellar
one. At the same M}, LTGs have larger baryonic masses than ETGs. This difference
increases towards lower masses due to the fact that dwarf LTGs are much more gas
dominated than dwarf ETGs. The Mgas-Mj, and My, My, relations of local LTGs and
ETGs contain key information about galaxy evolution and they can be used to constrain

models and numerical simulations.

Finally, we have extended the literature compilation of gas abundances up to z ~ 2 — 3
and inferred the evolution of the gas-to-stellar mass relation. The zero point of this
relation strongly increases with redshift z, mainly due to increasing of the molecular gas

fraction.

Conexién Halo-Galaxia: Fraccién baridnica de galaxias rojas y azules.
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Chapter 1

Introduction

Nuestro avance en el entendimiento de la formacién y evoluciéon de las galaxias se ha
dado vertiginosamente en la ultima década, gracias principalmente a la obtencién de
enormes catastros homogéneos, tanto de galaxias locales como a altos corrimientos al
rojo, asi como a la consolidacion de un modelo cosmolégico, mismo que provee las
condiciones iniciales y a la frontera claves para entender la evolucién de las galaxias.
El modelo cosmolégico mejor constrenido por las observaciones es el de Materia Oscura
Fria con Constante Cosmolégica (ACDM por su abreviatura en inglés). La formacion de
estructuras en el contexto de este modelo (ver por ejemplo resenas en Avila-Reese, 2006;
Frenk and White, 2012) se da a partir de la evolucién gravitacional de las perturbaciones
de materia oscura, mismas que con su potencial gravitacional capturan el gas bariénico.
Este se enfria por procesos radiativos, cae al centro de las estructuras de materia oscura
ya virializadas (halos) y se dan entonces los procesos de formacién y evolucién estelar,
retroalimentacién, etc. Dichos procesos son muy complejos y se ha avanzado en su
entendimiento a través de modelos semi-analiticos y simulaciones numéricas de N cuerpos
+ Hidrodindmica, quedando atin mucho camino por recorrer para consolidar una teoria
de formacién y evolucién de galaxias (ver por ej. Baugh, 2006; Benson, 2010; Mo et al.,

2010, etc).

En los dltimos anos han entrado en auge enfoques semi-empiricos cuyo principal objetivo
es el de lograr la conexién halo-galaxia, tanto localmente como a altos corrimientos al
rojo, al combinar la informacion estadistica de grandes catastros de galaxias con la de
simulaciones cosmolégicas de N cuerpos. De esta manera se logra inferir cémo dependen
ciertas propiedades globales de las galaxias (principalmente la M, y luminosidad) con la

masa de los halos donde supuestamente se han formado. Con los resultados obtenidos
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con este enfoque se introducen o se obtienen importantes cotas a los procesos fisicos y
evolutivos en el interior de los halos de materia oscura en crecimiento, los cuales son los
responsables de imprimir las propiedades globales de las galaxias (ver por ej. Firmani
et al., 2010; Behroozi et al., 2010, 2013; Moster et al., 2010, 2013; Leauthaud et al.,
2012; Rodriguez-Puebla et al., 2013, 2015).

En los trabajos arriba mencionados, y muchos otros, se ha logrado la conexién halo-
galaxia a nivel de la masa estelar, tanto localmente como a altos corrimientos al rojo.
Esto se reduce principalmente a determinar la relacién entre masa estelar y de halo,
M,—My. Se logré también hacer inferencias de esta relacién para galaxies centrales y
satélites por separado, con sus halos y subhalos, respectivamente. Aunque se encontrd
que hay diferencias entre ambas relaciones (principalmente debido a que cuando un halo
se convierte en subhalo pierde masa por desnudamiento gravitacional), la relacién M,—
My, promedia se parece siempre a la de las galaxias centrales. Finalmente en Rodriguez-
Puebla et al. (2015) se logré constrenir la relaciéon M,—M), para galaxias azules y rojas
por separado, aunque sélo para el caso de las centrales. Estos autores encontraron que
en realidad hay una diferencia significativa estadisticamente entre las relaciones M,—M),

de ambas poblaciones.

Las galaxias ademés de estrellas, estdn compuestas de medio interestelar, en el cual
predomina el gas frio, compuesto de gas atémico (Hy) y molecular (Hg). Inicialmente,
las galaxias empezaron siendo gaseosas y como producto de su evolucion, han ido trans-
formando el gas en estrellas, acretando posteriormente méas gas en ciertos casos, o ca-
lentando y perdiendo su gas por procesos de retroalimentacién positiva, por ejemplo,
por vientos galacticos en el caso de halos de baja masa o eyecciones de los Ntcleos
Galdcticos Activos (NGAs) en halos masivos. Como producto de los complejos procesos
astrofisicos, dependientes de la escala (masa de halo), la época, el medio ambiente, etc.,
es que las galaxias al dia de hoy terminan con las masas estelares y gaseosas que tienen
en funcién de la masa de sus halos. Entonces, una propiedad importante de las galaxias,
ademads de sus masas estelares y sus colores, es la masa de gas frio que se compone de

Hi, Hy, He y metales:

Mgas:MHI+MH2+MHe+MZ: 1-4(MHI+MH2)- (11)

Las abundancias de helio y metales (Z) al dia de hoy son del orden del 40%, por eso el

Conexién Halo-Galaxia: Fraccién baridnica de galaxias rojas y azules.
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factor 1.4 en la ecuacién (1.1). La masa baridnica total de una galaxia se define entonces

como My, = M, + Z\Igas.1 La fraccién de gas frio de una galaxia es fyqs = Mgas/Mpar-

En el espiritu de la conexién halo-galaxia mencionado arriba, un siguiente paso de rele-
vancia es el determinar la relacién Mp,,—My,. Debido a que las fracciones de gas fy.s de
las galaxias en funcién de M, son diferentes para galaxias azules/tardias y rojas/tem-
pranas, ademds de que las relacién M,—M), se segrega por color (Rodriguez-Puebla et al.,
2015), en realidad es importante determinar la relacion Mpy,,—M,, por separado para estas
dos poblaciones. El promedio pesado por la densidad numérica de ambas poblaciones
serd entonces la relacién Mp,,.—My global. La fraccién baridnica de las galaxias, fhar=
My / My, en funcién de My, refleja la capacidad de captura de bariones (gas y estrellas)
que tiene la galaxia dado el potencial de su halo, asi como de expulsién del gas bariénico

por los procesos de retroalimentacién positiva.

Mientras que la determinaciéon de la masa estelar es rutinaria en grandes catastros
de galaxias como el “Sloan Digital Sky Survey” (SDSS), el “Galaxy Mass Assembly”
(GAMA) y muchos otros a altos corrimientos al rojo, la observacién del gas atémico vy,
peor aun del molecular o sus trazadores como el CO, es una tarea mucho més dificil.
Por esta razén la informacién de masa de HI y Hs a nivel de catastros es limitada.
Los catastros més extensos en HI fueron hechos con el radiotelescopio CSIRO’s 64-m
Parkes (Zwaan et al., 2005), el radiotelescopio australiano Westerbork (WSRT) (Serra
et al., 2012) y con el radiotelescopio de Arecibo en Puerto Rico (e.g., Martin et al., 2010;
Papastergis et al., 2012). En base a estos estudios se construyeron funciones de masa
en HI. No obstante, no ha sido trivial contar con muestras completas que contengan la
informacién tanto de My, como de M,. Mucho menos, que contengan informacién de
Mp,. Ademas en el caso del Hg, su determinacion es casi siempre a través de la molécula
trazadora de CO y ahi surge la incertidumbre del factor de conversién de masa en CO
a masa en Ho, mismo que parece no es constante sino que depende por ejemplo de la
metalicidad (ver por ej. Schruba et al., 2012; Boselli et al., 2014; Bolatto et al., 2013,
etc).

En esta Tesis se propone realizar una extensa recopilaciéon y uniformizacién de la lit-

eratura de muestras de galaxias locales que contengan determinaciones de M, y My,

'En las galaxias también hay gas caliente en estado ionizado; no obstante la fraccién de esta com-
ponente del medio interestelar es generalmente muy pequena. Su deteccién no es fcil pues este gas es
muy difuso y posiblemente se extiende mucho més alld de lo que es la galaxia visible, formando un halo
caliente y tenue alrededor de la misma (ver por ejemplo, Sharma et al., 2012; Jeltema et al., 2008, etc.).

Conexién Halo-Galaxia: Fraccién baridnica de galaxias rojas y azules.
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asi como de M, y My, en un amplio intervalo de masas y separadas en azules/tardias
y rojas/tempranas. De esta manera, se pretende inferir las correlaciones My, —M, y
Mp,—M, tanto para galaxias azules/tardias como para rojas/tempranas. Conjuntando
estas correlaciones, se infieren entonces las correspondientes correlaciones Mgas—M, vy,
anadiendo la informacién de M,, finalmente se obtienen las correlaciones Mp,,—M, (Cap.

2).

Una vez constrenidas las correlaciones mencionadas, se puede hacer uso de las funciones
de masa estelar de galaxias azules y rojas para ”proyectar” estas correlaciones a funciones
de distribucién de My, Mp,, Mgas, y finalmente, My,,, tanto para galaxias azules como
rojas, asi como para el caso promedio pesado por densidad (total). Este es entonces otro

objetivo propuesto en esta Tesis (Cap. 3).

Finalmente, con las funciones de masa encontradas, aplicando el enfoque estadistico de
conexion halo-galaxia anteriormente mencionado, se puede determinar la relacién Mpq,—
M, separada en galaxias azules y rojas asi como la promedio (total). En realidad, se
pueden obtener también las correspondientes relaciones Mg, ~My, Mp,~My, ¥ Mgas—
My,. Todas estas relaciones, pero en especial la de My, vs My, reflejan, como ya se dijo,
aspectos claves de como se ensamblaron las galaxias en funcién de las masas de sus halos

y permiten sondear el modelo cosmoldgico subyacente, el ACDM (Cap. 4).

1.1 Restricciones en diferentes épocas

Como ya se menciond, en base a los catastros observacionales a diferentes corrimientos al
rojo, con los cuales se determinan las GSMF's y funciones de correlacién de las galaxias
a diferentes épocas, los métodos semi-empiricos han permitido inferir la conexién halo-

galaxia hasta épocas muy en el pasado, principalmente la relacién M,—Mj,.

Para lograr inferencias de la la relacion Mp,.—My hasta z ~ 3, el primer paso que
se presenta en esta Tesis, es lograr un cuadro empirico de la correlacion Mg,s— M, a
diferentes z's, para luego, como se procedié a z ~ 0, proyectar esta correlacién con
la ayuda de las GSMF's observadas a funciones de distribucién de Mg,s y finalmente de
Mpq,. Con estas funciones de masa bariénicas y el método estadistico de correspondencia
de abundancias, se pueden entonces inferir las relaciones Mp,,—M), a diferentes épocas

(Cap. 5).

Conexién Halo-Galaxia: Fraccién baridnica de galaxias rojas y azules.
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La informacién observacional relacionada al contenido gaseoso de las galaxias lejanas
(z > 0.1) proviene practicamente sélo de estudios en CO que se traducen a masas de
Hs. En la Tesis hemos compilado varias muestras de galaxias con informacién de My,
y M, hasta z ~ 3. Se introduce también un estimado de cémo evoluciona la masa de
gas atémico, Mp,. Con esta informacién se plantea en un futuro inferir la evolucién de

la relacién Mpq,—My, siguiendo la estrategia mencionada arriba.

1.1.1 Contenido

El plan de la presente Tesis es como sigue. En el Capitulo 2 se presenta la recopilacién
y caracterizacién del tipo de galaxia en tardias/azules o tempranas/rojas ya sea por la
morfologia, color o tasa de formacion estelar de datos observacionales de la literatura
para galaxias del Universo local con determinaciones de M, y My, al igual que para
M, y Mjp,. Posteriormente se homogeneizan estos datos y se toma en cuenta aquellas
galaxias observadas en radio, pero que no son detectadas dado el limite de sensibilidad de
el telescopio o el detector utilzado. Por ltimo, se obtienen relaciones My -M, Mp,-Mi,

Mgas-M, y My-M,.

En el Capitulo 3, utilizando la fraccién de galaxias rojas, la funciéon de masa estelar
promedio en el universo local como interfaz para asignar masas de gas y bariénica con
las relaciones obtenidas en el capitulo 2, se infieren las funciones de masa de My, My,

Mg,y My, para galaxias tardias/azules y tempranas/rojas.

En el Capitulo 4 se infiere las relaciones My-M,, My-Mp,, My-Mpy,, My-Mgas y Mymbar,
utilizando el método MATCH (Multi-Abundance Matching Technique Constraints in
Halos) el cual consiste en determinar la relacién masa stelar- masa halo (SHMR por sus
siglas en inglés) para galaxias tardias/azules y tempranas/rojas a través del métodod
de empate de abundancias. Posteriormente asignamos masas de My, Mpy,, Mg.s y My
utilizando las relaciones de masa de gas y baridénica con la masa estelar, determinadas

en el capitulo 2.

El Capitulo 5, incluye la dependencia de las correlaciones masa de gas-masa estelar con
el corrimiento al rojo. Esta dependencia estd basada en resultados observacionales de
la evolucién de la fracciéon de masa de hidrégeno molecular y de la densidad de masa de
Hj a diferentes corrimientos al rojo de sistemas DLA (Dumped Lyman-alpha absorption

systems). Para el caso del hidrégeno molecular presentamos el contraste con resutlados

Conexién Halo-Galaxia: Fraccién baridnica de galaxias rojas y azules.
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observacionales, corrigiendo por un factor de conversion dependiente del corrimiento al

rojo.

El Capitulo 6 presenta las principales conclusiones de esta Tesis.

Conexién Halo-Galaxia: Fraccién baridnica de galaxias rojas y azules.



Chapter 2

The observational data and inferred correlations

We are in the era of large homogenous surveys of galaxies, mainly build up in the
optical and infrared bands. However, in order to attain information about the cold gas
content of galaxies, both atomic and molecular, observations in the radio are necessary.
Unfortunately, the extent of samples that contain both optical /infrared information and
radio information on H; and Hy contents is very limited. In view of this, our goals in

this Chapter are:

e To compile from the literature catalogs and samples of galaxies that contain as
primary information stellar masses, M, (inferred from photometry and/or from
spectral energy distributions), a characterization of the galaxy type, either mor-
phological or by color/star formation activity AND integrated fluxes in Hy from
which the Hy gas mass, My, can be inferred AND/OR CO observations from

which the Hy gas mass, My,, can be inferred;

e To homogenize as much as possible the data, and take into account those galaxies
observed in radio but non detected due to the sensitivity limit of the telescope/de-

tector.

e To infer the My, —M,, My,~M,, Mgas—M, and M,,—M, correlations in the stellar
mass range 7 < log;o(M,./Mg) < 12. Recall that we have defined the total galaxy
cold gas mass as Mgas=1.4(Mpu,+ Mpy,), and the galaxy baryonic mass as Mpa,=
M+ Mgas.
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2.1 Characterization of the samples and definitions

)

The separation of the galaxy population at least into two broad groups of “late-type/blue’
and “early-type/red” is important because the gas contents of these two populations
seems to be very different at a given M,. In order to characterize these two broad

galaxy types we use one or another among the following criteria:

e Criterion 1.- Morphological type based on images: for those samples, where the
morphological type is given, we characterize as our “early-type/red” those galaxies hav-
ing morphological types of Ellipticals (E) and lenticulars (S0) or 7" < 0, and as our
“late-type/blue” those having morphological types of Spirals (S) and Irregulars (Irr) or
T>0.

e Criterion 2.- Photometrical integral colors, concentrations, and/or SFR’s: The
separation into two populations for those samples that do not report galaxy morphology
based on images can be done based on some global photometric or spectro-photometric
information as the integral color, the concentration index!', and/or the specific star
formation rate (sSSFR=SFR/M,). The separation into blue and red galaxies by colors
has been done as a function of stellar mass. It is well known that galaxies follow a
bivariate distribution in color, distribution that changes with M,. For a given M,,
the bivariate distribution can be fitted for instance by two Gaussians and the color at
which the Gaussians intersect at the 1o level, can be defined as the transition color:
galaxies bluer than this color are classified as blue (the blue cloud) and those redder are
classified as red (the red sequence). This was done for example in Li et al. (2006) by
using g — r colors or in Wyder et al. (2007) by using NUV — r color. Other authors
(see e.g., Deng, 2013), by making an statistical study using the Galaxy Zoo, with the
definition of contamination and completeness from Shimasaku et al. (2001), find that the
concentration index in the r-band can characterize well late-type galaxies (those having
¢ < 2.85). Nevertheless, for those with ¢ > 2.85 it is not straightforward to say that they
are of early type due to the high contamination by late-type galaxies (see e.g., Bernardi
et al., 2010). Therefore, in order to characterize galaxies as early type by concentration,

an extra parameter such as the NUV —r color or the sSFR are needed.

'The concentration index is defined commonly as ¢ = g—ig, where Rgp and Rso are the radii enclosing

90 and 50 percent of the r-band Petrossian Flux respectively
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Based on these criteria and depending on the information provided by the samples and
catalogs compiled here, we separate the galaxies into the two mentioned above broad
groups. Hereafter, we will refer to these two broad groups just as late-type and early-
type galaxies (LTGs and ETGs). Note that color is not attempted to substitute the
morphological type. Although it is well known that color correlates with the galaxy
morphology and star formation activity, it is also known that there is a fraction of
galaxies that do not follow these correlations and, according to the criteria used to divide
them into two groups, they can be disk-dominated but red and passive (e.g., Maller et al.,
2009; Masters et al., 2010, the fraction of these galaxies is not larger than ~ 10% of the
late-type ones and it is more common among massive galaxies), or bulge-dominated but
blue and star forming (e.g., Schawinski et al., 2009, these galaxies are less than 6% of
early-type ones and are not found among massive galaxies). The correlations and mass
functions that we attempt to infer here are not for a fine and continuous separation
of galaxies by color or morphological type, but only for two rough galaxy populations.
Therefore, the “contaminations” produced by the above mentioned deviations from the
general correlations are mot so relevant as to change these correlations relations and

mass functions when separated just into two groups.

Regarding the gas masses, in several of the samples taken from the literature there
are observed galaxies that, at the sensitivity level of the radiotelescope, could not be
detected. In some cases the fraction of such non-detections in the sample is small but
in other ones it is large (in particular for ETGs). The non-detection at the level of
sensitivity (reported then as an upper limit) gives information about the galaxy that we

can not obviate (this would introduce a bias in the data).

To use observational data containing upper-limits, we resort to the Kaplan-Meier prod-
uct limit estimator, which is a survival analysis method commonly used in Astronomy
for combining censored (detections) and uncensored (upper limits for non-detections)
data. Thus, mean, median, percentiles, etc. can be calculated for a given sample of
censored and uncensored data; see the Appendix B for more information. In order to
take into account the non-detections and calculate mean, standard deviations, median,
and percentiles of the My~ and Mp,-to-M, ratios in M, bins, we use the ASURV (As-
tronomy SURVival analysis) package developed by Takashi Isobe, Michael LaValley and
Eric Feigelson in 1992, and implemented in the stsdas package (Space Telescope Sci-

ence Science Data Analysis) in IRAF. In particular, we make use of the kmestimate
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(Kaplan-Meier estimator) routine.

In the next Section, we will plot and infer from the compiled data the My, and My, to

M, ratios, that we define as:

My

Ry, = M*I (2.1)
My

Ry, = M: (2.2)

For most of the samples and catalogs taken from the literature, the authors multiply by
1.4 the Hy mass in order to get the total gas mass (i.e., including He and metals, but
in many cases, Ho is not included). We prefer first define the masses of Hy and Hy (or
the My, /M, and My,/M, ratios) as a function of M, and then sum up them taking
into account He and metals in order to derive the total cold gas masses (see Eq. 1.1).
Thus, when necessary, we (de)correct the reported data by the factor related to He and

metals, which is taken into account when the total cold gas mass is calculated:
Mgas =1.4 x (MHI + MHQ) (23)

Thus, we can define the cold gas to stellar mass ratio,

M
Row = 22, (2.4)
and the galaxy baryonic mass,
Myar :Mgas + M,. (25)

It is common in the literature to use the galaxy gas fraction instead of the galaxy gas-

to-stellar mass ratio. The former is defined as

Myps — Mgas

= = . 2.6
fgas Mgas + M, Mbar ( )
The gas fraction is related to the gas-to-stellar mass ratio by:
Rgas
= - 2.
fg&S Rgas _"_ 1 ( 7)
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The complement to fyqs is the galaxy stellar mass fraction,

f* =1- fgas (2'8)

2.2 The compilation

In the following, we present our compilation and homogenization of samples of galaxies
for which the authors report M,, the information we require to classify the galaxy as

LTG or ETG, and either measurements of Ry, (Sect. 2.2.1) or Ry, (Sect. 2.2.2).
2.2.1 Hydrogen atomic gas

Measurements of the amount of atomic hydrogen in galaxies are derived from the H; 21
cm emission intensity. Thus, if the integrated flux of the 21 cm line and the redshift of

a galaxy are known, the H; mass is given by:

D 2 F,d
My, ~ 2.356 x 10°(1 + 2)~* ( ﬁé’?) <Jnym ;)_1> Mo, (2.9)

where Dy (z) is the luminosity distance and f F,dv is the observed integrated H;-line flux
density. Following, we present the observational data sets compiled of atomic hydrogen

to stellar mass ratio (R, ) for LTG and ETGs, including dwarf galaxies.

e The GALEX Arecibo SDSS Survey (GASS Catinella et al., 2013): It consists
of 760 galaxies (473 detections and 287 non detections) with stellar masses greater
than 10'° Mg, and redshifts 0.025 < z < 0.05; the Ry, limit of the sample is 0.015
for log(M./Mg) > 10.5 and up to 0.05 for smaller masses. The concentration
parameter Rgo/Rs0 was used to characterize the galaxy type, with a value of
¢ = 2.85 used to separate LTGs from ETGs. The stellar masses are calculated
from the SDSS spectra using the method described in Salim et al. (2007) and
assuming a Chabrier (2003) IMF. The GASS galaxies are located in the intersection
of the footprints of the SDSS primary spectroscopic survey, the projected GALEX
Medium Imaging Survey (MIS) and ALFALFA. Thus, if there is a H; detection in
ALFALFA or objects in the Cornell H; digital archive, they use them to obtain H;
masses. When there is no H; information, they use the Arecibo radio telescope to

measure the integrated H;-line intensity and thus My,. The authors do not apply
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corrections for inclination or to account for helium. Not correcting by inclination
disks similar to the Milky Way observed close to edge-on or higly inclined, leads
to underestimate the Hy column density and the inferred Hy masses (see Appendix
B of Haynes and Giovanelli, 1984), this effect seems to be larger for intermediate-
type spirals. On the other hand if galaxies are low inclined, the column density
is underestimated by less than 5%. The fraction of spiral galaxies in this work

affected by this effect is small.

e The Nearby Field Galaxy Survey (NFGS Jansen et al., 2000; Wei et al., 2010;
Kannappan et al., 2013, see more references therein): A broadly representative
sample of 198 galaxies spanning stellar masses M, ~ 108 — 10'2 My, and all mor-
phologies. Stellar mass were estimated using a variant of the code described in
Kannappan and Gawiser (2007) and improved in Kannappan et al. (2009), which
fits the spectral energy distribution (SED) and integrated spectrum of a galaxy if
exists with a suite of stellar populations models. Both the diet Salpeter IMF and
the one adopted here, the Chabrier (2003) IMF, were used. The single-dish H;
fluxes for most galaxies were taken from the HyperLeda database (Paturel et al.,
2003) or were obtained by the authors with the Green Bank Telescope (GBT)
Spectrometer. They obtain the 21 cm line fluxes and derive H; masses using the
expression from Haynes and Giovanelli (1984) combined with a 1.4 correction factor
for helium. The sample provides strong upper limits up to Ry, ~ 0.1; all galaxies
with ratios larger than this are detected. At difference of the GASS sample, for

the NFGS, there is not a clear Ry, limit as a function of M,.

e The Stark et al. (2013) compilation?: It is a compilation of galaxies with avail-
able CO, Hi, and multi-band imaging data. The primary sample comes from NFGS
galaxies with CO data. The compilation from the literature includes galaxies from
three large surveys: the Spitzer Infrared Near Galaxy Survey (SINGS Kennicutt
et al., 2003), ATLAS-3D (Young et al., 2011), and CO Legacy Database for the
GASS (COLD GASS Saintonge et al., 2011). For low-mass galaxies, objects from
Barone et al. (2000), Garland et al. (2004), Leroy et al. (2005), Taylor et al. (1998),
and Kannappan et al. (2009) were added. Most of these references are themselves

the sources of the CO data, and the H; data often come from the same source as

2Dr. David Stark kindly sent us in electronic form the data reported in their paper
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the CO data, or else from alternate sources in the literature or HyperLeda. Mor-
phology classification is done by eye, and the stellar masses are calculated as in
Kannappan et al. (2013) for the diet Salpeter IMF. Except for a subset outside the
SDSS footprint but that has BV RI photometry (see Munioz-Mateos et al. (2009)
for details) from SINGS sample, all the optical data come from the SDSS DRS.
NIR imaging is available for all galaxies from 2MASS. Note that a significant frac-
tion of the galaxies from the Stark et al. (2013) compilation are in common with
those of Kannappan et al., 2013. Most of the massive ETGs in the Stark et al.
compilation are from Serra et al. (2012); we handle these data separately and refer
to them as the Serra et al. (2012) sample. This sample is from the ATLAS-3D
survey, a Integral-Field Unit Spectroscopy survey of 260 early-type galaxies within
the 42 Mpc local volume many of which are from the Coma cluster. Only a fraction
of galaxies from the ATLAS-3D survey have HI information. The HI masses were

obtained from radio observations in the WRST.

e The HERACLES/THINGS survey (Leroy et al., 2008): From this work we
select from this work 23 nearby, star-forming galaxies, which we associate to LTG
objects; 11 are dwarf, H-dominated galaxies and 12 are large spirals. The former
are defined as those galaxies with rotational velocities v,,, < 125 Km s™!, stellar
masses M, < 10'°M and absolute magnitude in the blue band Mp > —20 mag.
The latter have v,,, > 125 Km s~!, M, > 1010M@ and Mp < —20 mag. The au-
thors derived atomic hydrogen surface density from 21 cm line integrated intensity
maps from Walter et al. (2008) (THINGS survey), correcting for inclination and
considering the 1.36 factor to account for helium (He). Then, from this surface
mass density, the atomic hydrogen mass is obtained. The galaxy stellar mass is
inferred from 3.6 pm maps from Spitzer, mostly of these from SINGS (Kennicutt
et al., 2003). Leroy et al. (2008) constructed radial profiles with the 3.6 ym inten-
sity in each tilted ring to avoid contamination by hot dust and foreground stars. To
convert the 3.6 ym intensity to surface stellar mass density (X.), they use a K-to-
3.6 pm calibration and adopt a fixed K-band mass-to-light ratio, TX = 0.5M /L),
assuming a Kroupa (2001) IMF. From this surface stellar mass density they obtain

the total galaxy stellar mass.

e Dwarf LTGs (Geha et al., 2006): In this work, 101 dwarf galaxies with H; mea-

surements are presented. Galaxies are selected if they have absolute magnitudes
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in the r-band, M, —5log,¢(h70) > —16 from the low-luminosity catalog of Blanton
et al. (2005). Stellar masses are based in the optical SDSS i-band magnitude and
g — r colors using the mass-to-light ratios of Bell et al. (2003) and considering a
Kroupa et al. (1993) IMF. The sample is composed by a 10% of early type galaxies
(dwarf spheroidals) and the rest of the sample are late types (dwarf irregulars).
My, observations are obtained using the Arecibo 305 m telescope and the Green

Bank 100 m telescope, by measuring the H integrated flux.

e Stewart et al. (2009) & Papastergis et al. (2012) fits: In both cases,
the authors provide linear fits in the logarithm to the My, M, (or Ry,—M,) rela-
tion from small samples compiled by them. Stewart et al. (2009) used mainly the
observational data presented in McGaugh (2005) for disk-dominated galaxies. Pa-
pastergis et al. (2012) have actually My, determinations for thousands of galaxies
from ALFALFA and stellar masses from the SDSS in common with the ALFALFA
survey, but they do not make public these data and do not use them for inferring
the Ry,—M, relation due to sample selection effects. Instead, they present a fit
to Ry, —M, relation by using data sets from Swaters and Balcells (2002), Garnett
(2002), Noordermeer et al. (2005) and Zhang et al. (2009).

The left panels of Fig. 2.1 show the data from the above mentioned samples and fits
in the Ry, vs M, plane (see the legends indicating each sample/fit inside the panels).
The upper and lower panels are for the LTGs and ETGs, respectively. The down arrows
indicate the cases of non-detection, with the values plotted corresponding to an upper
limit as reported in the original works. The data show that the two populations of
galaxies have different loci in the Ry, vs M, plane, and this is why it is important to
separate them. In these plots we can appreciate that the GASS survey has a defined Ry,
and Ry, limit, dependent on M,, as mentioned above. Unfortunately, this is not the
case for the other samples. Given the “controlled” completeness of the GASS sample
in the Ry, and Ry, distributions, this sample is useful for exploring the nature of these
distributions and for determining the intrinsic scatter around the My, —M, and My,—M,

relations, at least for massive galaxies (see Cortese et al., 2011).

In the right panels of Fig. 2.1, we reproduce the compiled data showed in the left ones
but not making differences among the different sources; only detections and upper limits

are differentiated. Note that we did not take into account the galaxies from Serra et al.
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Figure 2.1: Upper panels: Compiled data with information on Ry, and M, for LTGs (see inside
the panels for the different sources). We include the reported upper limits for non detections
(arrows), as well as the fits to previous compilations by Stewart et al. (2009) and Papastergis et al.
(2012). Right panel is the same as left one, but with the data plotted without distinguishing
the different sources. These data has been grouped in different stellar mass bins in order to
calculate the mean, standard deviations, median and 25-75 percentiles in each bin by means of
the Kaplan-Meier estimator for censored + uncensored data (see text for more details). The
brown triangles with thin error bars are mean values and standard deviations from the v.40
ALFALFA and SDSS crossmatch according to Maddox et al. (2015); the ALFALFA galaxies are
biased to high values of Ry,. Lower panels: The same as in upper panels but for ETGs. The
galaxies from Serra et al. (2012) are not included in the right panel due to the high bias to a
high-density environment in this sample (see text). The two lowest mass galaxies from Stark
et al. (2013) compilation were also excluded because they actually are blue compact star forming
dwarfs (BCD). For the bins where more than 50% of the data are upper limits, the median and
percentiles are not calculated.

(2012) since a significant fraction of them are actually from the Coma cluster and other
clusters (these galaxies are from the ATLAS3D catalog); hence, this sample is strongly

biased to a particular dense environment, where galaxies have less gas contents than in
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the field.

As a preliminary step for inferring correlations (see Section 2.3), we calculate the mean,
median and 25-75 percentiles of the data in different stellar mass bins. Since in the data
there are non detections reported as upper limits, we use the Kaplan-Meier estimator to
obtain these quantities in stellar mass bins, as described at the beginning of this Chapter
(see also Appendix B). When the data are numerous, we use bins in log M, of 0.4-0.6
dex. Otherwise, the width of the bins is made as large as to have at least ~ 10 data

points and/or a fraction of detections larger than ~ 20% in the bin.

The empty black circles with (asymmetric) error bars in Fig. 2.1 show the median and
25-75 percentiles calculated with the Kaplan-Meier estimator in different stellar mass
bins as described above. The orange squares and error bars show the corresponding
mean and standard deviation in each mass bin (the points are slightly shifted to avoid
superposition). The IRAF package provides actually the standard error of the mean;
we estimate the standard deviation of the population from it, see the Appendix B for
details. As mentioned also in the Appendix B, the median and percentiles are very
uncertain or impossible to be calculated for detection fractions smaller than 50%, while
the mean yet can be estimated for fractions as small as ~ 20%, though with a larger
uncertainty. In the case of the massive ETGs, the fraction of detections are smaller than
50%, therefore, the median and percentiles are not plotted in the corresponding mass
bins. However, the mean and standard deviations are plotted, though it should be taken

into account that the determinations are uncertain in these cases.

2.2.2 Molecular hydrogen gas

Direct observational measurements of molecular hydrogen fluxes in galaxies able to give
us the Hy masses are not possible. Hs is a diatomic molecule with identical nuclei,
therefore it does not possess a permanent dipole moment neither dipolar rotational
transitions. Purely rotational quadrupole transitions are the lowest energy transitions
of Hy in the far infrared (FIR) and these are weak due to their long spontaneous decay
lifetimes (Tyecay ~ 100 years). Ha transitions such as the ortho and para or the lowest
vibrational energy transitions, require temperatures 7' > 100 K. Thus, these conditions

make impossible the emission of cold Hy in the molecular ISM (Bolatto et al., 2013).
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In order to solve this problem, given that molecular gas is not pure Ho, a tracer such
as CO molecule can be used. This molecule consists of Oxigen and Carbon, which are
the most abundant (~ 107*/Hz) heavy elements in the ISM, and under the physical
conditions in molecular clouds, it can be formed. Also, it has a weak permanent dipole
moment and a ground rotational transition with low excitation energy (J — 1 —0) that
even in molecular clouds can be easily excited, and this emission lies in a transparent
atmospheric window (see e.g., Bolatto et al., 2013; Narayanan et al., 2012). Thus, the

way to relate the Hy column density (N, ), with the observed CO intensity (W) is:

NHQ = Xccho (2-10)

If equation (2.10) is integrated over the emitting area, a relation among the Hy mass

(Mp,) and the CO line luminosity (Lco) is obtained:

MH2 = acolco (2-11)

Xco and ago are known as the CO-to-Ho conversion factor, which can be transformed

by Xco = 6.3 x 10”aco (Narayanan et al., 2012).

The determination of My, in galaxies is commonly done by considering a constant
CO-to-Hs conversion factor (see e.g., Leroy et al., 2008; Saintonge et al., 2011; Bauer-
meister et al., 2013; Stark et al., 2013). This factor could have been determined with rea-
sonable accuracy in molecular clouds in the solar neighborhood (Xco = 2x10%°cm™2 K km s~*
or aco = 3.2(K km s7! pc™!)~! with a systematic uncertainty of £30%). For Milky-
Way like disks, the conversion factor is similar to the one found for our Milky-Way,
though the scatter and systematic uncertainty increase compared to the MW uncer-
tainty. Traditionally authors assumed a constant value for the CO-to-Hy conversion
factor, equal to the one of the Milky Way. This is the case for almost all of the obser-

vational samples that we compiled (see below).

In the last years, the consensus increased in favor of considering that the CO-to-Hy con-
version factor is not constant. There are many observational and theoretical works that
strongly suggest that the CO-to-Hs conversion factor is sensitive, for instance, to the gas
phase (nebular) metallicity Zg,s: it increases with decreasing Zg,s (e.g., Boselli et al.,

2002; Schruba et al., 2012; Narayanan et al., 2012; Bolatto et al., 2013). We consider
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that a CO-to-Hy conversion factor varying with Zs,s must be used in order to get more
realistic molecular hydrogen masses. In the Appendix A we discuss works that propose
the dependence of aco on Zg,s (Schruba et al., 2012). Since Zgas on its own depends on
M, (see e.g. Andrews and Martini, 2013; Sanchez et al., 2013) , in the Appendix A we
infer an approximate dependence of the CO-to-Hs factor on M,:

log;o (vco) =0.42 + 2 x log; (2.12)

M,

1+0.1 (3 X 1010M@>0'64]
for LTGs less massive than 3 x 1019 My, and aco = aco,Mw = 3.2 for more massive
galaxies. For ETGs we leave aco = aco,mw at all masses®. These galaxies formed on
average their stars early and quickly and exhausted much of the gas in that process.
The little amount of gas left is enriched by stellar mass loss. The Zg,s of these galaxies
is expected then to be similar or larger than in the Milky Way; for such metallicities,

aco tends to be close to the one the Milky Way (see Appendix A).

As mentioned above, almost all the galaxy samples with information on My, assumed
aco constant and equal to the Milky-Way value; only in a few cases some metallicty-
dependent factors were used. For one or another case, in order to homogenize the results,
we reestimate the Ho masses of LTGs from the compiled samples by dividing them by
the value the respective authors used, and multiplying then by our mass-depending aco.
This implies that the Hy masses of LT Gs will be larger as smaller they are with respect
to those reported in the original studies®. We have also uncorrected by helium and
metals if this correction has been applied for a given sample; our aim here is to have

estimates of the Ry, mass only.
The compiled Hy data

e The CO Legacy Legacy Database for GASS (COLD GASS Saintonge et al.,
2011): This is a large program aimed at observing CO(1-0) lines fluxes at the
IRAM 30 m telescope for galaxies from the GASS survey (Catinella et al., 2013;

see section 2.2.1). The stellar masses and morphologies are from this survey. From

3Eq. (2.12) is normalized in such a way that aco=3.2 for Milky Way like galaxies, in other words,
those galaxies having stellar masses M. > 3x10'°Mg (see e.g., Schruba et al., 2012). This is consequence
of the dependence on metallicity of aco conversion factor (see figure A.3 in appendix A), for high mass
LTGs the mass-metallicity relation flattens at high stellar masses, thus aco flattens.

4Once we correct by our aco conversion factor, Hy masses are larger by a factor ~ 30 at M, ~
1 x 10"Mg and larger by a factor ~ 8 at M, ~ 1 x 10°Mg
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the CO fluxes, the total CO luminosities and hence the Hy masses are calculated;

the Milky-Way CO-to-Hy conversion factor was used.

e The Stark et al. (2013) compilation: This is the same data compiled sample in
2.2.1 for H;. The IRAM 30 m and the ARO 12 m telescopes were used to measure
the CO (J — 2 —1) (IRAM) and (J — 1 —0) (IRAM & ARO) lines. Thus,
molecular hydrogen masses are obtained from the CO flux, using a constant CO-
to-Hy conversion factor X¢oo = 2 x 102%m2(K km s71)~! and beam correction.
In addition, Stark et al. (2013) make a compilation from the literature for the
Hy sample, including the following works: Kennicutt et al. (2003), Young et al.
(2011), Barone et al. (2000), Garland et al. (2005), Leroy et al. (2005), Taylor
et al. (1998), and Kannappan et al. (2009).

e The HERACLES/THINGS survey (Leroy et al., 2008): This is the same
sample presented in Section 2.2.1 for Hy. The Hy surface mass density (Xy,) is
estimated by using the IRAM 30 m telescope to map CO J — 2 — 1 emission
for the full optical disk of the 18 THINGS galaxies (HERACLES sample). Then,
to relate CO J — 2 —1 to CO J — 1 — 0 intensity, it is assumed the ratio
Ioo(2 — 1) = 0.8Ic6(1 — 0), finding this as a typical value in their sample,
based on direct comparison with HERACLES and previous surveys. There are two
galaxies which are not included in the HERACLES sample. For these, they use CO
J — 1 —0 maps from BIMA SONG to estimate ¥y,. The CO-to-Hy conversion
factor is constant for this work, adopting the value for the solar neighborhood,

Xco =2 x 10%%m~2(K km s~!)~!. A correction for inclination is considered.

e Bauermeister et al. (2013) compilation: From this study, we use 8 of their
normal star-forming galaxies. These are in the redshift range 0.005 < z < 0.1
and the stellar mass range 4 x 1010M@ < M, < 16 x 1010M@. Stellar masses
are obtained by fitting SDSS wgriz photometry to a grid of models spanning a
wide range of star formation histories. They measure CO J — 1 — 0 intensity
with CARMA, and thus obtain Hs masses, using a constant CO-to-Hs Milky-Way

conversion factor.

e Boselli et al (2014) compilation: In this work are used CO observations ob-
tained using the NRAO (National Radio Astronomy Observatory) Kitt Peak 12

m telescope and compiling from literature CO observations of the HRS (Hershel
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Reference Survey) galaxies. These observations consist of 225 galaxies, with 143
detections and 82 non-detections, ranging from LTG to ETG type systems using
the NED classification of morphology or their own characterization if not available.
They use a constant and a variable X factor. The constant value of the CO-to-
Hs conversion factor is Xco = 2.3 x 102%cm™2(K km s™1)~! and the variable X¢o,

is a H-band luminosity-dependent, which Boselli et al. (2002) found to be:

log;o(Xco) = — 0.38 x logyo (L) + 24.23 [em™2 /(K km s71]) (2.13)

Stellar masses are derived from i-band luminosities and using the g — ¢ colour-
dependent stellar mass-to-light ratio from Zibetti et al. (2009), with an assumed
Chabrier (2003) IMF.

e Bothwell et al (2014) compilation: Using the APEX telescope, the CO(2 — 1)
emission line was measured to trace the molecular hydrogen of 42 late-type galaxies
in the stellar mass rage 8.5 < log;o(M,) < 10, resdshift range 0.01 < z < 0.03
and metallicities 12 + log,((O/H) > 8.5. The stellar masses are derived based on
SED fitting (Kauffmann et al., 2003) using the SDSS DR7. In order to obtain the
CO(1 — 0) line luminosities, they assume that the CO(2 — 1) emission line is
fully thermalized, this is, Tp(2 — 1)/T3(1 — 0) = 1 (T} is the equivalent Rayleigh-
Jeans brightness temperature in excess of that of the microwave background). A
constant and a variable CO-to-Hy conversion factor are used to infer Hy masses.
The former case assumes a Milky Way like value aco = 4.5(K kms_lpc_z)_l that
includes a correction of 1.36 to account for interestellar Helium. The latter case
considers an aco varying with metallicity according to the Wolfire et al. (2010)

models.

The left panels of Fig. 2.2 show the data from the above mentioned samples in the
Ry,—M, plane (see the legends indicating each sample inside the panels). The upper
and lower panels are for the LTGs and ETGs, respectively. The down arrows indicate
the cases of non-detection, with the values plotted corresponding to an upper limit as
reported in the original works. The data show that the two populations of galaxies have

different loci in the Ry, vs M, plane, and this is why it is important to separate them.
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In the right panels of Fig. 2.2, we reproduce the compiled data showed in the left ones
but not making differences among the different sources; only detections and upper limits
are differentiated. Note that we did not take into account the galaxies from Young et al.
(2011) since a significant fraction of them are actually from the Coma cluster and other
clusters (these galaxies are from the ATLAS3D catalog); hence, this sample is strongly
biased to a particular dense environment, where galaxies have less gas contents than in

the field.

As in the case of Ry, vs. M, (see above), we calculate the mean, standard deviation,
median and 25-75 percentiles of the censored + uncensored data in different stellar mass
bins by using the Kaplan-Meier estimator. The width of the bins is made as large as
to have at least ~ 10 data points and/or a fraction of detections larger than ~ 20%
in the bin. For the smallest masses, only upper limits are available, so that it is not
possible to calculate a mean or median in these cases. Similar to Fig. 2.1, the black
empty circles with error bars show the median and 25-75 percentiles in each mass bin,
while the orange squares with error bars show the corresponding mean and standard
deviation (the points are slightly shifted to avoid superposition). In the case of the
massive ETGs, the fraction of detections are smaller than 50%, therefore, the median
and percentiles are not plotted in the corresponding mass bins. However, the mean
and standard deviations are plotted, though it should be taken into account that the

determinations are uncertain in these cases due to the very low fraction of detections.

2.3 The stellar-gas mass correlations.

In the previous Section, we presented our literature compilation and homogenization
of several samples and catalogues of galaxies with information on stellar mass, galaxy
color/type, and atomic and/or molecular hydrogen mass. From the compiled data it is
clear that the LTG and ETG populations should be studied by separate in that regards
their gas contents. In the left panels of Figs. 2.1 and 2.2, we have shown estimates of
the mean, standard deviations, median and 25-75 percentiles of the Ry, and Ry, ratios
in several stellar mass bins, taking into account the upper limits of the non detections
by using the Kaplan-Meier estimator. These estimates will help us below to find the
best correlations of Ry, and Ry, with M, for both LTGs and ETGs.
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Figure 2.2: Upper panels: Compiled data with information on Ry, and M, for LTGs (see inside
the panels for the different sources). We include the reported upper limits for non detections
(arrows). Right panel is the same as left one, but with the data plotted without distinguishing
the different sources. These data has been grouped in different stellar mass bins in order to
calculate the mean, standard deviations, median and 25-75 percentiles in each bin by means
of the Kaplan-Meier estimator for censored + uncensored data (see text for more details). For
the bins where more than 50% of the data are upper limits, the median and percentiles are not
calculated. For the lowest masses there are only upper limits so that mean and median were not
calculated. The dashed line shows an estimate for the Ry,—M, relation inferred by combining
the empirical SFR-My, and SFR-M, correlations for blue/star-forming galaxies (see text for
more details). Lower panels: The same as in upper panels but for ETGs. The galaxies from
Young et al. (2011) are not included in the right panel due to the high bias to a high-density
environment in this sample (see text).

It is important to mention that until the coming of telescopes as the Square Kilometre
Array (SKA Carilli, 2014; Blyth et al., 2015), which will bring extragalactic gas studies
more in line with optical surveys, the gas-to-stellar ratios of galaxies as a function of

mass should be constrained from the current heterogeneous and limited studies based on
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radio follow-up observations of small optically-selected galaxy samples as we intend to
do here. For Hj, the cross match of the large «.40 ALFALFA survey (Giovanelli et al.,
2005; Haynes et al., 2011) with the SDSS could be a good option, however, since this
survey is Hy-selected, it is biased to high values of Ry, (see e.g., Papastergis et al., 2012;
Maddox et al., 2015) we do not this data. In Fig.2.1, we plot the mean and standard
deviations from the ALFALFA/SDSS sample as reported by the latter authors; their

data are clearly above the data from the optically-selected samples.

According to the mentioned above, the many selection effects and biases of the different
samples introduce uncertainties much larger than the accuracy required for formal fit-
tings to the data. In view of this, it is not possible to demand strong statistical rigor in
the empirical inferences of the correlations of the gas-to-stellar mass ratios with stellar

mass.

In this Section, we push as much as possible a rigorous inference of the Ryg,—M, and
Ru,—M, correlations but it is unavoidable not to resort to extra criteria and physically-
motivated assumptions in order to obtain them. Besides, bear in mind that our aim is
to get consistency of these correlations with the observed galaxy stellar, H; and Hy mass

functions.
2.3.1 Ry, — M, correlations

The mean and median shown in panels (b) and (d) of Fig. 2.1, suggest that the Ry, —M,
correlations for both LTGs and ETGs are not linear in the log-log plane. In fact, if we
extrapolate the power law that describes the high-mass end of the Ry,—M, correlations,
at low masses, the values of Ry, would be much larger than the few observational data at
these masses. Therefore, the low-mass end should flattens. Besides, for the values of Ry,
at these masses being so large, simple models show that this implies too low metallicities
as compared to observations. For instance, Baldry et al. (2008) have applied the well-
established relation between stellar mass and metallicity coupled with a metallicity to
gas mass fraction relation, which can be determined from a simple chemical evolution
model. They obtained a gas-to-stellar mass ratio that flattens at low masses, this ratio

not being on average larger than ~ 10 at masses as low as M, = 107 M.
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Another evidence that low mass galaxies (as low as M, ~ 10° — 107 Mg) do not have
Ry, ratios on average larger than ~ 10 —as would imply the extrapolation of the high-
mass Ry, M, relation— comes from Maddox et al. (2015). By cross matching the .40
ALFALFA survey with SDSS, they obtain the H; and stellar masses for thousands of
local galaxies. While this sample is not useful to infer the average My,—M, (or Ry,—
M.,) relation of galaxies due to its bias towards high values of Ry, (see above), an upper
envelope of this relation can be actually constrained; the high- Ry, side does not suffer of
selection limit effects. This envelope shows a lack of low mass galaxies with too high Ry,
ratios; at M, ~ 107 My, the mean value of Ry, is lower than 10. Besides, the envelope
shows a clear change of slope at M, ~ 10° My, in the sense that at lower masses, the

dependence of Ry, on M, flattens.

Based on the arguments mentioned above, we propose that the Ry,—M, relation of
local LTGs and ETGs down to M, ~ 107 Mg is better described by a double power
law than by a simple power law as usually has been done (e.g., Stewart et al., 2009;
Papastergis et al., 2012). We assume also that the break or transition in the Ry,—M,
relation happens at M, = 3 x 10° M), a value close to the one seen in Maddox et al.
(2015) or in the result from the mass-metalicity based model of Baldry et al. (2008).
The double power law function that we use for fitting the data in the plane spanned by

Ry, and M, is:

B
(36" Gy =

Ry, =

where B is the normalization, ¢ and p are the slopes of the function and M*® = 3x10° Mg,
is the break mass. This function is continuous and derivable. Regarding the intrinsic
scatter around the Ry,—M, relations, we assume that it is log-normally distributed (or
normally distributed in log Ry, ). In a detailed study, Cortese et al. (2011) conclude that
the distribution of Ry, is close to a log-normal function. More recently, Lemonias et al.
(2013) used the sample by Catinella et al. (2012) to study the Hy mass functions in fixed
stellar mass bins (bivariate Hy mass function); by fitting log-normal functions to these
Hy mass distributions in fixed bins of M, they found widths (scatters) of ~ 0.6 — 0.7
dex. The Catinella et al. (2012) sample include both LTGs and ETGs, but the former

dominate in number. Note that standard deviations of log Ry, from our compiled data
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for LTGs (where the Catinella et al. sample is also included) are of the order of these

values. For ETGs, which are a minor fraction, the scatter is larger.

Since we are interested in the intrinsic scatter, it should be taken into account that the
measured scatter in the observed samples contains also the observational errors, which
may account for up to 0.2-0.25 dex; hence, the obtained standard deviations are actually
upper limits to the intrinsic scatters. The available data are too heterogeneous as to
attempt to estimate the intrinsic scatter. As an educated guess, we will consider that the
normally distributed intrinsic scatter around the Ryg,—M, relation of LTGs and ETGs
are 0o, Ry = 0.45 and 0.70 dex, respectively, independent of mass. We use also these
scatters for characterizing the intrinsic standard deviation around the mean values of

Ry, in each mass bin.

We fit the function given by eq. (2.14) to the mean (orange squares) and intrinsic
standard deviations in the Ry,—M, planes showed in Fig. 2.1, under the mentioned above
assumptions. The Levenberg-Marquardt method is used for the fitting (Press et al.,
1996). For ETGs, the information is quite limited, in special at low masses where there
are almost no data. The two lowest mass galaxies are actually blue compact galaxies.
While they were classified as spheroidal galaxies, they are actually blue, actively forming
stars and could be classified also in the group of LT Gs. Because of the lack of information
and large uncertainties for ETGs at low masses, we prefer to fix the low-mass end slope
€ to 0. In fact, there are almost no low-mass (M, < 10° My,) field galaxies in the local

volume which are red/quiescent (Geha et al., 2012).

In Table 2.1, we present the best-fit parameters of the double-power law function for
both the LTG and ETG samples. The reduced x? are 0.86 and 0.80, respectively. These
x? values lower than 1 are likely due to the large error bars and relatively low number

of data (the mean in the different M, bins) used in the fits.

Galaxy population Parameters
logip(B) | ¢ p_ | logio(M*)
ETG -0.50 0.00 | 1.70 9.50
log(B) § P logyo(M*)
LTG -0.01 0.30 | 0.85 9.50

Table 2.1: Parameters of the Ry,—M, two-power law relations
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Our fits to the Ry,—M, correlations and their (assumed) 1o scatters for the LTG (left
panel) and ETG (right panel) galaxies are shown in Fig. 2.3 (solid lines and shaded
areas, respectively). For completeness, we plot also the corresponding fits directly in
the My,—M, plane, Fig. 2.4. For LTGs, the My,—M, correlation at the low-mass and
high-mass ends goes as M, and M, %5 respectively (the significant change in slope
occurs at M, ~ 3 x 10° Mg). For ETGs, these dependences go as M,' and M*_O'm,
respectively; My, increases with M, up to M, ~ 3 x 10° Mg, and then decreases with

M,.
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Figure 2.3: Compiled data for Ry, vs. M, as shown in right panels of Fig. 2.1 and the best fits
(gray solid lines) to the mean and standard deviations also showed in Fig. 2.1. The color shaded
area are our estimates for the 1o intrinsic scatter around the relations; this scatter is assumed
to be normally distributed in log Ry,. Panels a and b are for the LTG and ETG populations,
respectively.

2.3.2 Ry, — M, correlations

The process of star formation (SF) in galaxies happens inside molecular clouds. There-
fore, the SF rate (SFR) in galaxies is expected to correlate with their Ho content. This
is actually the molecular gas version of the global Kennicutt-Schmidt law. Empirical in-
ferences of the SFR—-My, relations have been obtained for galaxies at different redshifts
for a large range of masses and SFR’s. For instance, Sargent et al. (2013) infer this

relation from several previous observations by using a metallicity-dependent aco factor.
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Figure 2.4: Our fits to the My,-M, correlation. Panels a and b are for the LTG and ETG
populations, respectively. For LTGs (ETGs) My, oc M%7 and My, oc M,% (My, o< M, and
My, o< M, 70'70) at the low and high mass end respectively. The color shaded area are the 1o
intrinsic scatters around the fitted My,-M., relations.

The SFR-Mpy, correlation of “normal” star-forming galaxies and that one of star burst,
ULIRG, and sub-milimmetre galaxies have roughly a similar slope but the latter have a
normalization (higher SFR) a factor of approximately ten than the former. In the local
Universe the fraction of star burst, ULIRG, and sub-milimmetre galaxies is negligible.

The Sargent et al. (2013) relation for star-forming galaxies is:
log(Miy, /M) = 9.18 = 0.02 + (0.83 £ 0.03) log(SFR/Muyr ). (2.15)

By using this relation of star-forming galaxies and the SFR—-M, relation for these galaxies
(the so-called main sequence), one can find an approximate relationship between My,
and M,. We use the SFR/M,-M, relation found from SDSS galaxies by Salim et al.
(2007) for blue/star-forming local galaxies (their eq. 11):

—0.17(log(My) — 10) — 9.65 if log(M,) < 9.4
log(SFR/M,) = (log(M.) ~ 10) if log(.) (2.16)

—0.53(log(M,) — 10) — 9.87  if log(M,) > 9.4
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The resulting My, / M,—M, relation is plotted with a dashed line in panel (b) of Fig. 2.2
(for LTGs). It clearly follows a double power law with a break at M, ~ 3 x 10° M.

In panels (b) and (d) of Fig. 2.2, we have presented our compilations of Ry, vs. M,
for LTGs and ETGs, along with the mean and median of the censored + uncensored
data in different M, bins. Again, it seems that a simple power law is not enough to
describe the data. Besides, as discussed above, a simple empirical inference based on the
observed SFR-Mpy, and specific SFR-M, relations suggests a double power law function,
at least for the LTGs. We propose the same double power law function eq. (2.14) to
fit the Rpy,—M, correlations, as in the case of the Ry, —M, correlations. Following the
result obtained above, we assume that the break or transition in the Ry, relations
happens at M, = 3 x 10° My,. For LTGs, we impose the condition that the slope of the
correlation in the mass range 8.5 < log(M./Mg) < 9.4 should be close to the one of our
empirical inference, which extends down to this mass range; the slope at this mass range
is ~ 0.3 (see the dashed line in Fig. 2.2). Note that at low masses the information is
quite limited, in particular for the ETGs. The data in this case, show some evidence that
the Ry, ratio not only does not continue increasing at lower masses, but it decreases.

In fact, red dwarf spheroidals are not expected to have available molecular gas.

Regarding the intrinsic scatter around the Ry,—M, relations, again, we will assume that
it is log-normally distributed. The width of this distribution, in the case of LT'Gs, which
are mostly star-forming objects, is expected to be close to the width of the specific star
formation rate (sSFR) vs. M, relation (the main sequence), because of the connection
discussed above between SFR and molecular gas content. The observations of local
galaxies show that the scatter around this relation is 0.3 — 0.5 dex, increasing slightly to
lower masses (e.g., Salim et al., 2007). Based on this reasoning as well as on the scatter
that we see in our largest compiled samples, we find that a good description for the

intrinsic scatter of LTGs is:

M,
Olog; Ry, = A/ + ()0/ 1Ogl() <]W> . (217)

with A" = —0.45 and ¢’ = —0.04. In the case of ETGs, the intrinsic scatter seems to
be larger than for LTGs. The former are in general passive, devoided of gas reservoirs,
but probably a fraction of them can acquire some gas and trigger star formation during

interactions and mergers. Then, the amount of Ho depends on the kind of merger and on
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the conditions to transform the atomic gas to molecular one. The range of possibilities
is large, hence, the scatter around the Ry,—M. relation should be large. We assume the

width of the log-normal distribution to be gy, Ru, = 0.7 dex and constant with mass.

As in the case of the Hs data, we use the Levenberg-Marquardt method to fit the binned
data in the Rp,—M,. plane for both LTGs and ETGs. The fit is performed for the
mean with an intrinsic standard deviation assumed as above explained, and under the
conditions also mentioned above. In Table 2.2, we present the best-fit parameters of the
double-power law function for both the LTG and ETG samples. The reduced x? are
0.92 and 0.72, respectively. The x? values lower than 1 are likely due to the relatively
large standard deviations and low number of data (the mean in the different M, bins)

used in the fits.

Galaxy population Parameters
log(B) £ P logy(M?)
ETG. -1.05 -0.45 | 1.35 9.50
logyo(B) § P logy(M?)
LTG. -0.50 0.20 | 0.65 9.50

Table 2.2: Parameters of the Ry,—M, double power-law correlations

Our fits to the Ry, M, correlations and their scatters for the LTG (left panel) and
ETG (right panel) galaxies are shown in Fig. 2.5 (solid lines and shaded areas). For
completeness, we plot also our fits directly in the Mpy,—M, plane, Fig. 2.6. For LTGs,
the Mp,—M, correlation at the low-mass and high-mass ends goes as M,%80 and M*0'35,
respectively (the significant change in slope occurs at M, ~ 3 x 10° My). For ETGs,
these dependences go as M,'*® and M, 3%, respectively; My, increases with M, up to

M, ~ 3 x 10° Mg and then decreases with M,.
2.3.3 Rgas — M, correlations.

Once determined the Ry,—M, and Ry, M, correlations, we can obtain the Rgas—M, cor-

relation, where Rgas = Mgas/ M, = 1.4(Ru, + Ru,), or in logarithmic form:

logyo (Rgas) =logyg (1.4) + logyo (Ru, + Ru,) (2.18)

By introducing the Ry,~M, and Rp,-M, (eq. 2.14 with parameters from tables 2.1
and 2.2) relations in eq. (2.4), the Rgas—M, relations for both galaxy populations are
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Figure 2.5: Compiled data for Ry, vs M, as shown in right panels of Fig. 2.2 and the best fits
(gray solid lines) to the mean and standard deviations also showed in Fig. 2.2. The color shaded
area are our estimates for the lo intrinsic scatter around the relations; this scatter is assumed
to be normally distributed in log Ry,. Panels a and b are for the LTG and ETG populations,
respectively.

obtained. To get the scatters around these relations we propagate the scatters deter-
mined for the Ry,—M, and Ry,—M, relations separately for both galaxy populations.
Propagating errors, in the assumption of null covariances, we obtain the logarithmic

scatter around the Rg,s—M, relation®,

=

1 2 2 2 2 2
Ologyg Rgas :RHI + Ry, <RHIUIOg10 Ry, - RH2 Tlog; RHz) (2.19)

In Fig. 2.7, we plot the obtained Rgas—M, correlations for LTG (left panel) and ETG
(right panel) populations. The color regions are the corresponding propagated scatters.
For completeness, we plot in this figure also those galaxies from our compilation that
have determinations for both the H; and Hy masses. Note that a large fraction of our

compilation have not determinations for both quantities at the same time.

According to Fig. 2.7, the Rgas— M, correlations of LTG and ETG galaxies are signifi-

cantly different. The gas content in the former is at all masses larger than in the latter,

°If the value of Ry, Rmu, or both cases are an upper limit, then Eq. (2.19) is an upper limit of the
intrinsic scatter of Mgas—M. relation.
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Figure 2.6: Our fits to the My,-M, correlation. Panels a and b are for the LTG and ETG
populations, respectively. For LTGs (ETGs) My, o< M,*® and My, oc M,*% (My, oc M,
and My, x M*70'35) at the low and high mass end respectively. The color shaded area are the
1o scatters around the fitted Mpy,-M, relations.

specially at larger masses. In general, in both cases, the smaller the galaxies, the more
dominated by cold gas they are. For LTGs, cold gas can be on average ten times more

massive than stellar mass for galaxies of stellar masses around 10" Mg,
2.3.4 Gas fractions

In the literature it is common to define the cold gas fraction, feas=Mgas/(Mgas+ M),
instead of the cold gas-to-stellar mass ratio, Rg.s. We can easily get fgas as a function
of M, by using eq. (2.7) and the Rgas—M, relation above obtained. The scatter around
this relation can be obtained by error propagation from the one around the Rg.s—M,

relation eq. (2.19) and by using eq. (2.7):

Rgas < 1— Rgas

_ N 2.20
e o0 ] (1 By ) s e (220

In Fig. 2.8, we present the fy,s-M, correlations and their scatters for the LTG (left
panel) and ETG (right panel) populations. As in Fig. 2.7, we plot, for completeness,

the data from our compilation that has determinations for both Hy and Hs masses. As
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Figure 2.7: Cold gas-to-stellar mass ratio, Rgag, vs. M, for LTG (left panel) and ETG (right
panel) populations inferred from our fits to the Ry, —M, and Ry,—M, correlations. The shaded
area are the 1o scatters obtained by error propagation of the scatters around the Ry,—M, and
Ru,—M, relations. For completeness, also are plotted the data from our compilation that have
determinations of both H; and H, masses. Note that the plotted fzas—M. relations are not fits
to these data.

expected, the gas fraction strongly increases as less massive are the galaxies, tending to
90% at M, ~ 107 Mg. For a Milky-Way sized galaxy, in the case of LTGs, feas ~ 12%,
while for ETGs, fgas < 0.5%. Our Milky Way has fgas = 10 — 15%.

2.4 My, /Mpy,-M, correlation.

Understanding the process that makes possible the conversion of atomic into molecular
hydrogen, would give us insights on how do galaxies form stars. A quantity that charac-
terizes the global efficiency of this process is the My, /My, ratio. We study then how this
ratio correlates with M, for the LTG and ETG populations by using the observational

data compilation and fits presented in Sections 2.2.1 and 2.2.2.

The My,-M,, Mu,-M, correlations and their scatters as fitted to the observations were
given in sections 2.3.1 and 2.3.2. From them, we obtain the My, /My, ratios at each M,
as well as the scatters. The results are plotted in Fig. 2.9, where the galaxies for which

there are information on both My, and My, are also included.
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Figure 2.8: Cold gas fraction, fgas, vs. M, for LTG (left panel) and ETG (right panel)
populations inferred from our fits to the Ry,—M, and Ry,—M. correlations. The shaded area
are the lo scatters obtained by error propagations of the scatters around the Ry,—M, and
Ru,—M, relations. For completeness, also are plotted the data from our compilation that have
determinations of both H; and H, masses. Note that the plotted fzas—M. relations are not fits
to these data.

According to figure 2.9, the molecular-to-atomic mass ratio of LGTs is on average 0.2
for the lowest mass galaxies, meanwhile for the largest masses the ratio is on average 1.

Our results are similar at M, > 3 x 10'°Mg when we compare with the observational Ho-

to-Hr metallicity dependent mass ratio of Bothwell et al. (2014) and the semi-analytical
inferences of Fu et al. (2012) and Lagos et al. (2011), but we differ at low stellar masses,
our results are higher. Thus, LTGs are expected to have higher global SF efficiencies at
high masses, i.e., the ability of local LTGs to transform atomic gas into molecular gas
(and then into stars) slowly increases with stellar mass. For ETGs, My, /My, strongly
decreases with decreasing M., so that the less massive the galaxy, the less efficient they
are. KTGs have total cold gas contents much smaller than LTGs. For the lowest ETGs,
the molecular-to-atomic mass ratio is on average 0.02, while for the largest masses the

ratio is on average 2, however, there is a huge scatter around the main trend of increasing

the ratio with M,.
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Figure 2.9: Molecular-to-atomic mass ratio, My, /My, for LTG (left panel) and ETG (right
panel) galaxies inferred from our fits to the Ry,-M, and Ry,-M, correlations. The shades areas
are the 1o scatters obtained by error propagation of the scatters around the Ry,-M, relations.
For completness, also are plotted the data from our compilation that have determinations for
both H; and Hy masses. Note that the plotted My, /My,-M,relations are not fits to this data.
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Chapter 3

The stellar, gas, and baryonic mass function of

local late and early type galaxies

In the previous Chapter, we have obtained from a compilation of observational data the
Mp,— and Mpy,—M, correlations, for ETGs and LTGs. In this Chapter we use these
correlations in order to predict the galaxy mass distribution functions for Mp,, My,
Myg,s and My, by using as an “interface” the observed galaxy stellar mass function,
GSMF. In what follows, we describe the method employed for constructing these galaxy
mass functions, and probe this way how the mass correlations do project into distribution

functions and viceversa.

3.1 The method
3.1.1 Observed Galaxy Stellar Mass Functions

The different local Mp,—M, and Mp,—M, correlations, parameterized in Chapter 2, in
combination with the local observed GSMF, allow us to determine galaxy mass distribu-
tion functions for My, , Mpy,, Mgas and My,,. In this subsection, we explain first how we
construct the local (total) GSMF separated into blue and red galaxies (LT Gs and ETGs).
For this, we combine the overall SDSS GSMF determined by Baldry et al. (2008) down
to M, ~ 10" M, and the one determined by Rodriguez-Puebla et al. (2015) for galaxies
above M, ~ 10? Mg; the latter is also based on SDSS galaxies but it takes into account
the separation into blue/red populations and introduces an “aperture” correction to the
stellar mass estimates. Basically, what we do is to extend the Rodriguez-Puebla et al.
(2015) GSMF to smaller masses by “matching” the Baldry et al. (2008) GSMF. The
latter authors have introduced careful corrections relevant for the completeness. On the
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other hand, the data release of the SDSS catalog used by the former authors is poste-
rior to the one used by Baldry et al. (2008) in such a way that more galaxies and a
larger volume is considered; this improves the issue with cosmic variance that affects
the high-mas end of the GSMF. The composed GSMF is presented in Fig 3.1 as filled

black circles with error bars.

Baldry et al. (2008) derived the GSMF based on the NYU-VAGC catalog from the SDSS
DRA4 for galaxies at z < 0.05. By combining several methods for stellar mass determina-
tions, Baldry et al. (2008) estimated the GSMF between M, = 10" My, and M, = 10118
Mg. The authors perform a careful analysis to take into account incompleteness at low
masses. In spite of that, their determinations may be yet incomplete due to missing

faint low-surface brightness galaxies at M, < 10®Mg. We do not attempt to introduce

uncertain corrections to this possible incompleteness and use just the GSMF reported
by them down to M, ~ 107 M. Regarding the shape of this GSMF, the authors find

hints for an upturn at the low mass-end when the GSMF is fitted to a double Schechter.

In a recent analysis of the SDSS DR7, Rodriguez-Puebla et al. (2015) constructed the
GSMF between M, = 10? and M, = 10123 Mg based on the NYU-VAGC catalog for
all, blue and red galaxies. The stellar masses were taken from the Spectral Energy Dis-
tribution inferences reported in the MPA-JHU DR7 database.! Colors and absolute
magnitudes were K-corrected to z = 0.1 and separated into blue and red galaxy popu-
lations according to the magnitude-color criteria given in Li et al. (2006). In addition,
the GSMF constructed according to Rodriguez-Puebla et al. (2015) takes into account
that galaxy surface brightness profiles extends further away than the commonly used
aperture limits in SDSS. These authors introduced a correction following Mendel et al.
(2014), who compared the MPA-JHU DR7 stellar masses with the ones obtained by
computing accurate bulge+disk and Sérsic profile photometric decompositions in sev-
eral bands. In the case of a Sérsic profile, they find masses larger by up to ~ 0.08 dex
at the smallest masses and by = (.23 dex at the largest masses. Following these results,
Rodriguez-Puebla et al. (2015) corrected conservatively the masses by =~ 0.05 dex for
masses up to log(M,/Mg) ~ 10.7 and then increase smoothly the correction ending with
0.23 dex at log(M,./Mg) ~ 12. The correction is particularly important for (massive)

central galaxies in clusters (see e.g., Bernardi et al., 2013; He et al., 2013; Kravtsov

! Available at http://www.mpa-garching.mpg.de/SDSS/DRT.
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et al., 2014; Mendel et al., 2014, and reference therein). We assume that this aperture

correction is the same for blue and red galaxies.

For our purposes of using the observed GSMF as an interface to determine gas and
baryonic mass functions, it is more convenient to have an analytical version of the
GSMF. Following Baldry et al. (2008) and Rodriguez-Puebla et al. (2015), we fit our
combined GSMF by a function that is composed of a single Schechter plus a Schechter

function with a sub-exponential decay at the high-mass end,
Gg(X)dX = ¢i XM e X1d Xy + ¢;X§‘2e—X§ dXo, (3.1)

where X; = M, /M with i = 1,2. The corresponding best-fit parameters are listed in
Table 3.1.

Figure 3.1 shows the best fit function (solid line) to the our combined GSMF (filled
circles with error bars). In the same figure, the short-dashed and long-dashed lines show
the Schechter and the Schechter with a sub-exponential decay fitted components, respec-
tively. The bottom panel shows the residuals between the model fit and observations.
Our fit reproduce accurately observations at the level of less than 5% for most of the

mass range.

For comparison, we also reproduce in Fig. 3.1 previous GSMFs published in Li and White
(2009, green squares with error bars) and Bernardi et al. (2013, magenta triangles with
error bars). Note that Li and White (2009) used the standard aperture limits from the
SDSS. In contrast, Bernardi et al. (2013) used more sophisticated models fits for the
surface brightness profile than the standard fits from SDSS, similar to the correction

that Rodriguez-Puebla et al. (2015) have introduced.

In order to separate the GSMF into blue and red galaxies, we approximate the fraction

of red galaxies as:
1

L WG VA VAW

(3.2)

The fraction of blue galaxies is the complement, f, = 1— f,.. When fitting this function to

the observed SDSS-DR7 NYU-VAGC red fraction from Rodriguez-Puebla et al. (2015),
we obtain the following best fit parameters: log(Mchar/Me) = 10.1 and v = —0.40. We
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Figure 3.1: Total GSMF constructed here from matching the SDSS GSMFs by Baldry et al.
(2008) and Rodriguez-Puebla et al. (2015, black solid circles with error bars). The short and long
dashed lines correspond to the Schechter and Schechter with sub exponential decay functions
that in combination (solid line) provide the best fit to our GSMF. The lower panel shows the
fractional deviations of the best fit from the observed GSMF. The GSMFs reported in Li and
White (2009) and Bernardi et al. (2013) are also plotted for comparison.
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Figure 3.2: Fraction of red (ETG) galaxies as a function of M, in the NYU-VAGC DR7 sample
processed in Rodriguez-Puebla et al. (2015) and used here to construct our GSMF. The solid
line is the best-fit function given in eq. (3.2). This fraction extrapolated down to 107 Mg, is the
one we use to calculate the red (ETG) GSMF. The blue (LTG) GSMF is calculated using the
complement, i.e., f =1 — f,.
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show this in Figure 3.2. Solid circles with error bars present the observed fraction of red

galaxies as a function of mass, while the solid lines indicates our best fitting model.

We use these fractions in order to compute the GSMFs of blue and red galaxies as:
¢gi = fi X ¢4, where subscript ‘i’ refers either to blue or red galaxies. Note that for
masses smaller than ~ 5 x 10 M, the red/blue fractions are just extrapolations of the
determinations mentioned above. In any case, observations suggest that most of dwarfs
are indeed blue, star-forming galaxies, unless they are satellites (see e.g., Geha et al.,
2012). However, the ratio of satellite-to-centrals at a given mass is small, specially at

low masses.
3.1.2 A Simple Model For Predicting Galaxy Mass Functions.

As discussed in Chapter 2, the My, and My, empirical correlations with M, strongly
differ among L'TGs and ETGs. This is why we decided namely to separate both popu-
lations and obtain separate correlations. Fortunately, we are able to obtain the GSMF
also separated into LTGs and ETGs. Actually, the separation is only by color, into
blue and red galaxies. However, as mentioned in the previous Chapter, we use color
and/or type in order to separate all galaxies into two rough populations. In this way,
we are now able to estimate the mass distribution functions for My, Mpy,, Mg, and
My, separated into LTG and ETG populations, as well as the overall functions. The
correlations parameterized as a function of M, mentioned in section 2.3 are then “pro-
jected” into the different mass distributions by using the GSMFs as an interface. For
this, we start by generating a volume complete mock galaxy population based on our
GSMF separated into blue (LTG) and red (ETG) galaxies. Each galaxy of mass M,
in this mock catalog has a chance of being either blue or red according to the fraction
fr (see eq. 3.2). By using the Hy and Ha-to-stellar mass empirical relations and their
scatters (for both galaxy populations), the masses My, and Mg, (and therefore Mg,
and My,;) are assigned to each M, according to its color/type. Therefore, a mock cat-
alog of LTGs/ETGs with M, My,, Mp,, Mgas, and My, is generated, in such a way
that the total, blue (LTG), and red (ETG) GSMFs of this catalog reproduce well the

corresponding observed GSMF's presented above.

For our propose, it is necessary to introduce the conditional probability distribution

functions P,(Mp, |M,) and P,.(Mg,|M,) that a galaxy of mass M, hosts either a blue or
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red galaxy in the Hy mass bin My, +dMp, /2, respectively. Each probability distribution
function P;(Mp,|M.,) is assumed to be a lognormal function with mean (log My, (M.));
and width (standard deviation) og, j(M,), where the subscript ‘j’ denotes either blue
(LTG) or red (ETG); that is, we are using the empirical My,~M, correlation deter-
mined in Chapter 2, Section 2.3.1. Similarly, we introduce the distribution functions
Py(Mp,|M,) and P,(Mp,|M,) for assigning Ho masses, assuming that they are lognor-
mal functions with mean (log M, (M,)); and standard deviation o, j(M,); again here
the subscript ‘5’ denotes either blue (LTG) or red (ETG), and we are using the empirical
Mp,—M, correlation determined in Chapter 2, Section 2.3.2.

In more detail, our mock catalog is generated as follows:

1. A minimum galaxy stellar mass M, nin is set, for example = 10" My. From
this minimum we generate a population of 3 x 10° galaxies sampled from the
empirical (combined) GSMF presented above. Each galaxy is randomly picked
from this function by generating a random number ¥ uniformly distributed within
the interval [0,1] and finding the value for M, that solves the equation ng(>
M,)/1g(> My min).> We denote the cumulative GSMF as n,. With this procedure

we sample the given empirical GSMF distribution.

2. Each mock galaxy is assigned either as blue (LTG) or red (ETG), according to the

empirical probability given by Eq. (3.2).

3. Once each galaxy has assigned an M, and marked either as blue or red, the Hy gas
mass My, is assigned randomly according to the probability distribution function

P;(Mp,|M,). The subscript ‘5’ refers either to blue (LTG) or red (ETG).

4. Similarly, we repeat the procedure in the previous item but this time for assign-
ing the Hs gas mass, Mp,, according to the probability distribution function

5. Finally, total gas mass, Mg,s, and baryon mass My,,, are assigned as Mgy =

1.4(Mp, + Mp,) and Myay = Mgas + M., respectively.

*We make use of the fact that the integrals of two probability distributions are equal, [ h(z')da’ =
JJ 9y )dy’. In the case of a uniform distribution between 0 and 1, [ U(z')dz’ = z. Therefore, a
random number y from the distribution g(y) can be obtained by resolving the equation x = foy g(y)dy',
where z is a random number from the [0,1] interval.
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Our mock galaxy catalog is a volume-complete sample of 3 x 10° members corresponding
to a co-moving volume of 2.28 x 107 Mpc?, which is comparable with one of the largest
and most resolved dissipationless cosmological ACDM simulation, Bolshoi(Vpyshoi ~
4.5 x 10"Mpc? (see, Klypin et al., 2011)). Note that our mock galaxy catalog is mass-
limited in the GSMF, with M, nmi, = 1 x 10" M. Since the Hy, Ho, Migas, and My,
distribution functions are constructed from the GSMF, this mass limit will propagates in
different ways to these mass functions. The co-moving volume of 2.28 x 107 Mpc? in our
mock galaxy catalog is big enough in order to avoid significant effects from Poisson noise.
This noise affects specially the counts of massive galaxies, which are the less abundant
objects. Nevertheless, real observations are subject to several source of uncertainties.
For the GSMF, these uncertainties (black error bars in Fig. 3.1) are mostly from cosmic
variance plus statistical counts. In order to take into account these source of uncertainties
in our mock galaxy catalog, which is intended to be as the observed one, we model the
error bars from the observational GSMF and include them in the mock catalog. Figure
3.3 shows with dots the magnitude of these error bars as a function of M,. Note that
the error bars (in dex) can be slightly asymmetrical. At M, ~ 10° Mg there is a
discontinuity; recall that our GSMF was obtained as the match of two GSMFs (see
above). We fit a three-step function to the upper/lower error bars (black line). The

function is given by:

Tlogyp o(M.) = P1 (10810(Mx) — A+ wy 7 <log;o(M,) <9.5
Tlog,o (M) = 0.02 9.5 <logo(M,) <11.5 (3.3)
Tlog,g s(at.) = P2 (10819(M.) — Ag)” + we 11.5 < logyo(M,) < 12.4

The best fit parameters are ¢; = —0.0064, A\; = 9.5, w; = 0.02, 2 = 0.083, Ao = 11.5,
wg = 0.02. The best fit is shown in Fig. 3.3 with the solid line. The fit to the
observational uncertainties in the GSMF, assumed as lognormal, is used at each of the
assignment steps described above for introducing an observational-like scatter to these

assignments.

Finally, we should say that we ignore any contribution from systematical uncertainties
in stellar mass estimates in the GSMF. The systematical uncertainties in stellar mass
estimates can be as large as ~ 0.25 dex (e.g., Behroozi et al., 2010) and will result only

in a systematic shift in the stellar mass axis of the GSMF.
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Figure 3.3: Upper and lower errors in the GSMF plotted in Fig. 3.1. The solid line is a three-
step function that we use to fit these errors as a function of M, , assuming they to be lognormally
distributed. The discontinuity seen at M, ~ 109 Mg is due to the differences in the errors of the
two observational GSMFs used to construct our one.

3.2 Results

In this Section we present our inferred stellar, Hy, Hs, gas, and baryonic mass func-
tions split in all, late/blue (LTG) and early/red (ETG) galaxies (black, blue, and red
solid circles respectively in all the figures presented in this Section). Also, we use the
Levenberg—Marquardt method to fit our MF results with a Schechter, Schechter with

subexponential decay or a combination of both functions. These are given by,

¢(Mk)y = Z¢z(Mk)] (3_4)
with
(ai+1) (M Pi
¢i(My); = 1n(10) - ¢ - (%ﬁ) " e (Mf) (3.5)

Where ¢ =1,2...; j = All, LTG or ETG; k = %, Hy, Ha, gas or bar; ¢ is the normalization
parameter, «; the slope towards the low mass end, M;* the breakdown mass, and ; is

the parameter that controls how steep is the decay at the high mass end. It is worth
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to mention that if 5; = 1, equation (3.5) takes the form of a simple Schechter function,
otherwise, we have a Schechter with subexponential decay. Thus, the sum of mass
functions for each galaxy type, of a certain mass component, should be the mass function

of all galaxies:

¢(My)an = ¢(My)vra + ¢(Mi)ETC (3.6)

In fact, we will present both fittings for the total mass functions, that is, the one obtained
by directly fitting the given total mass function (Table 3.1 ), and the one obtained as
the sum of its LTG and ETG components (Table 3.2).

3.2.1 Galaxy Stellar Mass Functions

Figure 3.4 shows our GSMF results. In panel (a) we repeat the average GSMF (black
dots with error bars) presented in Fig. 3.1, along with the LTG and ETG components
(blue and red dots; only the mean are shown, the corresponding error bars are plotted
in the other two panels). We compare our average (total) GSMF with those of Bernardi
et al. (2013), Li and White (2009), and Papastergis et al. (2012) (for the latter, both their
Hj and optically selected samples). Regarding the scatter around our results, we present
with solid bars the case where we consider only observational scatter and with dashed
lines when we take into account the quadratic sum of observational plus Poissonian
errors. Basically there is no contribution from the latter for the average, LTG and ETG

GSMF in the whole stellar mass range.

As already shown in Fig. 3.1, at the high-mass end, the GSMF is in agreement with
Bernardi et al. (2013). This is because of the correction related with the SDSS aperture
limits mentioned in 3.1.1, which is not considered neither in Papastergis et al. (2012)
nor Li and White (2009). At intermediate stellar masses, our results agree well with
all the observational works, and for the low-mass end, there is a rough agreement with
the optically selected sample of Papastergis et al. (2012); the Li and White (2009)
and Bernardi et al. (2013) GSMFs are valid only down to M, ~ 3 x 108 and ~ 10°
Mgrespectively. LTGs dominate from low to intermediate stellar masses, while ETGs

dominate the high-mass end.

In panels (b) and (c), our GSMFs (including the modeled error bars) for LTGs and
ETGs are plotted, respectively. The solid lines are the best fits to these GSMFs. In
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Figure 3.4: Panel a: Total (average) GSMF as constructed here from observations (black solid
circles and error bars) and the best fit to it (solid black line, see Table 3.1 for the fitting function
parameters). The blue and red solid circles show the mean of the LTG and ETG components of
this GSMF. Other GSMF's reported in the literature are also plotted; see the labels inside the
panel. Panel (b): Mean and error bars of the LTG component of the GSMF and the best fit to
it (pink solid line, which is composed of a Schechter and Schechter with subexponential decay
functions represented by the pink dashed lines, see Table 3.2 for the fitting functions parameters).
Panel (c¢): Same as panel (b) but for the ETG component of the GSMF. In all the panels are
plotted error bars considering only observational scatter (solid bars) and the quadratic sum of
observational plus Poissonian scatters (dashed bars). Actually, the Poissonian noise is negligible
in our GSMF and their LTG/ETG components.

both cases, the best fits are given by a composition of a Schechter and a Schechter with
subexponential decay functions (short-dashed lines in these panels; see eqs. 3.4 and 3.5

). The corresponding best-fit parameters are presented in Table 3.2.

The total GSMF constructed from our mock galaxy catalog has a slope at its low-mass
end (down to M, =~ 107 M) of —1.49. This is mainly the slope of the blue (LTG) GSMF
(= —1.55), which by far dominates at low masses. The characteristic mass at which the
GSMF falls strongly is log(M,/Mg) ~ 10.4. As already said, the fall is shallower than
an exponential function; it is better described by a sub exponential function. At these

very large masses, the ETG population dominates.
3.2.2 Galaxy H; Mass Functions

The inferred galaxy Hy mass functions, GHMFs, for LTGs/ETGs and all galaxies are
shown in Fig. 3.5. In panel (a) we plot the results for the average (total) GHIMF (dots
with error bars), as well as the mean of the LTG and ETG components (blue and red
dots, respectively). The solid line is the best fit given by Eq. (3.6), which is described
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by the combination of a Schechter and Schechter with sub exponential decay functions;
the parameters of the best fit are given in Table 3.1. LTGs dominate basically all the
mass function, except at very high masses, where LTGs contribute more to the total

GHiMF.

The LTG and ETG GH;MFs (mean and modeled error bars), along with the fits for
both, are presented in panels (b) and (c), respectively. The fit for the former case is a
combination of a Schechter plus a Schechter with subexponential decay functions, while
for the second case the fit is composed of a Schechter with subexponential decay function
(dashed lines in figure 3.5. See Egs. 3.4 and 3.5). The corresponding best fit parameters
are given in Table 3.2. In all the cases, the fits were performed to the GHMFs down to
the mass where they are complete, log;o(Mpu,/Me) 2 8.5 (dashed black line).
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Figure 3.5: Panel a: Total (average) GHIMF as constructed here from our mock catalog
(black solid circles and error bars) and the best fit to it (solid black line, see Table 3.1 for the
fitting function parameters). The blue and red solid circles show the mean of the LTG and
ETG components of this GHMF. Panel (b): Mean and error bars of the LTG component of the
GH;MF and the best fit to it (pink solid line, which is composed of a Schechter and Schechter
with subexponential decay functions represented by the pink dashed lines, see Table 3.2 for the
fitting functions parameters). Panel (¢): Same as panel (b) but for the ETG component of the
GH{MF. The best fit in this case is a single Schechter with subexponential decay function. In
all the panels are plotted error bars considering only observational scatter (solid bars) and the
quadratic sum of observational plus Poissonian scatters (dashed bars). Dashed lines indicate the
mass where our fits to the GH{MFs are complete, log,,(Mp, /Mg) 2 8.5.

In all panels are plotted error bars considering only observational scatter (solid bars)
and the quadratic sum of observational plus Poissonian scatters (dashed bars). Unlike

the GSMF, the average, LTG and ETG GH{MFs are sensitive to Poissonian error at
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the high-mass end, where the number counts become very small even for our 3 million

objects catalog.

The total GHIMF constructed from our mock galaxy catalog has a slope at its low-mass
end (down to My, =~ 3 x 108 Mg) of —1.72. This is slightly steeper than the slope of
the blue (LTG) GH;MF, which is —1.69. The characteristic mass at which the GH{MF
falls strongly is log(M,/Mg) ~ 9.9. This fall is shallower than an exponential function;
it is better described by a subexponential function. At these very large masses the ETG

population is slightly more abundant than the LT'G one.
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Figure 3.6: Comparison of our average GHiMF (black solid circles with error bars) with several
observational GHiMFs indicated with labels inside the panels, along with the best fit (solid green
line, which consist of a Schechter and Schechter with subexponential decay functions, see Table
3.1 for the fitting parameters). Dashed line indicates the mass where our fits to the GH{MF is
complete, log,,(Mp, /Mg) 2 8.5

In Fig. 3.6, we compare our average GHIMF (solid dots with error bars) and its best fit
(green solid line) with the observational total GHIMFs reported in Martin et al. (2010),
Papastergis et al. (2012) (for their Hy and optically selected samples), and Zwaan et al.
(2005). At masses larger than My, ~ 109 Mg, our GH{MF slightly agrees with those of
Martin et al. (2010) and Papastergis et al. (2012) but it is higher than the one by Zwaan
et al. (2005). Martin et al. (2010) argue that the larger volume of ALFALFA survey
compared with the HIPASS survey, makes ALFALFA more likely to be complete at the
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large masses. Our result confirms this. At intermediate masses, 109 < My, /Mg < 1019
our GH{MF is in good agreement with all the observed ones. In the case of the optically-
selected sample of Papastergis et al. (2012), our results lie actually in between the
two limits they present for estimating the H; masses of those SDSS galaxies that lack
ALFALFA detections (a significant fraction). These limits are a lower and an upper
limit to the atomic hydrogen content (Mﬁ’li“, MII{nIaX), where Mf}llin = 0, corresponding to
Hi-devoid galaxies. M{™ is determined from the galaxy distance D obtained using the
SDSS optical redshift and Si2n5t%hm, the flux level at which the completeness of ALFALFA
falls to 25% (eq. (3) in Papastergis et al., 2012). In order to obtain SZM™ the M,-vye
relation is used for estimating Wso for the ALFALFA «.40 catalog; this is because non-
detected galaxies lack measurements of W5g. The assignment of these mass limits leads

to a flattening of the GH{MF slope, specially for the Mﬁ‘fn case. Therefore, there is a

bias in the galaxy count and this have a direct effect in the GH{MF determination.

At low masses, My, < 109 My, the GH;MF starts to be incomplete due to sensitivity
limits in the radio observations, so that it is expected a flattening as seen in the case
of the Hy selected sample of Papastergis et al. (2012). Martin et al. (2010) considered
sensibility corrections through the distribution of observed profile widths. Papastergis
et al. (2012) impose additional optical requirements to their Hi-selected sample (see
their Section 2.1), which makes even less steep the GHMF low-mass slope than the one
obtained by Martin et al. (2010) and by us. At the low masses, our GHIMF agrees well
with the Schechter fit to the results given in Zwaan et al. (2005, blue solid line). These
authors construct the GHiMF using the H; Parks All-Sky Survey (HIPASS) and do not
consider the requirements made by Papastergis et al. (2012) and Martin et al. (2010).

In any case, their fit at the lowest masses shown in Fig. 3.6 is already an extrapolation.

Since our GH{MF is constructed from a mass-complete GSMF down to ~ 107 Mg
(this is analogous to the optically-selected case of Papastergis et al.), the flattening
and posterior decreasing starts from the H; masses corresponding to this stellar mass
multiplied by the upper-scatter value of the Mp,-to-M, ratio at this mass. So, our
GHiMF can be considered complete down to these H; masses, My, ~ 108 Mg. In the
case of the optically-selected sample of Papastergis et al. (2012), their GSMF becomes

to be incomplete at a larger mass, M, ~ 3 x 107 Mg,.

In general, the GH{MF constructed by us from the observed GSMF and the empirical
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Mp,—M, correlation is quite robust, and it seems to be a description of different observed
GH;MFs, at least in the mass ranges where the different samples used to construct these
GHiMF are reliable. In this sense, our GH{MF is the most reliable in all the mass range
down to My, ~ 108 Mg, where the mass completeness becomes an issue. Moreover,
our GH{MF is actually the composition of the MFs corresponding to the LTG and ETG
populations. The method used here, can help to estimate the completeness in other

surveys.
3.2.3 Galaxy Hs Mass Functions

In Fig. 3.7, we plot the inferred galaxy Hs mass functions, GHaMFs, for LTGs/ETGs
and all galaxies. In panel (a) we plot the results for the average (total) GHoMF (dots
with error bars), as well as the mean of the LTG and ETG components (blue and
red dots, respectively). The solid line is the best fit to the average GHaMF given by
Eq. (3.6), which is described by the combination of a Schechter and Schechter with sub
exponential decay functions; the parameters of the best fit are presented in Table 3.1. As
seen in panel (a), LTGs dominate basically at all masses, the contribution of ETGs being
negligible. Only at the largest Hs masses, the abundance of ETGs becomes comparable
to the one of LT Gs, however, these high-Mp, ETGs are not the most massive galaxies

in stellar mass.

The LTG and ETG GHaMFs (mean and modeled error bars), along with the fits for
both, are presented in panels (b) and (c), respectively. The fit for the former case is
composed of a Schechter with subexponential decay function, while for the second case
the fit is a combination of two Schechter with subexponential decay functions (dashed
lines in figure 3.7. See eqgs. 3.4 and 3.5). The best-fit parameters are reported in Table
3.2. In all the cases, the fits were performed to the GHoMFs down to the mass where
they are complete, log,q(Mn,/Me) 2 8.5 (dashed black line).

In all panels are plotted error bars considering only observational scatter (solid bars)
and the quadratic sum of observational plus Poissonian scatters (dashed bars). Unlike
the GSMF, the average, LTG and ETG GHy MFs are sensitive to Poissonian error at

the high-mass ends.

In Fig. 3.8 we compare our average GHoMF with observations from Keres et al. (2003).

There is a good agreement at high Hy masses, but for log;q(Mu,/Me) < 9.5, our MF
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Figure 3.7: Panel a: Total (average) GHy MF as constructed here from our mock catalog
(black solid circles and error bars) and the best fit to it (solid black line, see Table 3.1 for the
fitting function parameters). The blue and red solid circles show the mean of the LTG and ETG
components of this GHy MF. Panel (b): Mean and error bars of the LTG component of the GH;y2
MF and the best fit to it (pink solid line, which is a single Schechter with subexponential decay
function represented by the pink dashed lines, see Table 3.2 for the fitting functions parameters).
Panel (c): Same as panel (b) but for the ETG component of the GHy MF. The best fit in this
case is composed by two Schechter with subexponential decay functions. In all the panels are
plotted error bars considering only observational scatter (solid bars) and the quadratic sum of
observational plus Poissonian scatters (dashed bars). Dashed lines indicate the mass where our
fits to the GH3MF's are complete, logyq(Mpu,/Mg) = 8.5.

is steeper. One reason is probably the incompleteness that the observed GHoMF starts
to suffer due to the instrument flux limit. The other reason is the mass-dependent
Hs-t0-CO conversion factor introduced by us; see Section 2.2.2. This factor increases
as M, is smaller while in the case of Keres et al. (2003) it is constant. We have widely
discussed in Section 2.2.2 the need of considering a more realistic Ho-to-CO conversion

factor than previously done.

The total GHoMF constructed from our mock galaxy catalog has a slope at its low-mass
end (down to My, ~ 3 x 10® My) of ~ —1.79, which is steeper than the slope of the
dominant LTG component, —1.09. The characteristic mass at which the GHoMF falls
strongly is log(M,./Mg) =~ 9.1. This fall is shallower than an exponential function; it is

better described by a subexponential function.
3.2.4 Galaxy Gas Mass Functions

Figure 3.9 shows our resulting galaxy cold gas mass functions, GGMFs. In panel (a),

we plot the results for the average (total) GGMF (dots with error bars), as well as the
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Figure 3.8: Comparison of our average GHoMF (black solid circles with error bars) with
the observations reported in Keres et al. (2003). Note that these authors use the Milky Way
Hs-to-CO conversion factor while we have introduced a mass-dependent conversion factor that
increases as M, is smaller. The best fit (solid green line, which consist of a Schechter and
Schechter with subexponential decay functions, see table 3.1 for the fitting parameters) is plotted
also. Dashed line indicates the mass where our fits to the GHyMF is complete, log, (Mg, /Ma) 2
8.5

mean of the LTG and ETG components (blue and red dots, respectively). The solid
line is the best fit to the average GGMF given by Eq. (3.6), which is described by the
combination of a Schechter and Schechter with sub exponential decay functions. As a
consequence of the abundance dominion of LTGs in the GH{MF and GHs MF, they also
dominate in the GGMF. Only in the high-mass end, the abundance of ETGs is of the
order of the abundance of LTGs.

The LTG and ETG GGMFs (mean and modeled error bars), along with the fits for
both, are presented in panels (b) and (c), respectively. The fit for the former case is a
combination of a Schechter function and a Schechter with subexponential decay function,
while for the second case, the fit is composed of two Schechter with subexponential decay
functions (dashed lines in figure 3.9). See egs.(3.4 and 3.5). The best-fit parameters are
reported in Table 3.2. In all the cases, the fits were performed to the GGMFs down to
the mass where they are complete, log;o(Mgas/Mg) 2 8.5 (dashed black line).
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The total GGMF constructed from our mock galaxy catalog has a slope at its low-mass
end (down to My, ~ 3 x 10® Mg) of —1.75. The low-mass end slope of the GGMF
is somewhat steeper than the one of the GSMF. The characteristic mass at which the
GGMF falls strongly is log(M,/Mg) = 9.6. This fall is shallower than an exponential
function; it is better described by a subexponential function, and it is produced mainly
by the ETG component, which at the largest masses has a contribution similar to the
LTG one. The characteristic mass of the GGMF is much lower than the one of the
GSMF-.

In all panels are plotted error bars considering only observational scatter (solid bars)
and the quadratic sum of observational plus Poissonian scatters (dashed bars). The
scatters follow the same trend as in the H{MF and Ho MF. At the high gas masses,
the Poissonian error contributes considerably to the total scatter. This is because the
number counts at the high-mass ends of these functions are very small in spite that our

catalog contain millions of objects.
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Figure 3.9: Panel a: Total (average) GGMF as constructed here from our mock catalog (black
solid circles and error bars) and the best fit to it (solid black line). The blue and red solid
circles show the mean of the LTG and ETG components of this GGMF. Panel (b): Mean and
error bars of the LTG component of the GGMF and the best fit to it (pink solid line, which
is composed of a Schechter and Schechter with subexponential decay functions represented by
the pink dashed lines, see Table 3.2 for the fitting functions parameters). Panel (¢): Same as
panel (b) but for the ETG component of the GGMF. The best fit in this case is composed
of two Schechter with subexponential decay functions. In all the panels are plotted error bars
considering only observational scatter (solid bars) and the quadratic sum of observational plus
Poissonian scatters (dashed bars). Dashed lines indicate the mass where our fits to the GGMF's
are complete, log;(Mgas/Mg) 2 8.5.
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3.2.5 Galaxy Baryonic Mass Functions

Finally, the GBMF's constructed from our mock catalog are plotted in Fig. 3.10. In
panel (a), we plot the results for the average (total) GBMF (dots with error bars), as
well as the mean of the LTG and ETG components (blue and red dots, respectively).
The solid line is the best fit to the average GBMF given by Eq. (3.6), which is described
by the combination of a Schechter and Schechter with sub exponential decay functions;
the parameters of the best fit are given in Table 3.1. The GBMF follows closely the
GGMF in the low-mass end (which is limited by completeness at gas masses much larger
than in the case of stellar masses). At larger masses, as larger is the mass, the closer is
the GBMF to the GSMF. According to the panel (a), the LTG population dominates in
the GBMF at low masses, log(Mpar/Mg) < 10.5, while the ETG population dominates

at larger masses.

The LTG and ETG GBMFs (mean and modeled error bars), along with the fits for
both, are presented in panels (b) and (c), respectively. The fit for the former case is a
combination of a Schechter function and a Schechter with subexponential decay function,
while for the second case, the fit is composed of two Schechter with subexponential decay
functions (see eqs. 3.4 and 3.5). The best-fit parameters are reported in Table 3.2. In
all the cases, the fits were performed to the GBMFs down to the mass where they are
complete, log,o(Mpar/Mg) 2 8.5 (dashed black line).

In all panels are plotted error bars considering only observational scatter (solid bars)
and the quadratic sum of observational plus Poissonian scatters (dashed bars). It is
evident that Poissonian noise does not contributes to the total scatter of the average,

LTG or ETG GBMFs, as in the case of the GSMFs.

The total GBMF constructed from our mock galaxy catalog has a slope at its low-mass
end (down to My, &~ 3 x 10% M) of —1.52, the same slope of the blue (LTG) GBMF.
As expected from the GGMF contribution, the low-mass end slope of the GBMF is
somewhat steeper than the one of the GSMF. The characteristic mass at which the
GBMF falls strongly is log(Mpar/Mg) =~ 10. This fall is shallower than an exponential
function; it is better described by a subexponential function, and it is produced mainly
by the ETG component, which at the largest masses is the dominant one in the total

GBMF.
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Figure 3.10: Panel a: Total (average) GBMF as constructed here from our mock catalog
(black solid circles and error bars) and the best fit to it (solid black line, see Table 3.1 for the
fitting function parameters). The blue and red solid circles show the mean of the LTG and
ETG components of this GBMF. Panel (b): Mean and error bars of the LTG component of the
GBMF and the best fit to it (pink solid line, which is composed of a Schechter and Schechter
with subexponential decay functions represented by the pink dashed lines, see Table 3.2 for the
fitting functions parameters). Panel (¢): Same as panel (b) but for the ETG component of the
GBMF. In all panels are plotted error bars considering only observational scatter (solid bars)
and the quadratic sum of observational plus Poissonian scatters (dashed bars). It is evident that
Poissonian noise does not contributes to the total scatter of the average, LTG or ETG GBMFs.
Dashed lines indicates the mass where our fits to the GBMFs is complete, log,(Mpar/Mg) = 8.5.

In Fig. 3.11, we compare our average GBMF with the Papastergis et al. (2012) (both,
their Hi— and optically—selected samples) and Baldry et al. (2008) observational works.
At the 10 < log(Mpar/Me)< 11 mass range, the three mass functions roughly agree. At
lower masses, our GBMF agrees with the one obtained by Baldry et al. (2008)% and has
a steeper increase than in Papastergis et al. (2012). This is because (1) at these low
masses the Hy contribution becomes important, and as discussed above, our GHMF is
steeper than the one of these authors; (2) at difference of these authors, in our GBMF
is taken into account the He mass contribution, which at low masses becomes important
and the GHoMF increases steeply as lower is Mp,; (3) the flattening of the observed
GBMF starts probably at a larger mass than in our case due to the flux limits in radio

as well as observational selection effects.

3Baldry et al. (2008) constructed the baryonic mass function from their stellar masses and the gas-to-
stellar mass ratio, derived from well- established relation between stellar mass and metallicity coupled
with a metallicity to gas mass fraction relation, which can be determined from a simple chemical evolution
model. Thus, their baryonic mass is defined as Eq. (2.5) and it is expected their baryonic mass function
to be similar than ours, unlike Papastergis et al. (2012).
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Figure 3.11: Comparison of our average GBMF (black solid circles with error bars) with those
ones reported in Papastergis et al. (2012), both for their Hi- and optically-selected samples. The
latter authors did not take into account Hs in their baryonic masses. We also compare with
Baldry et al. (2008) (red dashed line). Black dashed line indicates the mass where our fits to the
GBMF are complete, log,o(Mpar/Mg) 2 8.5.

At masses around and larger than log(Mpar/Mg)= 11, our GBMF falls shallower than
those of Papastergis et al. (2012) and Baldry et al. (2008). At these masses, the con-
tribution of cold gas to the baryonic mass becomes negligible. Therefore, the difference
is mainly due to the difference in the GSMFs (see Fig. 3.4). Recall that we take into
account a correction in the stellar masses due to “aperture” effects (see Section 3.2.1),

which is increasingly important as the larger is the galaxy.

We recall that our galaxy H; and He mass functions were constructed from the GSMF.
In this sense, these mass functions, as well as the baryonic one, can be considered as
obtained from an “optically”-selected galaxy sample. This procedure has been followed
also by Papastergis et al. (2012), who used a galaxy sample from the SDSS and cross-
matched it with the ALFALFA galaxies to assign them Hj masses; for those that were
not observed by ALFALFA, these authors introduced two approximations to estimate
statistically their Hy masses. In order to explore the effect of the (completeness) mass

limit in the GSMF (“optical” sample) on the GBMF, we extrapolate our GSMF at low
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masses down to M™ = 106 or 10 M. The constructed GBMFs and their decomposi-
tion into LTG and ETG components by using these M, limits in the GSMF are shown

in Fig. 3.12, along with the real case of M™ = 107 M, discussed above.
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Figure 3.12: GBMFs constructed from our mock galaxy catalog by applying different “com-
pleteness” stellar mass limits, M"™, in the GSMF (indicated inside the panels). Panels a, b, and
¢ are for the average (all), LTG component, and ETG component, respectively. The complete-
ness of the GBMF's at their low-mass ends are clearly affected by the GSMF low-mass limit. The
GBMF start to flatten at a baryonic mass approximately ten times A/im™,

We find a clear trend: the M, limit in the GSMF produces a mass limit in the GBMF
at a baryonic mass that is ~ 10 times larger than M!™. 1In fact, this factor slightly
increases as M!™ is smaller. This trend is the same for the LTG and ETG components
of the GBMF. Based on this result, care should be taken when using an “optically”-based
sample to construct the gas and baryonic mass functions. A flattening of these mass
functions is expected at the low-mass end due to the completeness M, limit, flattening

that starts at gas or baryonic masses at least a factor of ten larger than M!™,

Figure 3.13 presents a plot that resumes the main results of this Chapter. Here, we
present all the average (total) mass functions constructed from our mock catalog. Recall
that this catalog of 3 million of galaxies was constructed to sample the observed GSMF
(and its decomposition into LTG and ETG components) down to M™ = 107 M, as well
as the empirical Mg,—M, and Mpg,—M, correlations. In order to avoid overcrowding,
we plot only the mean of each mass function, excepting the GBMF for which the error

bars are also plotted.
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Figure 3.13 shows that the high-mass end of the GBMF is completely dominated by the
GSMF, which on its own is dominated by the ETG population (see Fig. 3.4; the most

massive galaxies are ETGs with negligible cold gas mass fractions).

The low-mass end of the average GBMF is steep; down to My, ~ 3 x 108 M) the slope
is —1.52. At these masses the major contribution to My, comes from the cold gas mass.
As seen in Fig. 3.13, the low-mass end slopes of the GH{MF and GHoMF are indeed very
steep; the combination of both, gives a slope of ~ —1.75 a these masses, which is steeper
than the one the GSMF. Low-mass galaxies are gas dominated; a significant fraction of
the baryons in these low-mass systems is locked in the cold gas. This has important
consequences for understanding the formation and evolution of low-mass galaxies. What
are dark the matter halo masses of these galaxies? This is part of the questions to be

addressed in the next Chapter.
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Figure 3.13: Average stellar, Hy, Hy, gas and baryonic mass functions. The mean for each MF
are plotted with different symbols. The error bars are shown only for the GBMF.
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o8

Mass component | Functions | Best-fit parameters xfed
Sc ol logg(M7) | o 51
0.0027 9.71 -1.49 | -
Stellar + - - 1.25
@5 | logio(M3) | oz | B2
ScSexp 0.0028 9.07 -0.05 | 0.37
Sc 1 logyo(M7) | o B
0.0017 9.89 -1.72 | -
H + = = 1.14
I ®3 logyo(M3) | a2 B2
ScSexp 0.0419 7.76 -0.74 | 0.32
0.0007 9.80 -1.79 | -
H + - = 1.12
2 b5 IOglo(Mz) a2 B2
ScSexp 0.0016 5.59 -0.18 | 0.23
Sc o1 logio(My) | ou B
0.0089 9.77 -1.52 | —
Baryonic + - = 1.35
Y @3 IOglo(Mz) a2 B2
ScSexp 0.0054 8.95 -0.18 | 0.36

Table 3.1: Best-fit parameters of the functions that describe our average (total) stellar, Hy,
Hs and baryonic mass functions. The second column indicates which function(s) we use for
the corresponding fitting: Sc=Schechter and ScSexp=Schechter with subexponential decay. The
third column shows the best-fit parameters of each function. The fourth column reports the x2 4

for each fit.

Conexién Halo-Galaxia: Fraccién baridnica de galaxias rojas y azules.



Chapter 3. The stellar, gas and baryonic mass function of local late and early type galazies 59
Mass
compo- Galaxy Pop. | Functions | Best-fit parameters Xfe d
nent
Sc 1 log1o(M7) | ou B1
0.0014 9.44 -1.15 -
ETG + = = 1.09
D5 log1o(M3) | a2 | B2
Stellar ScSexp 0.0015 9.22 -0.01 | 0.38
Sc 1 log1o(M7) | ou B1
0.0020 9.64 -1.55 -
LTG + . * 1.05
b5 log1o(M3) | a2 | B2
ScSexp 0.0014 8.71 -0.09 | 0.35
91 logio(M7) | o B
ETG SeSexp 0.0019 4.80 037 | 019 | 117
Hi * *
Sc o1 logio(M7) | ou B1
0.0031 9.84 -1.69 -
LTG + 1.26
5 logio(M3) | a2 B2
ScSexp 0.0025 8.08 -0.15 | 0.38
ScSexp oy logo(M7) | o 31
0.0006 5.40 -0.10 | 0.24
ETG + 1.35
2 logio(M3) | a2 B2
. ScSexp 1.7 x 107 5.91 -0.08 | 0.23
2 91 log1o(M7) | ou B1
LTG ScSexp 0.0250 8.40 109 | 041 | 20
ScSexp o3 logo(M7) | o B1
0.0057 8.1316 -0.49 —
ETG + = = 1.49
@5 log1o(M3) | a2 | B2
Cas ScSexp 6 x 107° 5.09 -0.06 | 0.20
Sc 1 log1o(M7) | ou B1
0.0012 10.29 -1.74 -
LTG + 1.16
@5 logio(M3) | a2 B2
ScSexp 0.0005 6.24 0.21 | 0.26
Sc oy loglo(Mf) aq B
0.0003 9.84 -1.57 | -
ETG + 1.30
®s logo(M3) | a2 | B2
Barvonic ScSexp 0.0042 9.86 -0.40 | 0.45
Y Sc 91 logio(M7) | ou B
0.0076 9.78 -1.52 -
LTG + 1.14
®3 logo(M3) | a2 B2
ScSexp 0.0023 8.58 -0.15 | 0.33

Table 3.2: Best-fit parameters of the functions that describe our (total) stellar, Hy, Ha and baryonic mass
functions for the ETG and LTG populations. The second column indicates the galaxy population. The third
column indicates which function(s) we use for the corresponding fitting: Sc=Schechter and ScSexp=Schechter
with subexponential decay. The fourth column shows the best-fit parameters of each function. The fifth column
reports the X?ed for each fit. Parameters to stellar, Hy, Ha, gas and baryonic mass functions fit for late/blue and
early/red populations. In the first column we indicate which mass component we are fitting. The second column
is tells which galaxy populations of the mass component is the case we fit. The third column indicates which
function(s) we use, where Sc=Schechter and ScSexp=Schechter with subexponential decay. The fourth column
shows the parameters for the function(s) fitted and in fifth column we present the Xfed for each fit.
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Chapter 4

The galaxy-halo connection: Gas and baryon con-

tents of local late and early type galaxies

In the last decade, several statistical approaches have appeared for connecting galaxy
properties (mainly the stellar mass, M,) to their host dark matter halos. These ap-
proaches range from those that probe halo mass (M)) directly, such as weak-lensing
(Mandelbaum et al., 2006) and satellite kinematics (More et al., 2011), to those based
in statistical semi-empirical inferences, such as halo occupation model, the conditional
stellar /luminosity function, the abundance matching technique (see Rodriguez-Puebla
et al., 2013, for a review and discussion of them). Due to their relative simplicity and
practicality, the semi-emiprical approaches are widely used. They allowed to explore
large mass ranges and different galaxy populations, at difference of the direct methods.
The simplest among the semi-empirical approaches is the abundance matching tech-
nique (AMT). This approach is based in that the observed cumulative galaxy number
at a given property is matched against the theoretical halo plus subhalo cumulative
number density. The resulting output from this match is a relation between a galaxy
property (e.g., M,) and the halo mass, My. The power of the AMT relies on the fact
that the galaxy-halo connection is obtained without prior knowledge of the complex and
uncertain underlying physics of galaxy formation. Therefore, the AMT is a useful tool
that, while it encodes the relevant physics of galaxy formation, it is not subject to the

uncertain modeling of this physics.

In this Chapter, we will apply a variant of the AMT to the Mpy,, Mp,, Mg.s, and
My, distribution functions that were inferred in the previous Chapter separated into

LTG and ETG galaxies (blue/late-type and red/early-type, respectively). This with the
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aim of obtaining the galaxy-halo connection for My,, Mpy,, Mgas, and My,,, i.e. the
correlation of these properties with the halo mass M), for the two populations of LTGs

and ETGs separately and for all the galaxies.

The main code used here was kindly provided by Dr. Aldo Rodrguez-Puebla (see for
more details Rodriguez-Puebla et al., 2015).

4.1 The Model

When connecting galaxies to halos it is important to have in mind that a halo may
have subhalos inside its virial radius. The main halo, called commonly distinct (i.e., a
halo that is not contained inside a larger halo but that can have subhalos inside it), has
associated to it a central galaxy, and each subhalo has also associated a galaxy that is
satellite around the central. Therefore, halos are occupied generally by a central galaxy
and satellites. The statistical models that describe how halos are occupied by central
and satellite galaxies as a function of mass are called Halo Occupation Distribution
(HOD) models, and in order to be constrained require as observational input not only

the GSMF but also the spatial clustering of galaxies.

Galaxies are not only characterized by mass. In the era of the large galaxy surveys, along
with luminosity (or M,), properties like integral colors, star formation rates, photometric
concentrations, etc. can be determined homogeneously. The most general and well
studied property after stellar mass is probably the color. Here we will consider that
galaxies are separated roughly into two populations: blue and red galaxies. In general,

we associate these two populations to what we called LTGs and ETGs.

Within the context of the AMT, the connection between the overall GSMF, ¢, (M, ), and
the distinct halo plus subhalo mass functions, ¢n(My) + dsun(My), arises naturally if
one assumes a probability distribution function, denoted by P(M,|My,), that a (sub)halo
of mass Mj, hosts a galaxy in the stellar mass bin M, + dM, /2. Mathematically, this is
written as

¢ (M) = /P(M*Mh)¢DM(Mh)th7 (4.1)

where ¢py(My) = on(My) + dsup(My). Thus, once the left hand side of this equation
is known, it can be used to determine the average stellar-to-halo mass relation (SHMR

hereafter) of galaxies, M,(My). The overall GSMF is actually composed of the GSMFs
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of central and satellite galaxies, ¢g(My) = ¢g (M) + ¢gs(My). In order to obtain this
relation separately for central/halos and satellites/subhalos, the HOD and conditional

luminosity models need to be introduced (Rodriguez-Puebla et al., 2012, 2013).

The above approach can be extended even further in order to connect different galaxy
populations, —for example blue and red galaxies— to their host dark matter halos. This
has been done for central galaxies in Rodriguez-Puebla et al. (2015). Unfortunately,
we can not repeat this approach for our galaxy mock samples (separated into LTGs
and ETGs) since we do not account for information regarding their spatial clustering.
Besides, in our case the inferred mock galaxy mass functions refer to all galaxies, and we
do not have information about their separation into centrals and satellites, i.e., about

their conditional mass functions.

Thus, our approach here will be based:

1. on the simple AMT, for which only the total galaxy and halo mass functions of
blue (LTG) and red (ETG) galaxies are necessary,

2. on the halo mass function decomposition into those that host central blue and red

galaxies from the accurate results obtained in Rodriguez-Puebla et al. (2015),

3. on the assumption that the SHMRs of central and satellite galaxies are the same,

and

4. on a simple empirically-motivated model for the fraction of subhalos hosting blue

and red satellites.

Under these assumptions, we will obtain then the average SHMRs for LTGs and ETGs
by separate using the corresponding GSMFs presented in the previous Chapter. Further,
based on a mock galaxy catalog that samples these GSMFs and follows the mentioned
SHMRs, the corresponding Hi-, Ho-, gas- and baryonic-to-halo mass relations will be
obtained by using the empirical Mp,— and Mpg,—M, correlations inferred in Chapter 2.

Following, we describe in detail our full approach.
4.1.1 Central galaxies

For central blue and red galaxies, one can introduce the conditional probability distri-

bution functions Pey,(M.|My) and P (M.|My) to establish the statistical connection

Conexién Halo-Galaxia: Fraccién baridnica de galaxias rojas y azules.



Chapter 4. The galazy-halo connection: Gas and baryon contents of local late and early type galazies 63

between the “blue”, ¢n 1, and “red”, ¢y, distinct halo mass functions and the GSMFs
of blue and red centrals, ¢z 1, and ¢g, ;, respectively. As above, the mean relations
M, (My) and M, (M) are the result of this connection. More formally, this connec-
tion is given by,

aes (M) = [ Pey(OLIM) o5 (Mi) M 4.2
Here the subscript ‘5’ refers either to blue or red galaxies (b or 7).

In order to fully characterize the link between blue and red central galaxies to their host
dark matter halos, we need detailed information about the functions ¢y, 1,, and ¢y, ,, i.e.,
about the halo mass functions associated to blue or red galazies. Unfortunately these
functions are unknown but in practice they can be constrained. As mentioned above,
Rodriguez-Puebla et al. (2015) introduced a statistical framework that combines differ-
ent statistical methods of galaxy-halo connection to constrain the occupational number
of blue and red galaxies in dark matter halos of different masses. Using this framework,
combined with measurements of the local SDSS galaxy stellar mass functions and galaxy
clustering of blue and red galaxies, Rodriguez-Puebla et al. (2015) constrained the frac-
tion of red central galaxies as a function of halo mass: fy,(Mp) = ¢ (Mn)/én(Mh).
The complement, f,, = 1 — fi,r, is the fraction of blue galaxies at each M;. Moti-
vated by recent observational results from SDSS galaxy groups in Woo et al. (2013),

Rodriguez-Puebla et al. (2015) parameterized this fraction as

1

(M) = -,
Fur(M) = P o,

(4.3)

where M} = 8 x 10'Mgh~t. By means of their statistical approach, they constrained
8 =0.481 + 0.065 and b = 1.032 & 0.014. This fraction is such a that at M), = 10111\/[@
only ~ 13% of dark matter halos host red centrals, while at 2 x 10'2M, this fraction has
increased up to ~ 80%, increasing even more at higher masses. At My ~ 7 x 10" M,

the fraction of halos hosting blue and red centrals is the same (i.e., fo, = fup = 0.5).

Here, we use the best fitting model constrained in Rodriguez-Puebla et al. (2015) for
the fraction of halos hosting red central galaxies to derive the central SHMRs by color
(or type) necessary in this work. However, the mock galaxy mass function inferred in
the previous Chapters are for all the galaxies, not only central ones. Therefore, we need

an approach to take into account satellites/subhalos.
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4.1.2 Satellite galaxies

For connecting satellite galaxies to their host subhalos we use similar arguments as for
centrals. We introduce the conditional probability distribution functions Py, (M| M)
and Pyubr(My|My) to establish the statistical connection between the “blue”, ¢sup b,
and “red”, ¢gup r, subhalo halo mass functions and the GSMFs of blue and red satellite

galaxies, ¢g_ 1, and ¢g, ;, respectively. Therefore we write,

Pge,j (M) = /Psub,j(M*|Mh)¢sub,j(Mh)th. (4.4)

As before, the subscript ‘j’ refers either to blue or red galaxies.

Analogously to central galaxies, in order to obtain the relation between satellites and
their host subhalos of blue and red galaxies we need to specify functions ¢gup, and
¢subr- Based in an analysis of the Yang et al. (2007) galaxy group catalog, Peng et al.
(2012) studied the fraction of satellite galaxies as a function of stellar mass M, and
environments p. By defining € as the fraction of previously central galaxies that are red
because they become satellite galaxies, Peng et al. (2012) found that the fraction of red

satellite galaxies feat,r is given by

fsat,r(p7 M) = fcen,r(M*) +e(p) + fcen,r(M*)E(P)- (4.5)

Motivated by this phenomenological model we now rewrite this equation to characterize

the fraction of subhalos hosting red satellite galaxies,

Jsubr (M) = for(My) 4 € — fuor(My)e. (4.6)

In the above equation, fj,, is the fraction of halos hosting red central galaxies defined
in eq. (4.3) above, while € is a function that, in principle, depends on both subhalo
mass and the mass of the host halo mass where it resides. The principal reason for
this change is motivated by the group analysis developed in Woo et al. (2013). These
authors conclude that the phenomenological model presented in Peng et al. (2012) should

be valid if one substitutes M}, for M,. Note that the environmental dependence of fup, »
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in Eq. (4.6) enters now through halo mass.! Peng et al. (2012) showed that a constant
value of € = 0.4 reproduces well the mass functions of blue and red satellite galaxies
as well as the observed conditional satellite stellar mass functions in halos of different

masses.
4.1.3 Model Assumptions

In the standard AMT, it is usual to assume that the SHMRs of central and satellite
galaxies are identical. Formally this is not true, but the differences are actually moderate
(Rodriguez-Puebla et al., 2013). We assume that both SHMRs are equal and generalize
it for the case of central/satellite blue and central/satellite red galaxies by separate.
This is equivalent to assume that P j(M,|My) = Psub, j (M| My) (j =blue or red) if their
intrinsic scatters are the same. For simplicity and because they are equal by assumption,
we will denote the distributions P j(M,|My) and Py, j(My|My) as Pj(M,|My). Each
probability distribution function Pj(M,|M;) was assumed to be lognormal distributed
with mean SHMR (log M, ;j(My)) and standard deviation (intrinsic scatter) o,

log M, — (log M, ;(Mp))? | dM,
Pj(M.|My)dM, = —— exp _ (log <°g2 (M) L @)
27T0'j 20j M,

Each mean (log M, ;(My)) is parametrized using the functional form proposed in Behroozi

et al. (2013),

(log M, j(x)) = log(e; M1 ;) + g(x) — 9(0), (4.8)
where
() = @-W ~log(10%7 4 1), (4.9)

and x = log(My/M; ;). This function behaves as a power law with slope «; at masses
much smaller than M, ;, and as a sub-power law with slope «; at large masses. Each o;
were assumed to be constant with halo mass. Based on the results in Rodriguez-Puebla

et al. (2015) we adopt o, = 0.12 and o, = 0.14.

! Analysis of dark matter halo clustering from both both analytical models (Mo and White, 1996)
and N—body simulations (Tinker et al., 2010) have shown that halos of different halos masses cluster
differently: more massive halos are more clustered.
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For the distinct halo mass function we use the fit to large N-body cosmological simula-
tions published in Tinker et al. (2008). We define halo masses at the radius where the
spherical over density is Ayj times the mean matter density. For the subhalo mass func-
tion we use the analytic fit function described in Behroozi et al. (2013) to the Bolshoi

N-body high resolution cosmological simulation.
4.1.4 Constraining the stellar-to-halo mass relation

We constrain the total SHMRs separately for blue and red galaxies by finding the best
fit parameters of each (log M, ;j(My)) (Eq.4.8) that maximize the likelihood function

L  eX*/2. Here the total x? is defined as,

X = X6, X6, (4.10)
Each Xij has been defined as,
2 (¢mock,j - ¢mod,j)2
X =D (4.11)
mock,j

where the subscript ‘mock’ indicates that we are using the resulting blue/red (LT-
G/ETG) GSMFs as obtained in Chapter 3. The quantity ¢moq,; is given by its central
and satellite component calculated according to Egs. (4.2) and (4.4), respectively. As
before ‘j’ refers either to blue or red galaxies. Note that the corresponding SHMRs are

implicitly contained in these equations.

Finally, for the process of maximization of L we use the Powell’s directions set method

in multi-dimension (Press et al., 1992).
4.2 Multi-Abundance Matching Technique Constrains in Halos: MATCH

In Chapter 3, we generated a population of 3 x 10% galaxies, which trace in a complete
volume the empirical LTG/ETG GSMFs as well as the corresponding Mpy,—M, and
Mp,—M, correlations. As a result, each member in the sample is characterized by M,,
Mpy,, Mp,, Mgas, and My,,. Our mock catalog is a stellar mass-complete sample above
M, = 1x10"Mg. In this Section we describe how we assign halo masses to each member

in the sample.
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In the previous Section we described how to constrain separate SHMRs for blue and
red (LTG and ETG) galaxies. By using this result, at a fixed halo mass M, its stellar
mass could be randomly assigned via Eq. (4.7). Nevertheless, our sample has been
constructed based on the abundance of galaxies according to the observed GSMF. This
means that we cannot use directly Eq. (4.7) but its inverse, i.e., the distribution of halo
masses My, at a fixed stellar mass M., P;j(My|M,). We compute P;(My|M,) via the

Bayes theorem,
Py (M |My) P; (My)

PJ(Mh’M*) = PJ(M*) ,

(4.12)

where P;(My) is the subhalo + halo mass function, ¢pwm;(My), hosting galaxies of
color or type ‘j’, and Pj(M,) are the satellite+central GSMFs for these two galaxy
populations, Qng (M,). Recall that the subscript ‘5’ refers either to blue or red (LTG or

ETG, respectively).

We obtain halo masses My for each galaxy in the sample as follows. Once a galaxy
has been marked as either blue or red, we generate a random number U, uniformly
distributed within the interval [0,1] and then find the value for M), that solves the
equation Pj(> My|M,) =U,.? Here,

P> ML) = [ P M, (4.13)
My,

that is, the cumulative distribution of P;(My|M,). In this way, we sample statistically
this distribution. Note that the halo masses generated in this way reproduce the theo-
retical subhalo + halo mass functions by construction because in Eq. (4.12) the SHMRs
for blue and red galaxies (LTG and ETG) are encoded.

Once we have generated the halo mass for each galaxy using the SHMRs, we can now
predict the My, -My, Mp,-My, Mgas-My, and M,-My, relations for LTG and ETG
galaxies. Assigning halo masses in this way is equivalent to apply the AMT to each
of the mass distributions determined in the previous Chapter in order to obtain the
corresponding mass relations. Thus, finally each member in our stellar mass-complete
catalog, separated into LTG and ETG populations, has the following properties: Mpg,,
My, Mgas, My, My, and M,,.

2We make use of the fact that the integrals of two probability distributions are equal, foz h(z")dz' =
JY gy )dy'. In the case of a uniform distribution between 0 and 1, [ U(z')da’ = x. Therefore, a
random number y from the distribution g(y) can be obtained by resolving the equation = = [/ g(y')dy/’,
where z is a random number from the [0,1] interval.
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4.3 The link between halo mass and different galaxy masses

In the previous Section we have constructed a mock catalog of millions of galaxies,
which follow the empirical galaxy stellar, Hy, Hy, gas and baryonic mass functions for
both LTGs and ETGs, as well as for the averages of both of them. Here, by means of our
MATCH formalism we will establish the connection of these mass functions to the halo
mass function in order to ultimately obtain the Mpy,-, Mpy,-, Mgas-, and My,,-to-halo

mass relations for both galaxy populations.

In Fig. 4.1, we plot the results of the AMT for blue and red galaxies (LTGs and ETGs)
explained in Section 4.1. The blue and red lines are the M,—M,, relations for blue and red
galaxies, while the black line is the density-weighted average relation. The 1o scatter in
dex around each one of the relations is shown in the lower panel. Recall that the scatter

is assumed lognormal. The right panel shows the M, /My, ratios as a function of Mj,.
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Figure 4.1: Stellar-to-halo mass relations for LTGs (blue lines) and ETGs (red lines), and
for the density-weighted average of both populations (black lines). The lower panel shows the
intrinsic scatter around each one of these mass relations in dex. The right panel is the same as
the left one but for the M, /M, ratio. The dotted line reproduces the average SHMR reported
in Rodriguez-Puebla et al. (2015) for a GSMF similar to the one used here.

As shown in Rodriguez-Puebla et al. (2015), the blue and red M.,-Mjy relations are
different. For a given My, the stellar mass is equal or higher for blue galaxies than for
red ones. At high masses, this could be because red (ETG) galaxies, quenched earlier
their M, growth, while their M}, continued growing; massive blue (LTG) galaxies, which
are a small fraction, were not quenched and continued growing their M, (see R-P2014).

At low masses, the halos typically assembled early but the galaxies delay they star
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formation (downsizing in SFR) being today dwarf LTGs; however, a small fraction of
the dwarf galaxies might have not suffered the delay processes and formed stars early
in bursting processes after which most of gas is ejected by SN-driven outflows. As
the result, their stellar masses today are smaller than those of LTGs living in halos of
the same mass. Regarding the average M,-My relation, at low masse, LTGs are more
abundant than ETGs, so that they dominate in the average; the opposite happens at

high masses.

4.3.1 Galaxy gas-to-halo mass relations

The obtained My, —My and Mp,—My, relations and their scatters are presented in Figs.
4.2 and 4.3, following the same structure and line coding as in Fig. 4.1. As seen in the

lower panels, the scatters around the mass relations are large.
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Figure 4.2: Hj-to-halo mass relations for LTG (blue lines) and ETG (red lines) galaxies, and
for the density-weighted average of both populations (black lines). The lower panel shows the
intrinsic scatter around each one of these mass relations in dex. The right panel is the same as
the left one but for the My, /M, ratio.

In fact, this scatter is consistent with the results obtained in the My, -Wsq relation, see
e.g. figure 5 in Papastergis et al. (2013). For LTGs, the Hy mass contained in low mass
halos is larger than the mass contained in stars, as expected. For this population, in both
cases, My, and Mp,, there is a monotonic increasing relation with Mj,, though very flat
already at large masses. However, for the ETG population, the monotonicity is broken;
the My, —My and Mp,—M,, relations attain a maximum at M), ~ 10112 Mg and decrease

at lower and higher masses. Since ETGs dominate at high masses, the density-weighted
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average also results non-monotonic. The reason of the non-monotonicity comes from the
empirical Mg, —M, and Mg,—M, relations for ETGs. Both, My, and My, increase as
M, increases but at masses around 10'% My, these gas masses decrease as M, increases.
However, the large scatter in the Mpy,—My, and Mp,—M,, relations of ETGs also produces

the non-monotonicity.
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Figure 4.3: Ha-to-halo mass relations for LTG (blue lines) and ETG (red lines) galaxies, and
for the density-weighted average of both populations (black lines). The lower panel shows the
intrinsic scatter around each one of these mass relations in dex. The right panel is the same as
the left one but for the My, /My, ratio.

In Fig. 4.4, the corresponding Mg.s— M), relations are plotted. The strong differences
between these relations for LT'G and ETG populations confirms that both populations
have been to be treated separately, as we proceeded. The “average” relations are actually
close to the LTG ones at low masses and to the ETG ones at large masses, while at
intermediate masses they get far from both, due to the large segregation by type/color.
Our results show that the differences between the LTG and ETG populations in the
M,-My, relation become larger in the gas mass-My, relations. For a given M), the gas

mass is significantly larger for the LTGs than for the ETGs.

The fact that the gas mass of ETGs in halos more massive than My, ~ 1012 Mg, is very
low and strongly decreases as more massive they are encodes valuable information about
the formation of these galaxies. The processes behind the gas exhaustion in these halos
were proposed to be the large cooling time of gas in halos of large virial temperatures
and the positive feedback of the AGNs, which are expected to be luminous in massive

galaxies. Our results show that the present-day M), at which these “quenching” processes
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Figure 4.4: Gas-to-halo mass relations for LTG (blue lines) and ETG (red lines) galaxies, and
for the density-weighted average of both populations (black lines). The lower panel shows the
intrinsic scatter around each one of these mass relations in dex. The right panel is the same as
the left one but for the Mgas/ My ratio.

start to act is My, ~ 1012 M. On the other hand, our results show that ETGs can not
have gas masses larger than ~ 10° Mg. This mass could be associated to the epoch at
which the “quenching” processes started to act in halos corresponding to this gas mass

at that epoch.
4.3.2 Galaxy baryonic-to-halo mass relations

Our final aim is to constrain the baryonic-to-halo mass function for local galaxies, sep-
arated into the LTG and ETG populations, and for the average case. This is plotted in
Fig. 4.6, with the same structure and line coding as in Fig. 4.1. The scatters around
the relations for the two populations are lower than 0.16 dex for Mj > 3 x 101! M. At
lower masses, the relations become noisier. The scatter for the ETG population is ever
slightly larger than the one for the LTG one. The scatter around the average relation is

larger because of the segregation of the M, —Mj, relation by type/color.

The segregation by type/color in the My, —M;, relation is clearly seen in Fig. 4.6. The
LTGs have larger My, at a given My than the ETG ones. This is a reminiscence of
the M,—Mj, relation (see above and Rodriguez-Puebla et al., 2015), but in the case of
the My.,—My relation, the segregation increases at low masses. This is because lower
mass LTGs are much more dominated by gas than ETG ones. The segregation of the

local M,—M,, and My.—My, relations by type/color is the result of important processes
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of galaxy evolution. At large masses, the “quenching” processes make that galaxies
interrupt or loss the gas and cease star formation; the larger the halos, the earlier this
happens on average. Thus, while the halos continue growing hierarchically, the stellar
mass remains the same, lowering with time then the M, /M, ratio (and hence, the
Mypar/ My, ratio). At the low-mass end of the M,—My and My, —M;, relations, where
LTGs dominate, the question is why they keep star forming and gaseous until today,
when their halos assembled actually early. Processes that delayed the gas consumption

and star formation, the more, the less massive are the halos, should be at play.

As seen, the results obtained here are important to constrain galaxy formation and evo-
lution processes. In Fig. 4.6, we plot the obtained stellar-to-halo (gray color) and
baryonic-to-halo (purpure color) mass functions for the average case (upper panel),
the LTGs (medium panel), and the ETGs (lower panel). While at masses larger than
M, ~ 10'2 the stellar- and baryonic-to-halo mass relations are similar in all the cases,
including the scatters, at lower masses a significant difference reveals for the LTGs a
higher baryonic fraction compared with the average and less for the ETGs. Since at
low masses dominate by much the former, then the density-weighted average relation is

close to that one of them.

The accurate semi-empirical relations shown in Fig. 4.1 offer key constrains to models
and simulations of galaxy evolution. They should reproduce these relations and their

scatters.

Finally we present the best fit parameters for the My,-M; relation for the average,
LTG, and ETG galaxies in Table 4.1. The function used to describe this relation has

the form proposed by Behroozi et al. (2013),

log1o(Mpar) =logyg(eMi) + f(z) — £(0) (4.14)

6[logyo(1 + exp(x))]”

— —log;o(107°% 4+ 1

(4.15)

where: x = log;o(My /M)
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Figure 4.5: Baryonic-to-halo mass relations for LT'G (blue lines) and ETG (red lines) galaxies,
and for the density-weighted average of both populations (black lines). Also we plot the best fit
for each galaxy population with dashed lines as given by eq. (4.14) and parameters in table 4.1.
The lower panel shows the intrinsic scatter around each one of these mass relations in dex. The
right panel is the same as the left one but for the M, /M, ratio.

Galaxy population | Best-fit Parameters X?ed
logo(M1) € o 0 0%

Average 1156 | 0.04 | 1.55 | 2.80 | 0.82 |
log, (M) € o 9 B

LTG 11.68 0.06 | 1.40 | 2.78 | 0.69 085
log, (M) € o 4 2

ETG 11.29 0.03 | 2.10 | 3.89 | 0.66 113

Table 4.1: Parameters to the My,,-My, relation given by eq.

average, LTGs and ETGs.

(4.14) and (4.15) for the the
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Figure 4.6: Stellar-to-halo (gray line and shaded area) and baryonic-to-halo (purpure line and
shaded area) mass relations for the two galaxy populations and the density-weighted average of
them.
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Chapter 5

Redshift evolution of the gas-stellar-mass relations

The results obtained in the previous Sections were for to the local galaxy population.
It is expected that galaxies in the past were more gaseous, the more, the higher the
redshift. As time goes, the gas is transformed into stars and some fraction can be even
ejected by the SN- and AGN-driven outflows. Therefore, a next crucial constrain to
galaxy formation and evolution should be given by the stellar-to-gas contents of galaxies

as a function of mass at different redshifts.

In this Chapter, we approach the question of the Ho- and Hj-to-stellar mass ratios at
different redshifts as inferred empirically. The most robust observational constraints at
high redshifts are for the former. We will present a compilation of observational data on
Hs and M, for galaxies at different redshifts. These determinations refer mostly to star
forming, starburst or ultra-luminous infrared (ULIRG) galaxies. In fact, the fraction of
active star forming, blue, late-type galaxies, which are basically disk galaxies, increases
at higher redshifts; at z > 1 the disk galaxy population dominates at all, as observations
(e.g., Bruce et al., 2012; Buitrago et al., 2013) and semi-empirical inferences (e.g., Avila-
Reese et al., 2014) show. Thus, the gas-to-stellar mass relation at different redshifts to

be determined below refers formally to what we called in previous Chapters as LTGs.

The observations in emission at higher redshifts are possible only for the CO lines, which
trace Hy. The detection of the Hy 21cm emission line for atomic gas is not possible at
higher redshifts due to its inherent weakness. We will constrain the evolution of the
H; content in galaxies by using measurements of atomic gas abundance in absorption

systems (mostly by damped Ly« absorption, DLA).
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5.1 Evolution of the molecular gas mass content of galaxies
5.1.1 The compilation

We have compiled from the literature several samples of high-redshift galaxies, for
which My, and M, are reported. As discussed in Chapter 2, the CO-to-Hy conver-
sion factor seems to depend on the gas-phase metallicity. We use the same aco-Zgas
relation for late-type galaxies adopted there (Moustakas et al., 2010; Schruba et al.,
2012, see eq. A.2 in Appendix A); note that for metallicities equal or higher than
Zgas = 12 + logo(O/H) = 8.6, we assume the Milky Way factor, aco=3.2, as in
Schruba et al. (2012). However, we consider here a systematical decrease of aco as
z is higher from the argument that the depletion times, 74cp, of higher-redsfhit galaxies
are smaller than those of lower redshift galaxies (higher-redhsfit galaxies are on average
more gas dominated and unstable and, therefore, with higher star formation efficiencies
than the lower-redshift ones). A constant depletion time of 1.8 Gyr was used in Schruba
et al. (2012) in order to infer the aco factor from their local observational sample:

aco=SFRx7qep/Lco (see Appendix A). We propose that log 7qep decreases as:

log Tagep = 9.25 — 0.42 x log(1 + 2)[Gyr], (5.1)

in such a way that at z = 3, 74ep = 1Gyr.

In the Appendix A, we also used a functionality that fit well the observed mean Zg,s—
M, relation used to obtain the CO-to-Hs conversion factor as a function of M,, see eq.
(2.12) in the Appendix A. We adopt the same functionality for the Zg,s— M, relation
at higher redshifts but with the asymptotic metallicity and turn-over mass parameters
changing with z in order to be consistent with the observational determinations reported
in Maiolino et al. (2008) for a few high redshifts; see Appendix A for details. These
and other authors find that the Zg,s—M, relation decreases on average with z (the

metallicities are lower) but the decreasing is larger for lower masses.
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In the Appendix A, we approximate the turn-over mass, M7p, and the asymptotic

metallicity, 12 4 log(O/H)asm, dependences on z as:

log,o(Mro) — increases with z as:

P(z) = — 2.11 [log1o(1 + 2)]* + 3.36log;o(1 + 2)

12 + 1og(O/H)asm — decreases with z as:

¢(2) =0.64 [log;(1 + 2)]?
(5.2)

This implies that for a given M,, the aco factor increases as z is higher (the galaxies

have smaller metallicities).

Summarizing, for the compiled samples, we divide the Hy masses reported therein by
the CO-to-Hs conversion factor used by the corresponding authors and multiply by our
factor, which is mass and redshift dependent as mentioned above. As mentioned in the
Appendix, we impose the condition that when the aco factor gets smaller than 3.2, the
Milky Way value, then aco is fixed to this value. For ULIRGs, the CO-to-Hs conversion
factor seems to be systematically smaller than for normal galaxies. For these cases, we

do not correct the aco values assumed by the authors.

Following, we present the different samples compiled by us:

e Bauermeister et al. (2013):
An observational study of molecular gas in 31 star forming galaxies in the red-
shift range 0.05 < z < 0.5 (EGNoG survey). The stellar masses of their galaxies
are 4 — 30 x 10'°Mg. They observe the CO(J = 1 — 0) and CO(J = 3 — 2)
rotational lines in the Combined Array for Research in Millimeter-wave Astron-
omy (CARMA), detecting 24 of the 31 galaxies. They adopt a Milky-Way like

conversion factor aco= 3.2.

e Geach et al. (2011):
Four detections and two upper limits of CO(J = 1 — 0) emission in the IRAM
Plateau de Bure from a 24um-selected sample of star forming galaxies at z ~ 0.4
are presented in this work. Using a Chabrier (2003) IMF, stellar masses were

estimated and the galaxies that form this sample have M, ~ 1011 M. They adopt
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a Milky-Way like conversion factor that multiply by 1.4 to take into account a

helium.

e Combes et al. (2013):
CO observations obtained at the IRAM 30-m telescope for 39 galaxies, covering
the redshift range 0.2 < z < 1 and with Lr;p > 10'2Ls (they select ULIRGs)
are made in this work. They adopt a conversion factor aco= 0.8, which is an
appropriate value for ULIRGs.The stellar masses were obtained from observed
optical and near infrared magnitudes using the standard relations that exist as a

function of colors, derived from stellar population models of Bell et al. (2003).

e Tacconi et al. (2013):
A sample of CO detections in two redshift slices at z ~ 1.2 and z ~ 2.2, for 52 main-
sequence star forming galaxies with stellar masses M, > 10'*4M.. The sample is
called PHIBSS, the IRAM Plateau de Bure high-z blue sequence CO(J = 3 — 2)
survey. They adopted the Milky Way value for aco and consider a Chabrier (2003)

IMF in the stellar mass determination.

e Daddi et al. (2010):
Six near-infrared selected galaxies at redshift z ~ 1.5 with CO(J = 2 — 1)
measurements at the IRAM Plateau de Bure Interferometer are presented. They
use dynamical models of clumpy disk galaxies in order to derive dynamical masses
for their sample and these models are able to reproduce the peculiar spectral line
shapes of the CO emission. Then, after accounting for stellar and dark matter
masses, they derive molecular hydrogen masses in the range (0.4 — 1.2) x 1019M,.
They find a value of the conversion factor aco= 3.6 £ 0.8. Stellar masses were

derived from synthetic templates assuming a Chabrier (2003) IMF.

e Magdis et al. (2012a):
In this work, robust estimates of Mg, are derived from mid-infrared to millimiter
data for individual and stacked data. Then, using the correlation of gas-to-dust
mass with metallicity, they use their measurements to constraint the gas (Hs)

content in galaxies. We use their stacked data at redshift z ~ 2.

e Magdis et al. (2012b):
The data presented in this work consist of two massive and Infrared Lyman break

galaxies, with measurements of the CO(J = 3 — 2) emission, using the IRAM
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Plateau de Bure Interferometer. For the molecular gas estimate, they adopt a
conversion factor ago~ 3.6 and stellar masses are calculated assuming a Chabrier

(2003) IMF.

5.1.2 H;, mass fraction vs M, at different redshfits

In Figs. 5.1 and 5.2, we present our compilation at eight redshift bins. As explained
above, we have homogenized the aco factor to the one introduced here. The Hy mass
fraction, fy,, vs. M, is plotted, where fr,= My, /(Mmu,+ M.,). The different sources are
indicated inside each panel. The dashed line in each panel corresponds to the prediction
given in Sargent et al. (2013). These authors infer the fi,—M, relation from the observed
specific star formation rate (sSFR)—M, correlations at different redshifts. They connect

sSFR with fu, by a model based on the empirical Kennicutt-Schmidt law.

Figures 5.1 and 5.2 show that the molecular mass fraction of galaxies systematically
increases with z. The data are yet scarce, strongly scattered and for relatively small
mass ranges, so that it is not easy to establish a dependence of fy, on M, at different
z's. We generalize the same z ~ 0 dependence of Ry,=Mpy, /M, on M, (or fu, on M,)
found in Chapter 2 to the other redshifts, and by eye we “normalize” the mean fg,—M,
relation to the observations, taking care to be also in rough agreement with the model-
dependent empirical inferences of Sargent et al. (2013), which are based on the observed
sSFR-M, correlations. Our proposed fp,—M. mean relations at different redshifts are
plotted in Figs. 5.1 and 5.2 with the solid blue lines. The shaded area around them are
our estimate for the 1o scatter. This scatter is the same considered for local galaxies
(eq. 2.17), but changes because of the variation of the Ry, ratio with redshift and it

seems to agree well with observational data.

The law with which the Rpg,—M. zero point increases with z is similar to the one proposed

in Sargent et al. (2013) for the sSFR—M, relation:

y(2) = 0.43 (ﬁ;zc> (5.3)

The parameters we find better fit the observational data in Figs. 5.1 and 5.2 are A =
14, B = 3.54,C = 1.50. The evolution of our mean Ry,—M, relation is plotted in Fig.

5.3. As said above, we assume this relation to be the same that at z ~ 0 for LTGs (see
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Chapter 2) but with its zero point changing with z, that is:
M\ M.\
logyg R, (2) = logy(B) — logyg <J\45> + <M8> +7(2) (5.4)

The evolution of the zero-point value of the Ry,—M, relation agrees very well with the

one presented in a recent work by Genzel et al. (2014).
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Figure 5.1: Redshift evolution of the f,—M, correlation in different redshift ranges up to
z /= 1.3 as we infer to be consistent with observations (blue lines for the means and shaded areas
for the 1o scatter). The compiled and corrected observational data are shown with different
symbols. Inside each panel it is indicated the redshift range, the observational sources, and the
inference from the Sargent et al. (2013) work (dark blue dashed line).

5.2 Evolution of the neutral atomic gas mass content of galaxies

As mentioned above, there are not measurements of the Hy 21-cm line flux for galaxies

at high redshifts due to the weakness of this line and the sensitivity limit of current
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Figure 5.2: As Fig. 5.1 but for redshifts from z ~ 1.5 to ~ 3.

detectors. Some determinations were obtained at intermediate redshifts (z < 0.4) by
applying stacking techniques to attain the necessary signal-to-noise ratios (e.g., Lah
et al., 2007; Rhee et al., 2013, and see more references about other determinations
therein). For higher redshifts, the only information about neutral atomic gas content
we have is the one provided by absorption systems like the DLAs. The DLAs are the
highest column density Lya absorption features seen in the spectrum of quasars, and
they helped to constrain the average Hy mass density at different redshifts (see e.g., Rhee
et al., 2013).

In Rhee et al. (2013), a compilation of the H; mass density determinations obtained with
DLAs at high redshifts (up to z ~ 3) and with the stacking techniques at low redshifts
is presented, including their own results with the latter technique. They present this

density normalized to the critical density of the Universe, that is, the QHI parameter
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Figure 5.3: Redshift evolution of the mean Ry,—M., relation as inferred here.

at different 2’s. The data are actually scarce, with large error bars, and not following
a clearly monotonic dependence with redshift. Very roughly, we fit to these data a line
that grows as logo(€ y;) + 1(2), with n(z) = 0.1z. This dependence on z is used to
determine how the zero point of the mean Ry,—M, relation increases with z. As in the
case of the Ry, M, relation, we assume that the Ry,—M, relation shape at any redshift
is the same that at z ~ 0 (for LTGs; see Chapter 2) and the zero point of the relation

changes with z, that is:

MN\® (M.’
logyg Ry, (2) = logy(B) — logy [( ) + ( >

The values of the parameters related to the M, dependence were presented in Chapter

2. In Fig. 5.4, the obtained evolution of our mean Ry,—M, relation is plotted.

5.3 Evolution of the total cold gas mass content of galaxies

Once we have determined the evolution of the H; and Hy gas mass contents, we can
finally obtain the evolution of the total cold gas mass content. The cold gas mass is just
Mgas= 1.4(Mu+ Mpu,), and Rgas=Mgas/ M, is the gas-to-stellar mass ratio. In Fig. 5.5

we present the evolution of the mean Rg,s—M, relation obtained from the Ry,—M, and
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Figure 5.4: Redshift evolution of the mean Ry,-M., relation as inferred here.

Rp,—M, relations and their changes with 2z presented in the previous sections. The main
contribution to the increasing in the Rg,s ratio with z is due to the strong increasing of

the molecular-to-stellar mass ratio in galaxies.

The next step from our analysis is to infer the evolution of the My,—M, relation. For
this, we need the evolution of the GSMF. A compilation of the GSMF evolution is in
progress. Once we have determined the My,,—M, relations at different epochs, they will
be used to generate mock catalogs of galaxies at different redshifts from where we can
obtain the evolution of the galaxy baryonic mass function. By connecting these mass
functions with the halo mass functions, as it was done in Chapter 4, we will be able to

obtain the evolution of the My,,—M)}, relation.
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Figure 5.5: Redshift evolution of the mean Rg,s—M, relation as inferred here.
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Chapter 6

Conclusions

La conexién halo-galaxia a través de métodos estadisticos de tipo semi-empirico se ha
tornado una herramienta poderosa para entender la formacién y evolucién de las galax-
ias pero, sobre todo, para ofrecer importantes restricciones a los procesos evolutivos
y astrofisicos que se invocan en los modelos y simulaciones numéricas de evolucién de
galaxias. En dltima instancia, estas restricciones podrian también ser importantes para

sondear el modelo cosmolégico subyacente en el enfoque semi-empirico, el ACDM.

En esta Tesis nuestro objetivo fue lograr la conexién halo-galaxia a nivel de contenidos
de gas y bariones (gas + estrellas) para las galaxias locales, separadas en dos grandes
poblaciones por su tipo/color, asi como para el promedio de ambas poblaciones. La
determinacién de dicha conexién a este nivel, seria la primera en la literatura. Hemos
usado la terminologia de LTG (late-type galaxies) para las galaxias tardias/azules y

ETG (early-type galaxies) para las tempranas,/rojas.

A fin de lograr nuestro objetivo fue necesario empezar con una exhaustiva compilacién
en la literatura de galaxias locales que contengan informacién de sus masas estelares,
tipos/colores y de sus masas en Hy y Ho. En base a esta compilacién y su correspondi-
entes homogeneizaciéon pudimos entonces establecer las correlaciones entre M, y My, y
Mp,. Como resultado de esta primera parte presentada en el Capitulo 2, remarcamos

los siguientes resultados

e Existen fuertes diferencias por tipo/color en las relaciones My, M, y Mg,—M.,,
razon por la que no es conveniente considerar un promedio por poblaciones para

estas relaciones como se ha hecho en la literatura, mas atn si las muestras no son
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completas en volumen, es decir cuando las galaxias usadas para obtener estas rela-
ciones no estan pesadas por su abundancia. El cociente My, /My, de las galaxias
LTG aumenta lentamente con la masa estelar, mientras que para las galaxias ETG
crece significativamente con M,. Estos resultados dependen en parte del factor
de conversion CO-a-Ha, aco, usado para calcular Mp,. Siguiendo las sugerencias
mas recientes de la literatura sobre la variacion de aco con la metalicidad, hemos
inferido aqui una dependencia de este factor con M, (ver Apéndice A), misma que

se us6 para calcular My, a partir de los datos compilados.

e La relacion Mg,—M, de galaxias LTG crece significativamente (como M*0'7) hasta
log(M,/Mg) =~ 9.5 para luego aplanarse considerablemente y crecer como MO,
el cociente Ry, = Mpy, /M, es en promedio igual a 1 para galaxias de log(M./Mg) ~
9. La dispersion estimada alrededor de la relacién disminuye en funcién de la masa
estelar desde o ~ 0.6 hasta 0.4 dex. La relacion Mp,—M, para las galaxias ETG
tiene un comportamiento distinto, apareciendo un pico a log(M,/Mg) ~ 9.5. Para
masas estelares menores, My, o M.,! y para masas mayores, M H, X M, 797 los
cocientes Ry, son menores a 1 incluso para las galaxias de muy bajas masas. La
dispersion alrededor de la relacién es muy grande, en parte porque hay pocas ob-
servaciones de Hj en estas galaxias y en muchos casos son no detecciones, pero
también porque intrinsecamente es asi. Hemos estimado un valor de o ~ 0.7 dex

como aproximado de la dispersion intrinseca.

e La relacion Mp,—M, para galaxias LTGs es relativamente estrecha (dispersién
intrinseca estimada que decrece con la masa desde ~ 0.5 a 0.35 dex) tiene una forma
funcional similar al caso de Mpy,—M,, creciendo como M,O® hasta log(M./Mg) ~
9.5 y luego como M, a masas mucho mayores. Sin embargo la normalizacién
es un factor 2-3 menor que en el caso de la relaciéon My, —M,; el cociente Ry, =
My, /M, alcanza el valor de ~ 1 sélo en galaxias tan pequefias como = 1 x 107
My . Las masas en Hy en galaxias de baja masa podrian ser mucho menores si
no hubiéramos introducido un factor de conversién aco que crece cuando M, es
menor. Para las galaxias ETG, la relaciéon Mp,~M, es mucho mas dispersa y
la dependencia va como M,'.45 hasta log(M./Mgy) ~ 9.5 y luego decrece como

M, 935 Para galaxias ETG usamos el factor aco constante.

e Considerando que la masa de gas frio es Mgas=1.4(Mp,+ Mp,), de nuestra cor-

relaciones obtuvimos las correlaciones Mgas—M, para galaxias LTG y ETG, mismas
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que siguen los patrones principalmente de las correlaciones My, —M,. El cociente
Rgas = Mgas/ M, de las LTGs de baja masa crece mientras M, es mas pequeno
como M, %3; para M,~ 107 M, este cociente es en promedio 8 y se hace igual a
~ 1 para galaxias de 3 x 10° M. A masas mayores, Rgas decrece répido, aproxi-
madamente como M, . Las galaxias ETGs son mucho menos gaseosas, siendo
Rgas menor a 1 en promedio incluso para las enanas de M,~ 10" M. Para masas
mayores as ~ 3x 10° M, Rgqs cae fuertemente con M., de tal manera que galaxias
tan masivas como M, ~ 10! M), tienen cocientes Rgas por debajo de 2.5 x 1073

en promedio; son extremadamente pobres en gas frio.

Habiendo determinado las correlaciones empiricas de Mpy,~M, y Mp,—M, para las
dos poblaciones de galaxias, hicimos uso de las funciones de masa estelar (GSMFs)
de galaxias azules y rojas que estimamos aqui hasta M, ~ 10”7 My en base al andlisis de
Rodriguez-Puebla et al. (2015) a fin mapear dichas correlaciones a las correspondientes
funciones de masa de Hy y Hs, y posteriormente de gas y de bariones. Para esto, gener-
amos un catalogo sintético de 3 millones de galaxias que muestrean estadisticamente la
GSMF inferida de las observaciones asi como las fracciones de galaxias azules (LTG) y
rojas (ETG). A las galaxias de este catdlogo se le asignaron masas de Hy y Hy a partir
de su tipo y masa estelar usando las correlaciones empiricas presentadas en el Capitulo
2. Se procedié entonces a construir, a partir del catalogo, las funciones de masa de H;
y Ha asi como de Mgas y Mpae (abreviadas como GSMF, GHIMF, GHoMF y GBMF

respectivamente). Algunos resultados que remarcamos de este Capitulo 3 son:

e La GSMF se construyé empatando la GSMF de Baldry et al. (2008), quienes
corrigieron meticulosamente por completitud a bajas masas, con la GSMF de
Rodriguez-Puebla et al. (2015), quienes usaron una muestra més grande (DR7
vs DR4, ambas del SDSS) y tomaron en cuenta una correccién por “apertura’ en
la estimacién de las masas estelares, misma que afecta principalmente a las altas
masas. La GSMF resultante es completa hasta M, ~ 107 My; la pendiente en el
lado de bajas masas es —1.49. La masa caracteristica donde la GSMF empieza a
caer drasticamente es log(M. /Mg )~ 10.6; la caida no es exponencial, sino que sub
exponencial. A masas mucho menores a log(M,/Mg)~ 10 dominan las galaxias

LTG y a masas mucho mayores dominan las ETGs.
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e La GHMF total tiene una pendiente empinada de —1.72 hacia las masas tendientes
a Mpy,= 108 M. La masa caracterfstica a la cual la GH; MF comienza a decrecer
fuertemente es log(Mp,/Mg)~ 9.9. La GH{MF es dominada casi a todas las
masas por la componente de LTGs. Sélo a las masas més grandes, cercanas a
My, ~ 10'! Mg, la contribucién de la poblacién ETG es dominante; la caida a estas
masas, mas que una exponencial, es de tipo subexponencial. La GH{MF inferida
de nuestro catdlogo sintético describe bien las funciones construidas de muestras
observacionales en Hp, en los intervalos de masa en que éstas son confiables. En
este sentido, nuestra GHiMF describe integralmente estas previas determinaciones
y ofrece una determinacién confiable en un intervalo de masas extenso, desde

Mp,~ 108 Mg,

e La GHoMF total tiene una pendiente empinada de ~ —1.79 hacia las masas
tendientes a My,= 10® My. Este comportamiento en parte se debe al factor
aco dependiente de masa que hemos usado para estimar las masas de Myp,.
La masa caracteristica a la cual la GHoMF comienza a decrecer fuertemente es
log(Mp,/Mg)~ 9.1. La GHoMF es dominada por completo por la componente de
LTGs.

e La GBMF obtenida de nuestro catdlogo construido en base a la GSMF observada,
es completa hasta log(My,,/Mg)= 8.5. La pendiente a estas masas es de —1.52,
mé&s empinada que la pendiente de la GSMF. La masa caracteristica a la cual la
GBMF comienza a decrecer fuertemente es log(Mp,,/Mg)~ 10, la caida siendo
més bien subexponencial. La GBMF se ajusta con la combinacién de una funciéon
Schechter y una Schechter subexponencial. A masas menores que log(Mpa,/Mg)~
10.6, domina la componente de LTGs y a masas mayores domina la componente
ETG. Esta es la primera determinacién de una GBMF que (1) incluye Hy, Ha,
helio y metales y (2) estd descompuesta en galaxias LTG y ETG.

e La completitud de la GBMF construida en base a la GSMF, es decir con una
seleccién “Optica”, depende fuertemente de la masa limite de completitud de la
GSMF. En este caso, la GBMF deja de ser significativamente completa a una

masa bariénica més de 10 veces mayor que la masa estelar limite.

Finalmente, contando con las funciones de masa de Hy y Hy asi como de estrellas,

para las dos poblaciones de galaxias (LTG y ETG), aplicamos un método estadistico
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que denominamos MATCH a fin de conectar estadisticamente dichas funciones de masa
con la funcién de masa de los halos ACDM. Maés que hacer una correspondencia de
abundancias analitica, generamos un enorme catdlogo sintético que (1) muestrea las
GSMFs de las poblaciones LTG y ETG presentadas en el Capitulo 3, (2) establece
la conexién M,—M), para ambas poblaciones, y (3) asigna las masas correspondientes
Mpy, y My, muestreando las correlaciones empiricas presentadas en el Captitulo 2.
Como resultado, nuestro catdlogo sintético, mismo que por construccién reproduce todas
las funciones de masa empiricas presentadas en el Capitulo 3 y la funcin de masa de
halos+subhalos ACDM, cuenta para cada poblacién de galaxias con My, Mp,, Mm,, y
Mj,. Debido a que la masa de gas Mg, se calcula de My, y My, y la bariénica a su vez
es Mypar=Mgas+ M., nuestro catdlogo contiene entonces todas las masas a fin de lograr
la conexién masa de halo con masas estelares, gaseosas y baridonicas. Los resultados
obtenidos en base a nuestro catilogo sintético semi-empirico presentados en el Capitulo

4 se resumen asi:

e Las relaciones M,—Mj, de galaxias LTG y ETG son algo diferentes. A paridad de
My, las galaxias LTG tienen en promedio una M, mayor que las ETG en especial
a masas grandes y chicas. Las diferencias en los promedios para esas masas son
del orden o algo mayores a dispersiones alrededor de las relaciones, mismas que

son son relativamente bajas.

e Las relaciones My,~Mj,, My,~Mjy y Mgas-Mj, para las poblaciones LTG y ETG
son muy diferentes, lo cual indica que considerar relaciones promedio no es muy
apropiado. Eso si, a bajas (altas) masas, donde dominan en abundancia las LTGs
(ETGs), las relaciones promedios se aproximan a las de las galaxias LTGs (ETGs).
Las dispersiones alrededor de estas relaciones son grandes, en especial para las

relaciones promedio; esto ultimo debido a la fuerte segregacion que hay entre

LTGs y ETGs.

e Las relaciones My, ~Mp,, My,~Mjy y Mgas-Mj, de las LTGs crecen monoténamente,
rapido hasta log(Mp,/Mg)~ 11.4 pero a masas mayores tienden a aplanarse. El
comportamiento en el caso de la poblacién ETG es muy diferente: las relaciones
crecen hasta log(Mp,/Mg)~ 11.2 pero luego decrecen. Este comportamiento, es-
peculamos, es una huella de los procesos de apagado (quenching) que actiian en

las galaxias masivas y que hacen justamente que sean ETGs y pobres en gas.
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e Las relaciones My,—M}, de galaxias LTG y ETG son relativamente estrechas; las
dispersiones son respectivamente de ~ 0.12 y 0.15 dex pero para masas menores a
log(M}p,/Mg)= 11.4 aumentan significativamente. Hay una segregacién estadistica-
mente significativa entre ambas relaciones; a paridad de M}y, las galaxias LTG
tienen masas bariénicas mayores que las LT Gs. Esta diferencia se incrementa hacia
bajas masas debido a que las galaxias LTG enanas son mucho més dominadas por

gas que las ETG enanas.

e La relaciénes M,—M}, y Mypa—Mp, son muy similares a las altas masas (M, =~
My > 102 Mg), tanto para LTGs y ETGs como para los promedios entre ambas.
Para masas menores, debido al incremento de la fraccién gaseosa mientras menor es
la masas, las relaciones se hacen diferentes, en especial para las LTGs: la relacion

Myar—M)}, se hace més plana que la M,—Mj,.

Finalmente, en el Capitulo 5, buscamos determinar cémo evolucionan las correlaciones
empiricas de las masas de H; y Hy con la masa estelar. En el caso del Hy se hizo
una compilacién de observaciones a diferentes corrimientos al rojo, hasta z ~ 3; se
consideré ademds una correccion del factor de conversién CO-a-Hy dependiente de la
metalicidad y por ende de la masa estelar y el tiempo césmico. Para el caso del Hj
utilizamos el cambio con el corrimiento al rojo de la densidad césmica del Hy estimado
principalmente de observaciones en absorpcion de los sistemas DLA. De esta manera
estimamos la evolucién del punto cero de la relacién My, —M, local. Nuestro principal
resultado es que la fraccién o cociente de masa del Ho crece bastante con el corrimiento
al rojo; a z ~ 3, las galaxias tienen cocientes My, /M, ~ 30 veces mayores que a z = 0.
En el caso del Hj el crecimiento es mucho menor, llegando a ser sélo un factor 2 mayor

azn~3.

Se planea usar la evolucién de las correlaciones My,~M, y Mp,~M, en combinacién
con determinaciones observacionales de las GSMFs a diferentes corrimientos al rojo para
realizar el andlisis hecho aqui con galaxias locales. De esta manera podremos inferir la

evolucién de la relacion My,,—Mj,.

Los resultados presentados en esta Tesis son de gran relevancia para constreniir modelos y
simulaciones numéricas de evoluciéon de galaxias asi como para entender aspectos claves
de los procesos astrofisicos de formacién y evolucién de galaxias dentro de los halos

oscuros en funcién de la masa y del tipo/color de la galaxia.
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Appendix A

The CO-to-Hy; conversion factor

In this Appendix, we discuss how to establish an average dependence of the CO-to-Hs con-
version factor with the stellar mass of galaxies based on observational results, as well as

how this dependence evolves with redshift.

Several authors have shown that the CO-to-Hs conversion factor depends on the gas
phase metallicity (see e.g., Boselli et al., 2002; Schruba et al., 2012; Narayanan et al.,
2012; Bolatto et al., 2013, ;etc). For example, Schruba et al. (2012) infer the CO-to-Hs con-
version factor from SFR and Lgo measures in a sample of galaxies, for which the gas
phase metallicities were also measured, and this way find a correlation between aco and
metallicity. Schruba et al. (2012) use a sample of 16 dwarf irregulars from the HERA-
CLES survey. They begin by asuming that a constant Hy depletion time of 74ep = 1.8
Gyr holds for these type of galaxies, based in results found for a large sample of spiral
galaxies. Then, from GALEX and SINGS surveys they use FUV and IR data respec-
tively obtaining SFR. densities. The samples of galaxies from HERACLES have also
available CO luminosities. Thus, with this information they find the aco conversion

factor:

_ Tdep SFR

e (A.1)

aco

Metallicities (gas phase oxygen abundances) are obtained from the work of Moustakas
et al. (2010), therefore the aco-metallicity relation for star-forming galaxies is given by

a linear relation of the form,
log(aco) =+ [N x (12 +log;,(O/H) — 8.7)] (A.2)
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where normalization ¢ is aco at 12+log;q(O/H) = 8.7 and N is the slope of the relation.
Then, for the sample without considering starburst galaxies from HERACLES used by
Schruba et al. (2012), the parameters are ( = 0.85 and N = —2.

We remark that in this work, they found that for galaxies with metallicities 12 +
log;o(O/H) Z 8.6 the conversion factor is aco ~ acomw, this is, late type galaxies
at solar gas phase metallicities or higher tend to have a Milky-Way like CO-to-Hy con-

version factor and we use this result as a constraint to our model.

In order to relate the aco conversion factor with stellar mass, we use the mass-metallicity
relation for galaxies in the local universe. Sanchez et al. (2013) and Andrews and Mar-
tini (2013) determined the mass-metallicity relation for galaxies using the CALIFA and
the SDSS surveys, respectively, in the stellar mass range 8.4 < log;o(M,) < 11.2 for the
former and 7.4 <log;q(M,) < 11.2 for the latter. The work by Sanchez et al. (2013) pro-
vides a more accurate estimation of the mass-metallicity relation; recall that the SDDS
galaxies are mapped by only one central fiber of fixed aperture, while CALIFA maps
the whole galaxies with many IFUs. However, the M, range in the CALIFA sample is
limited. Andrews and Martini (2013) cover galaxies of lower stellar masses. Fortunately,

at the mass range where both studies coincide, it seems that they agree (see figure A.1).

Thus, we use the mass—metallicity found in Andrews and Martini (2013). They find that

the relation proposed by Moustakas et al. (2011) fits well their observational results,

12 + 1og1o(O/H) = (12 + 10g10(0/H)asm) — logyq (1 N <J\ﬁo>”) (A.3)

where 12 +1og;,(O/H)asm is the asymptotic metallicity, Mo is the turnover mass and
~ is what controls the slope of the mass-metallicity relation. The values found are

12 +10g10(O/H)asm = 8.798, Mro = 8.901 and v = 0.640.

Now, we are able to obtain the average aco-M, relation by combining equations (A.2)
and (A.3), and using the result from Schruba et al. (2012) that galaxies with metallicities
higher than than solar one have Milky-Way aco values. Therefore, for all galaxies more

massive than ~ 3 x 1019, we assign aco = aco,mw, otherwise,

log;o (co) =0.42 + 2logq |1+ 0.1 < (A.4)

M,

3 % 10101\/[@)0'64]
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Figure A.1: Comparison of Sdnchez et al. (2013) (violet dotted line) and Andrews and Martini
(2013) (green dotted line) mass-metalliciy relations. There is a small diferrence at M, ~ 108:5M
due to the limited low stellar stellar mass of CALIFA survey.

A.1 Redshift dependence of the aco-M, correlation.

Schruba et al. (2012) found their aco-gas-metallicity correlation (eq. A.2) is similar
for local and galaxies at higher redshifts by comparing their results with those obtained
by Genzel et al. (2012), where they consider the same method to estimate aco but for
galaxies at z > 1. aco seems to be less steep for galaxies at higher redshift than in the
local universe, this by the fact that in the past, galaxies are more efficient in transforming
their gas into stars, and this can be seen observationally if one can determine the time of
depletion 7g4ep, this is, the time for a galaxy to transform its gas into stars, which Genzel

et al. (2012) found to be 74¢p, ~ 1 Gyr and Schruba et al. (2012) consider 7gep ~ 1.8 Gyr.

This lead us to perform the same procedure considered for local galaxies in order to
relate aco with stellar masses at different cosmic times, regarding the fact that as
redshift increases galaxies have decreasing metallicity and aco tend to be less steep

than value found at the local universe.

Firstly, by considering the different depletion time in local and high redshift galaxies
used in Genzel et al. (2012) and Schruba et al. (2012), we infer that the redshift evolution
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of depletion time 74cp for galaxies in the redshift range 0 < z < 3 is given by,

log Tdep = 9.25 — 0.42 x logy(1 + 2)[Gyr], (A.5)

in such a way that at z = 3, 74ep = 1Gyr.

The work of Maiolino et al. (2008) presents how the mass-metallicity relation decreases
with z and it seems that this decreasing is larger for lower stellar masses. From this
work we infer a redshift dependence of parameters M7o and 12 + log((O/H)asm from

the mass-metallicity relation for local galaxies given in eq. (A.3) as:

logyo(Mro(2)) =logyo(Mro) + ¥(2)

(A.6)
12 + IOgIO(O/H)asm(Z) =12 + 10g10<O/H)asm - ¢(Z)
where the functions ¢(z) and 1 (z) are:
9(2) =0.64[logy(1 + 2)]° (A7)

Y(z) = — 2.11 [log;(1 4 2)]* + 3.36log; (1 + 2)

With this, we have settled a redshift evolution of the mass-metallicity relation from the

one used in the local universe by combining (A.3), (A.6) and (A.7).

Then, combining the latter with equation (A.2), considering that aco is less steep at
higher redshifts, varying as given by eq. (A.l) but using the depletion time given by
eq. (A.5) and taking into account that if aco is less than 3.2, the Milky-Way value, we

impose aco=aco,mw and obtain the redshift evolution of the aco-M, correlation:

log(aco(z)) =0.42 + 2 x ¢(z) + 2 x log;,

3 x 1010\ %%
1+ 10%64%()—1 <>;\4> —0.42 x log,o(1 + 2)
*

(A.8)

In figure A.2 we present the evolution of the mass-metallicity relation with redshift. We
remark our considerations made by equations (A.6) and (A.7) in the local MZR agree
with the redshift dependence found by Maiolino et al. (2008) and the recent work of
Genzel et al. (2014), specially at lower stellar masses. On the other hand, at high stellar

masses the metallicity does not decrease as strong.
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Figure A.2: Redshift evolution of the mass-metallicity relation. It is clear that the deacreasing
in metallicity is larger at lower stellar masses, which is a result found by Maiolino et al. (2008)
and the recent work of Genzel et al. (2014). In contrast, at high stellar masses, the decreasing
in metallicity is not as strong.

In figure A.3, we show the redshift dependence of the aco-M, correlation as given by
eq. (A.8). The aco varies smoothly in 1 < z < 3 at all stellar masses, but a strong
redshift dependence is clear in 0 < z < 1 at low stellar masses. The dotted line is the

Milky-Way value, this is aco= 3.2.
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Figure A.3: Redshift evolution of the o conversion factor. The dotted line indicates aco=
aCO,MW =3.2.
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Appendix B

The Kaplan-Meier estimator

The survival analysis methods can be used to statistically handle data containing along
with the detections also non detections, for which upper limits are reported. Survival
analysis is an extensive field of statistics that involves modeling of uncensored data (non
detections with upper limits reported) taking into account the information of the cen-
sored data (detections; see e.g. Feigelson and Nelson, 1985; Isobe et al., 1986; Feigelson
and Babu, 2012). A powerful non-parametric statistical estimator is the Kaplan-Meier

product limit method (Kaplan and Meier, 1958).

For a random sample of n left-censored data (upper-limits) {x(L])} from a single pop-
ulation with distribution function F' L(t), the Kaplan-Meier product limit method, is a
non-parametric maximun-likelihood-type estimator of F'*(t) which is stated in terms of
the survival function S(¢) for right censored data (lower-limits) {xg)} and it is given

by:

FE(t) = S(t) (B.1)
where,
Sty= [ @-dj/n)°0, whent >zl
3R (5)<t (B.2)
S(t) =1, when t <z},
Here 1 < j < n and 6(Lj) = 1 if the element x(Lj) is a detection, otherwise if x(Lj) is an

upper limit (5{3) = 0. To compute S(t) is necessary to transform the left censored data

into right censored data for some constant M = maximum of ac(Lj) by:

R

_ L
5 =M -, (B-3)
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Hence, the values of n; and d; are:

n; =number of l‘kR > xﬁ-) fork=1,..,7
(B.4)
d; =number of ka = :c@) fork=1,..,j

With F'X (t) determined, quantities as the mean, standard deviation and percentiles of the
sample of interest can be obtained. There are software packages that perform this kind
of calculations, such as ASURV (Astronomy SURVival analysis) developed by Takashi
Isobe, Michael LaValley and Eric Feigelson in 1992. The ASURV code is implemented
in the stsdas package (Space Telescope Science Science Data Analysis) in IRAF. The

Kaplan-Meier estimator is in the kmestimate routine.

The method becomes very uncertain or not valid in that regards the estimate of the
median and percentiles when the non-detections overcome 50% of the data (Lee and
Wang, 2003). The mean is more robust and can be yet calculated for samples where the

non-detections dominate, down to ~ 20% of detections.

The IRAF package provides the standard error of the mean, i.e., the standard deviation

of the sample mean estimate, SEM = s/y/n, where s = \/% Yoy (x; — &)? is the sample
standard deviation, n is the number of observations, and Z is the sample mean. The
sample standard deviation 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 instead of n. In this case
s — o. Therefore, a good approximation to the population standard deviation for a
normal distribution, given SEM, is 0 = SEM —5=. This is the expression we use to

calculate the reported standard deviations in Figs. 2.1 and 2.2.

According to the tutorial of ASURV Feigelson and Nelson (see also 1985), ”the Kaplan-
Meier estimator works with any underlying distribution (e.g., Gaussian, power law,
bimodal), but only if the censoring is "random.” That is, the probability that the mea-
surement of an object is censored can not depend on the value of the censored variable.
At first glance, this may seem to be inapplicable to most astronomical problems: we de-
tect the brighter objects in a sample, so the distribution of upper limits always depends

on brightness. However, two factors often serve to randomize the censoring distribution.
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First, the censored variable may not be correlated with the variable by which the sample
was initially identified. Thus, infrared observations of a sample of radio bright objects
will be randomly censored if the radio and infrared emission are unrelated. Second, as-
tronomical objects in a sample usually lie at different distances, so that brighter objects
are not always the most luminous.” Note that these factors apply also to the samples

compiled and analyzed in this Thesis in Chapter 2.
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