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Resumen

Contexto: Galaxias que forman estrellas en z ∼0-6 muestran una proporcionalidad
entre su tasa de formación de estrellas (SFR) y masa estelar - la llamada Secuencia
Principal (MS) de formación estelar. Esta puede ser descrita por una única ley de
potencias que evoluciona con el corrimiento al rojo, con evidencia de una curvatura
en masas estelares altas.

Metas: Aspiramos a caracterizar los parámetros de la MS de formacion estelar de
bajo corrimiento al rojo (z≤0.03): pendiente, curvatura, dispersión y dependencia
de otros parámetros.

Métodos: Usamos una muestra completa y bien definida de ∼40,500 galaxias de
la muestra 2MRS, con fotometría de WISE de alta señal a ruido (S/N). Esta
muestra está caracterizada extensivamente por morfología y la presencia de AGNs.
La fotometría de WISE es usada para estimar masas estelares, SFRs, y morfología.
Se usan ajustes Gaussianos en la MS observada para restringir la verdadera forma
de la MS, su curvatura y dispersión. El contenido de AGNs y luminosidades
bolométricas son usadas para desenmarañar los sesgos en la MS.

Resultados: Confirmamos que la fotometría de WISE estima de manera precisa
masas estelares y SFRs, al compararle con otros métodos usados comúnmente.
Nuestra MS resultante es mejor descrita por una ley de potencias quebrada:
log SFRlow,MS/[M�/yr] = 1.05 log M?/[M�] − 10.56 at M? < 10.4M�, and
log SFRhigh,MS/[M�/yr] = 0.36 log M?/[M�] − 3.43 at M? ≥ 10.4M�, con una
dispersión intrínseca de 0.20-0.35 dex. Galaxias con AGN - especialmente AGNs
de línea amplia - se encuentran preferencialmente en galaxias con altas SFRs
específicas (SSFR); confirmamos que esto no es un sesgo introducido por la
contaminación de AGN en las estimaciones de masas estelares y SFRs.

Conclusiones: Hemos mostrado que la fotometría de WISE caracteriza de forma
precisa las masas estelares y SFRs en las galaxias locales, derivamos una
caracterización precisa de la MS local y exploramos el rol de las AGNs en esta
MS. Nuestros resultados son aprovechables únicamente en esta gran muestra
que es estudiada intensivamente. Por lo tanto, ellos proveen no solamente una
caracterización precisa de la MS local si no que también proporcionan una idea
de los sesgos en otras muestras de alto corrimiento al rojo usadas para estudiar la
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evolución de la MS.

Keywords – Secuencia Principal (MS), Formación Estelar (SF), Tasa de
Formación Estelar (SFR), Evolución Secular, Núcleo Galáctico Activo (AGN).
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Abstract

Context: Star-forming galaxies over z ∼0-6 show a proportionality between their
star formation rate (SFR) and stellar mass - the so called Main Sequence (MS) of
star formation. This can be described by a single power-law which evolves with
redshift, with evidence for a turnover at high stellar masses.

Aims: We aim to precisely characterize the parameters of the low-redshift (z≤0.03)
MS of star formation: slope, turnover, dispersion, and dependence on other
parameters.

Methods: We use a well-defined and complete sample of ∼40,500 galaxies from the
2MRS sample, with high signal-to-noise (S/N) WISE photometry. This sample
is extensively characterized by morphology and the presence of AGNs. WISE
photometry is used to estimate stellar masses, SFRs, and morphology. Gaussian
fits to the observed MS of this sample are used to constrain the true form of the
MS, its turnover, and dispersion. AGN content and bolometric luminosities are
used to disentangle biases in the MS.

Results: We confirm that WISE photometry accurately estimates stellar mass and
SFRs, as compared to other commonly used methods. Our resulting MS is best
described by a broken power-law: log SFRlow,MS/[M�/yr] = 1.05 log M?/[M�] −
10.56 at M? < 10.4M�, and log SFRhigh,MS/[M�/yr] = 0.36 log M?/[M�]− 3.43 at
M? ≥ 10.4M�, with an intrinsic dispersion of 0.20-0.35 dex. Galaxies with AGNs
- especially broad-line AGNs - are preferentially found in galaxies with higher
specific SFRs (SSFRs); we confirm that this is not a bias introduced by AGN
contamination on stellar masses and SFRs estimates.

Conclusions: We have shown that WISE photometry accurately characterizes
stellar masses and SFRs in local galaxies, derived an accurate characterization of
the local MS, and explored the role of AGNs in this MS. Our results are uniquely
leverageable in this intensively studied large sample. They thus provide not only
an accurate characterization of the local MS but also provide an idea of the biases
in other higher redshift samples used to study the evolution of the MS.

Keywords – Main Sequence (MS), Star Formation (SF), Star Formation Rate
(SFR), Secular Evolution, Active Galactic Nucleus (AGN).
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Capítulo 1

Introduction

The parameter dependent Evolutionary Population Synthesis models (Charlot and
Bruzual A, 1991; Bruzual A. and Charlot, 1993) concerning the time evolution
based on isochrone principle allows one to compute the age-dependent distribution
of stars in the Hertzsprung–Russell (HR) diagram. These models have become
standard tools in the interpretation of galaxy colours and spectra. However, modern
population synthesis models still shows large intrinsic uncertainties that arise
from the poor understanding of some advanced phases of stellar evolution, such
as the supergiant phase and the asymptotic giant-branch (AGB) phase (Charlot
et al., 1996). On this phase stars are very bright and have a strong influence on
integrated-light properties.

In the ultraviolet (UV) part of the electromagnetic spectrum, galaxy continuum
show traces of stellar emission from young stars (type O, B), thus they represent
a good measurement of star formation (SF) in galaxies (Kennicutt, 1988). The
non-ionising UV continuum luminosity, where recently formed massive stars emit
the bulk of their energy is often used as a direct star formation rate (SFR)
indicator (Elbaz et al., 2007). Conversely, nebular emission luminosity from the
Hα recombination line, which probes the hydrogen-ionising photons produced by
the most massive and short-lived stars, is commonly used SFR indicator when
spectroscopy is available (Kennicutt, 1988; Meurer et al., 1999; Kong et al., 2004;
Buat et al., 2005; Wang et al., 2016; Kashino et al., 2019). More in the infrared (IR)
wavelengths, aperture photometry from interstellar dust, e.g., Policyclic Aromatic
Hidrocarbons (PAHs), is strongly related to SF and thus have been widely used
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as SF tracer by current mid-infrared (MIR) surveys (Jarrett et al., 2013; Cluver
et al., 2014, 2017), where fluxes from the diversity of PAHs species along the MIR
wavelengths is accurately traced by the WISE bands. In this sense, SF in galaxies
is traced by combining the observed UV continuum emission and the obscured SF
traced by the IR emission from interstellar dust, by assuming energy conservation;
such a principle argues that UV and optical starlight is absorbed by interstellar
dust grains and then re-emitted in the IR and sub-millimeter wavelengths. However,
not all the dust is remitted, giving place to dust attenuation effects. In nearby
star-forming galaxies, the dust attenuation in the UV can vary from zero to several
magnitudes. Thus, attenuation of the UV continuum by interstellar dust has
motivated many works in literature, resulting in diverse extinction estimators,
e.g., UV attenuation, IR/UV luminosity ratio or the power-law slope β (fα ∝ λβ)
of the UV continuum (Meurer et al., 1999; Kong et al., 2004; Gil de Paz et al.,
2007; Boquien et al., 2009; Kennicutt et al., 2009; Pannella et al., 2015; Salim
et al., 2016; Wang et al., 2016; Salim et al., 2018).

A method widely used in literature to study SF is the SFR-M? plane (Rodighiero
et al., 2011), which relates the total stellar mass budget in a given galaxy to its
SFR, being thus a measure of the evolution of the Universe through cosmic time.
The most interesting feature of the SFR-M? plane is the Main Sequence (MS) of
galaxies (see for example, Fig. 1.0.1), which is evidence of SF activity driven by
well known secular mechanisms like gas accretion, stellar outflows or interaction
with the Interstellar Medium (ISM) material (e.g., Gehrz, 1989). The MS moves
as a whole as SFRs increases with redshift (Tomczak et al., 2016; Thorne et al.,
2020). On the other hand, merging mechanisms are believed to cause more violent
SF and gas depletion episodes (Toomre and Toomre, 1972; Calderón-Castillo et al.,
2019; Ogle et al., 2019), where galaxies which interact with the each other through
tidal forces (see Fig. 1.0.2), enhancing SF in MS galaxies (normal star-forming)
and turning them into starburst (SB), with up to 100 times the normal levels
of SFR (Rodighiero et al., 2011). These SB episodes could be a result of merger
activity, as it has been evidenced by the MS of Fig. 1.0.3. Further, at earlier
cosmic times (z>1), it is thought that SB galaxies in merging processes are more
frequent (Noeske et al., 2007), leading to the peak of larger mergers at redshifts 1
to 2 (Wright et al., 2010). Out to redshift ∼2.5, SBs are known to represent only
the 2% of the total galaxy population and about 20% of all SF (Brinchmann
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et al., 2004; Rodighiero et al., 2011; Orellana et al., 2017).

Figura 1.0.1: The SFR-M? plane and Main Sequence (MS) of Elbaz et al. (2011)
for AKARI galaxies at z∼0. The best fit to this relation is a one-to-one correlation.
Galaxies classified as compact are marked with red filled dots. The solid line
corresponds to the MS: SFR ∝ M?/[4× 109M�]. Dotted lines: distribution around
the sliding median (0.26 dex).

Main Sequence has been investigated from redshift ∼0 up to ∼9, e.g., Brinchmann
et al. (2004); Elbaz et al. (2007); Santini et al. (2009); Noeske et al. (2007); Genzel
et al. (2010); Rodighiero et al. (2010); Peng et al. (2010); Karim et al. (2011);
Popesso et al. (2011); Wuyts et al. (2011); Rodighiero et al. (2011); Elbaz et al.
(2011); Whitaker et al. (2012); Guo et al. (2013); Speagle et al. (2014); Santini
et al. (2014); Rodighiero et al. (2014); Whitaker et al. (2014); Whitaker et al.
(2014); Steinhardt et al. (2014); Vogelsberger et al. (2014); Genel et al. (2014);
Mancini et al. (2015); Tacchella et al. (2015); Gavazzi et al. (2015); da Cunha
et al. (2015); Henriques et al. (2015); Chang et al. (2015); Whitaker et al. (2015);
Pannella et al. (2015); Renzini and Peng (2015); Schreiber et al. (2015); Lee

1https://hubblesite.org/contents/media/images/2008/16/2334-Image.html
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Figura 1.0.2: The merging system NGC 6050/IC 1179 (Arp 272)1arises from
the collision between two spiral galaxies, NGC 6050 and IC 1179, which is part of
the Hercules Galaxy Cluster, located in the constellation of Hercules. The two
spiral galaxies are linked by their arms. This image is part of a large collection of
59 images of merging galaxies taken by the Hubble Space Telescope.

et al. (2015); Kurczynski et al. (2016); Davies et al. (2016); Tomczak et al. (2016);
Jarrett et al. (2017); Orellana et al. (2017); Cluver et al. (2017); Whitaker et al.
(2017); Pearson et al. (2018); Davies et al. (2019); Calderón-Castillo et al. (2019);
Popesso et al. (2019a); Popesso et al. (2019b); Ogle et al. (2019); Kashino et al.
(2019); Puglisi et al. (2019); Thorne et al. (2020).

Main Sequence depends on a set of parameters that describe its most important
features, usually these evolve with stellar mass or cosmic time, i.e., intrinsic scatter,
turnover mass/characteristic mass, slope and normalization. Intrinsic scatter of the
MS is the statistical deviation of either SFRs or specific SFRs (SSFR); the latter
case has been studied by Rodighiero et al. (2011), who performed gaussian fits to
a sample of star-forming galaxies to rule out biases on these, i.e., SB populations
(see Fig. 1.0.5). At z=0, some works find constant intrinsic scatter ∼0.17-0.3 dex



5

Figura 1.0.3: The SFR-M? plane and MS of Ogle et al. (2019), whose WISE-
based SFRs and masses in stars of super disks, post-mergers, and giant ellipticals
(OGC galaxies) are compared to Galaxy Zoo late-type and early-type galaxies
(Alatalo et al., 2014; Schawinski et al., 2014, GZ LTGs and ETGs), with these
morphologies corresponding to the most massive versions of the commonly known
galaxy types. The thick dot-dashed line indicates the star-forming MS at z∼0
(Elbaz et al., 2007), which has been shifted downward by 0.22 dex to match the
WISE-based SFR estimates of Chang et al. (2015). The dashed and purple solid
lines indicate SFRs in a range where active star-forming galaxies would double
their masses in stars in 1-5 times the current age of the Universe. There is no sharp
dividing line between super spirals and super lenticulars. Because super spirals
are so massive, not even the ones with the highest SFRs and IR luminosities are
global SBs. Most of the super post-mergers have SFRs that formally put them on
the star-forming MS.

(Whitaker et al., 2012; Schreiber et al., 2015), while other authors assess a roughly
monotonic increase of scatter with redshift and stellar mass from 0.3-0.45 dex
(Popesso et al., 2019a). Conversely, normalization of the MS is found to vary
between ∼-12.97 and -2.97 (Whitaker et al., 2012; Santini et al., 2014; Renzini
and Peng, 2015; Popesso et al., 2019a). While slope of the MS varies widely in
the literature and depends on the best-fit method used, spanning from 0.6-1.45
(Brinchmann et al., 2004; Peng et al., 2010; Elbaz et al., 2011; Wuyts et al., 2011;
Whitaker et al., 2012; Santini et al., 2014; Renzini and Peng, 2015) for a single
power-law. Other authors have determined a bending in the MS at high masses,
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Figura 1.0.4: SFR-M? plane and MS of of Kashino et al. (2019) for FMOS
objects, in comparison to literature measurements. Pale-colored circles indicate
FMOS objects. The thick solid curves indicate the best-fit relations to the FMOS
data: power-law fits (gray), asymptotic function fit (red), and broken power-law
fit (blue). Colored dashed-lines indicate literature measurements: a fit to a subset
of the FMOS sample by Kashino et al. (2013, green), broken power-law fit at
1.5≤z≤2.0 by Whitaker et al. (2014, blue), and asymptotic function fit at median
<z>=1.19 by Lee et al. (2015, red). Three gray dashed-lines indicate empirically
parameterized relations at z=0.1, 0.8, and 1.6 (top to bottom) derived by Speagle
et al. (2014). The power-law fit from Kashino et al. (2019) is fully consistent
with previous results from Kashino et al. (2013) and redshift compilations derived
by Speagle et al. (2014). On the other hand, a fit to the entire mass range
(logM?/M� ≥ 9.5) yields a shallower slope. In addition, the broken power-law
fit to the FMOS data yields a shallower high mass slope (ahigh = 0.29) than the
result from Whitaker et al. (2014), but that is rather similar to the power-law
slope 0.27 found by Lee et al. (2015). In contrast, the best-fit with an asymptotic
function is in good agreement with results from Lee et al. (2015).

which is better described by a broken power-law (Popesso et al., 2019a) or a
non-linear best-fit method (Gavazzi et al., 2015; Schreiber et al., 2015; Thorne
et al., 2020) with low mass slopes spanning from 0.76-1 and high mass slopes from
0.2-0.41. These methods usually define a turnover mass to separate the MS into a
low and high mass ends (Gavazzi et al., 2015; Schreiber et al., 2015; Popesso et al.,
2019a; Thorne et al., 2020), spanning from 109.45− 1010.5M�. Fig. 1.0.4 summarize
the different features of the MS mentioned here, as the different methods available
in literature that has been used to derive a MS so far.

At high redshift, some works find a constant intrinsic scatter, e.g., spanning from
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Figura 1.0.5: Distribution of the specific Star Formation Rates (SSFRs) for the
four SF galaxy samples from Rodighiero et al. (2011) in four mass bins, corrected
by the corresponding co-moving volumes and after accounting for volume and
selection incompleteness. The black-dotted, black solid, cyan and red histograms
correspond to the BzK samples defined by Daddi et al. (2007). The error bars are
Poissonian, resulting in a nearly constant σ = 0.24 dex, whilst the green curves
show the Gaussian fits to the black solid histograms. Green-dashed vertical lines
represent a 0.6 dex dispersion. The SSFR distributions from the four samples agree
within the errors (Poisson) in the regions of overlap. Deviations from the Gaussian
distributions start to be clearly detected at SSFRs 0.6 dex above the average,
which is the adopted threshold to define on-main sequence and off-main sequence
galaxies. Such deviations are less obvious in the highest mass bin. The distribution
functions in this Figure allow us to define MS outliers, i.e., SB galaxies.

∼0.25-0.39 dex (Rodighiero et al., 2011; Whitaker et al., 2012; Steinhardt et al.,
2014; Schreiber et al., 2015; Chang et al., 2015), while other authors assess a
scatter evolving with redshift between ∼0.08-0.39 dex (Whitaker et al., 2015;
Kurczynski et al., 2016; Pearson et al., 2018; Popesso et al., 2019b) and stellar
mass from 0.17-0.39 dex (Guo et al., 2013; Popesso et al., 2019b; Kashino et al.,
2019). An example of this evolution is shown in Fig. 1.0.6, where we see the
variety of scatters up to redshift ∼2.5, found by Popesso et al. (2019b). Conversely,
normalization of the MS vary between ∼-12.97 and -5.5 mostly increasing (Genzel
et al., 2010; Elbaz et al., 2007; Santini et al., 2009; Rodighiero et al., 2011; Guo
et al., 2013; Mancini et al., 2015; Chang et al., 2015; Kurczynski et al., 2016) or
decreasing with redshift (Santini et al., 2014), depending on the best-fit method
used (although there is some discrepancy among authors). SF increases with
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redshift as ∝ (1 + z)γ, with γ spanning from ∼1.8-4.12 (Pannella et al., 2015;
Rodighiero et al., 2010; Karim et al., 2011; Whitaker et al., 2014; Lee et al., 2015;
Popesso et al., 2019b). While slope of the MS varies widely in the literature and
depends on the best-fit method used, determining a mostly increasing slope with
redshift (although differing among authors) and spanning from 0.43-1.92 (Elbaz
et al., 2007; Santini et al., 2009; Genzel et al., 2010; Karim et al., 2011; Rodighiero
et al., 2011; Wuyts et al., 2011; Guo et al., 2013; Santini et al., 2014; Steinhardt
et al., 2014; Pannella et al., 2015; Whitaker et al., 2015; Chang et al., 2015; Mancini
et al., 2015; Kurczynski et al., 2016; Pearson et al., 2018; Kashino et al., 2019)
if a single power-law is used. Other authors determined a bending MS at high
masses, which is better described by a broken power-law (Whitaker et al., 2014;
Lee et al., 2015; Popesso et al., 2019a; Kashino et al., 2019) or well, a non-linear
best-fit (Whitaker et al., 2014; Lee et al., 2015; Gavazzi et al., 2015; Tomczak
et al., 2016; Schreiber et al., 2015; Kashino et al., 2019; Thorne et al., 2020) with
low mass slopes spanning from 0.76-1.3 and high mass slopes from 0.14-0.8. They
also determined a turnover mass of the bending MS, being roughly constant and
spans between 1010-1010.5M� (Lee et al., 2015; Whitaker et al., 2015; Schreiber
et al., 2015; Kashino et al., 2019; Popesso et al., 2019b), while other findings
assess a mostly increasing turnover with increasing redshift (Whitaker et al., 2014;
Gavazzi et al., 2015; Tomczak et al., 2016; Lee et al., 2015; Thorne et al., 2020),
spanning from 109.45-1010.11M�. Some authors find an indistinguishable turnover
mass at high redshift (Whitaker et al., 2015; Schreiber et al., 2015), in particular,
Gavazzi et al. (2015) have determined that such a turnover evolves with redshift
as ∝ (1 + z)2.

The Active Galactic Nucleii (AGN, Fig. 1.0.7) outflow mechanisms related to their
total radiative output and kinetic power has been widely studied in literature
(Antonucci, 1993; Dumas et al., 2007; Punsly and Zhang, 2011; Scott and Stewart,
2014; Oh et al., 2015; Ezhikode et al., 2017; Brightman et al., 2017; Audibert
et al., 2017), however, how AGN power can bias SF luminosity in galaxies (Elbaz
et al., 2011; Mingo et al., 2016) is still not fully understood. Indeed, AGN outflows
may dominate the radiative spectrum of the galactic nucleus beyond 20µm, i.e.,
this contribution becomes important when reaching 22-24µm MIR bands (Netzer
et al., 2007; Elbaz et al., 2011; Jarrett et al., 2013; Schreiber et al., 2015; Popesso
et al., 2019b), reaching up to 75% of the UV-to-IR emission, as shown by Hayward
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Figura 1.0.6: Evolution of the Main Sequence scatter at different redshifts
spanning from z ∼0 to z∼2.5, determined by Popesso et al. (2019b). This scatter
is measured as the dispersion of the log-normal component, which is increasing
as a function of stellar mass from ∼0.28±0.03 dex at 1010M� to ∼ 0.39±0.03 at
1011M�. Due to the lower statistics of the high redshift distributions with respect
to the local one, the error bars are larger and the trend is significant only at the
2σ level.

and Smith (2015), with 12µm flux being much less affected by AGN-heated hot
dust than the 22µm (Salim et al., 2016).

Several colour cutoffs have been proposed to identify galaxies by their morphology
or AGN content (e.g., Lake et al., 2012; Mateos et al., 2012; Stern et al., 2012;
Assef et al., 2013; Mingo et al., 2016; Marleau et al., 2017). In this work we use
the classification by WISE colors from Jarrett et al. (2011); Cluver et al. (2014),
that allow us to derive a new morphology of the 2MRS galaxies, relative to their
positions in the WISE color-color diagram (see Fig. 1.0.9). This classification is
dependent on the morphology derived by Huchra et al. (2012), which is based on

2https://imagine.gsfc.nasa.gov/science/objects/active_galaxies1.html
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Figura 1.0.7: This illustration shows the different features of an Active Galactic
Nucleus (AGN)2, at very short distances from the central nucleus. These active
galaxies have a small core of emission embedded by the AGN torus, at the center
of an otherwise typical galaxy. In an AGN, the extreme luminosity emitted is
powered by accretion onto a supermassive black hole, and as the material falls on
it. In about one out of ten AGN, the black hole and accretion disk produce narrow
beams of energetic particles and ejects them outward in opposite directions away
from the disk. Credit: Aurore Simonnet, Sonoma State University.

a modified Hubble Sequence (shown in Fig. 1.0.8) from de Vaucouleurs (1963).

Since previous decades and more intensively in the last years, SF in galaxies
has been studied by several astronomical surveys at different regions of the
electromagnetic spectrum, covering the entire observable sky and improving the
resolution of their predecessors. In the IR wavelengths, early observations of
the cosmic cirrus were performed by The Infrared Astronomical Satellite (IRAS,
Neugebauer et al., 1984; Bei, 1988), which was launched in January of 1983. IRAS
is a deep field all-sky survey whose objective was to search for astrophysical objects
with angular extents less than 0.′5 0.′5, 0.′5, 1.0′, and 2.0′ in the scan direction at

3https://ned.ipac.caltech.edu/level5/March14/Conselice/Conselice1.html
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Figura 1.0.8: A modern form of the Hubble Sequence3showing the sequence of
ellipticals and SOs, and the Hubble "tuning fork" in spirals, which corresponds
to the differential between spirals with and without bars. The elliptical sequence
is determined by the overall shape of the galaxy, while spiral classifications are
divided into different types (a-c) depending upon how wound-up spiral arms are,
how large the bulge relative to the disk is, and how smooth the spiral arms in
the spirals arm. Also shown is the extension of this sequence to dwarf spheroidal
galaxies and irregular galaxies, both of which are lower mass systems (Kormendy
and Bender, 2012).

12µm, 25µm, 60µm, and 100µm bands of the IR spectrum, using a resolution of 8
arc-minutes and typical position uncertainties around 2′′ to 6′′ in-scan. The data
from observations was released in a unique catalog called IRAS Catalog of Point
Sources (PSC, Bei, 1988), for a total of 245,889 sources in its version 2.0, with
specific versions through the time, e.g, the IRAS Catalog of Galaxies and Quasars,
having a total of 11,444 entries. The reliability of IRAS (>99.8%) make it a nice
complement to other catalogs in the IR bands, also because it covers the 98% of
the unconfused regions of the sky. Therefore, IRAS is useful for observations of
SF activity when in combination with WISE MIR bands.

The Two Micron All-Sky Survey (2MASS, Skrutskie et al., 2006) mapped the
entire sky in the bands H, J and Ks (see Fig. 1.0.10), avoiding biases in optical
and IR affecting all-sky surveys before 2MASS and reducing extinction effects
by about a ×10 factor. The 2MASS photometric pipeline produced an Extended-
Source Catalog (XSC, Jarrett et al., 2000; Jarrett, 2004) has ∼ 106 objects with
Ks ≤ 13.5 mag. This allow us to construct a uniform, all-sky three-dimensional
map of galaxies of the Local Universe. 2MASS shows a good example of the
zone-of-avoidance, since its XSC version is only limited by stellar confusion near
the galactic center (Huchra et al., 2005). In this work, we mainly base our study
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Figura 1.0.9: The WISE color-color diagram of Cluver et al. (2014), with "k-
corrected" WISE colors from sources in the GAMA fields G12 and G15 (black
and red contours). The background illustrates the locations of interesting classes
of objects at different redshifts; stars and early-type galaxies (ETGs) have colors
near to zero, QSOs have relatively blue colors in the shorter bands, whilst ultra-
luminous infrared galaxies (ULIRGs) have the reddest overall colors. The shortest
bands are sensitive to the evolved stellar population and hot dust, the latter
indicative of AGN or SB activity. Conversely, 12µm band is dominated by the
11.3µm PAH, as well as the dust continuum, sensitive to star formation. Heavily
obscured galaxies like ULIRGs are absent in this diagram due to the insensitivity
(selective extinction) of SDSS and GAMA optical catalogs.

of local SF in the 2MRS-XSC release.

The successor of IRAS and the Cosmic Background Explorer (COBE), the Wide-
field Infrared Survey Explorer (WISE, Wright et al., 2010) was launched in
December of 2009, and whose main task was to perform observations of the
entire sky at its four MIR bands: 3.4µm, 4.6µm, 12µm, and 22µm with angular
resolutions are 6.′′1, 6.′′4, 6.′′5, and 12.′′0, respectively. This 40 cm telescope has a
significantly higher sensitivity than IRAS in the MIR range, where saturation
starts to appear when sources are brighter than approximately 8.1, 6.7, 3.8, and
−0.4 mag at 3.4µm, 4.6µm, 12µm, and 22µm, respectively. WISE catalogs are
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Figura 1.0.10: Distribution on the sky of galaxies in the 2MRS catalog (Huchra
et al., 2012), spanning the entire redshift range covered by the survey, with the
major structures of the Local Universe labeled. This map uses Galactic coordinate
projections.

published by the NASA/IPAC Infrared Science Archive (IRSA), they had their
first release in April of 2011 (Preliminary Data release) and their last released
were in March of 2012 (All-Sky Data release), with different sky sizes covered at
different epochs. Mainly, these results extend the 2MASS survey into the thermal
IR. WISE has many catalogs published by IRSA but our paper is based only in
the results of the ALLWISE DATA release, which was published in November of
2013, so posterior data through the called "near-Earth object" + WISE released
data (NEOWISE, 2018) have an improved coverage of the sky and improved
calibrations procedures applied to the previous data, although mainly focused on
small objects of our solar system.

The Sloan Digital Sky Survey (SDSS, York et al., 2000), has a 2.5 meter telescope
at Apache Point Observatory, New Mexico, destined to map the sky at the optical
(u, g, r, i, z bands). It started operations in May of 2000, with its first data release
DR1, through SDSS-I (2000-2005) project and ending up with DR7 through the
SDSS-II (2005-2008) project, which includes DR8 to DR10 data releases. SDSS-III
(2008-2014) and the current SDSS-IV (2014-2020), which involves other three
surveys each one covering different spectra (eBOSS, APOGEE-2 and MaNGA)
and the SDSS-V (2020). Every project has involved "Prior Surveys" that allowed
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to map sky for diverse purposes, like SDSS Data Release 16 (DR164), through
August of 2018, which is made of cumulative data releases: DR12, DR13, DR14
and DR15.

The Galaxy Evolution Explorer (GALEX, Bianchi et al., 2003; Gil de Paz
et al., 2004) satellite, launched in Abril of 2003, observes the Local Universe
in near-ultraviolet (NUV) and far-ultraviolet (FUV) wavelengths with an angular
resolution of 4.′′3 and 5.′′3 respectively. The Nearby Galaxy Survey (NGS, Gil
de Paz et al., 2007), is a compendium of 1,034 nearby galaxies with angular
diameters larger than 1′, observed by GALEX in FUV (1,350-1,780 Å) and NUV
(1,770-2,730Å) bands. In this work we use the GALEX data sets available in
literature, these correspond to late General Releases 6 and 7 (GR6/GR7) from the
public Multi-Mission archive at the Space Telescope Science Institute (MAST),
which is the major GALEX data release (2010).

The NASA-Sloan Atlas (NSA) is a catalog of 640,000 galaxies local galaxies at
redshift z < 0.05 from the DR8 release data (SDSS, Blanton et al., 2011), and
GALEX GR6 photometric data, so its coverage includes u, g, r, i, z optical bands
and NUV and FUV bands. The NSA includes additional data from the following
catalogs: NASA Extragalactic Database (NED), Six-degree Field Galaxy Redshift
Survey (6dFGS), Two-degree Field Galaxy Redshift Survey (2dFGS), ZCAT and
ALFALFA.

The GALEX-SDSS-WISE Legacy Catalog (GSWLC, Salim et al., 2016) is a
catalog of ∼700,000 galaxies with physical properties like SFRs based on MIR
measurements of WISE-4 (W4) band, UV/optical Spectral Energy Distribution
(SED) fitting and stellar masses, with SDSS redshifts below 0.3 and magnitudes
< 18. It also includes galaxies with GALEX footprints, regardless of a UV detection,
that at the same time covers the 90% of the 1.′′3 resolution of the SDSS. These
catalogs have 3 variants depending on the deep of the sample, with GSWLC-1
described by Salim et al. (2016) and a second version which is explained by Salim
et al. (2018), which has improved dust attenuation curves and more accurate SFRs.
GSWLC was built using data from SDSS Main Galaxy Sample (MGS, Strauss
et al., 2002) which is an spectroscopic survey of the Local Universe.

In this thesis report we use complementary data sets and catalogs, which we

4https://www.sdss.org/dr16/
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compare to our WISE-derived stellar masses and SFRs for consistency, thus, this
help us to identify parameters that could bias our data sets. Most of estimations
on galaxy stellar mass derived in past literature by da Cunha et al. (2015) have
been based on accurate predictions of the galaxy SED (see Fig. 1.0.11). In our
work we calculate stellar masses from current available calibrations of the mass-
to-light ratio based on WISE photometric bands (Cluver et al., 2014), then we
compare them to those data sets from Chang et al. (2015) and Salim et al. (2016).
Conversely, we obtain our main set of SFRs based on WISE photometry, by using
a set of equations described by Cluver et al. (2017). Independently, SFRs based
on IRAS FIR bands are calculated using the total IR calibrations from Kennicutt
(1998) and Orellana et al. (2017), whilst GALEX deep UV observations provided
by the NSA catalog allow us to calculate IR-corrected SFRs in both NUV and
FUV bands, which is achieved by calibrations presented by Wang et al. (2016).

Local MS (z∼0) has been studied in previous works with a diversity of large and
complete data sets, such as those based on SDSS photometry, e.g., Brinchmann
et al. (2004); Renzini and Peng (2015); optical+21cm emission line, e.g, Gavazzi
et al. (2015); multi-wavelength analyses, e.g., Elbaz et al. (2011); Wuyts et al.
(2011); Whitaker et al. (2012); Schreiber et al. (2015); Thorne et al. (2020). Most
of past works on the Local Universe have determined that the MS is better
represented by a power-law function (in logarithmic scales), with some having
found a bending at the high mass end, which is instead better described by a broken
power-law or similarly, a non-linear function. In particular, Popesso et al. (2019a)
combine SDSS Hα spectroscopy with WISE MIR photometry, to determine that
local MS can be represented as a broken power-law function. Here we show that
bending of the z∼0 MS can be reproduced purely by MIR photometry from WISE
bands, thus reproducing previous results like the one of Popesso et al. (2019a),
and adding better concordance to their low mass MS with current high-redshift
studies.

In this work we study SF of isolated galaxies in the MS of galaxies up to redshift
<z>∼ 0.03. For this purpose, we create a parent sample based on 2MRS galaxies,
in combination with the WISE MIR photometry, thus providing us a large sample
of galaxies with a high completeness in both, stellar masses and SFRs that is
independent of previous researches on MS in the Local Universe, in particular for
low mass galaxies. By using a similar methodology to the ones proposed by e.g.,
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Lee et al. (2015); Whitaker et al. (2015); Popesso et al. (2019a), we determine that
our MS is best described by a broken power-law with a bending at high stellar
masses and this is purely assessed by monochromatic observations from the WISE
bands.

This thesis report has been divided into four chapters; at the same time, these
have been divided into sections, whose order is the following: chapter 2, where
we present our 2MRS parent galaxy sample and other complementary galaxy
samples as the different signal-to-noise cuts performed to our data samples; and
chapter 3, where we show the different methods used in this thesis work related
to the SFP and the MS, as their respective results. In section 3.1 we explain our
method to classify the 2MRS sample by WISE colors, for this we explore the
WISE color-color parameter space, thus we introduce our normal star-forming
sample of galaxies. In section 3.2 we carry out stellar mass calculations based
on WISE-1 band calibrations derived by Cluver et al. (2014), then we compare
them with stellar mass estimations in literature; in section 3.3 we motivate the
use of WISE-3 and WISE-4 in-band photometry as our main tracers of SF by
using calibrations performed by Cluver et al. (2017), plus other UV and IR SF
tracers, namely, we use total IR calibrations for UV SFRs presented in Wang et al.
(2016). In section 3.4 we show our results on the SFP based on the SF tracers
and stellar masses from section 3.2 and 3.3, respectively. Then, we describe our
results on the MS of star-forming galaxies and our procedure to derive its intrinsic
scatter. Section 3.5 show the evolution of SSFR with redshift in our MS galaxies
and in section 3.6 we perform a classification of the same sample by AGN content,
then we investigate the possible links between AGN total radiative output and
their bias introduced to the SF in our sample of galaxies. After this, in sections
3.7 and 3.8 we briefly discuss how the presence of SB galaxies can bias our MS.
Lastly, we carry out comparisons between our MS results and the different MS
available in literature, in both, local and high redshift (chapter 4). Appendix A
is complementary to section 3.3 and show comparative diagrams between our
W3-based SFRs and our set of multi-band SF tracers; in appendix B we show
a SFP based on the W4 band, relative to our results of 3.4, whilst appendix C
complements the arguments introduced in section 3.1 related to our morphology
classification based on WISE colors.

In this work we adopt a ΛCDM cosmology with Hubble constant H0 =
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72 km/s/Mpc and parameters ΩM = 0.3 and ΩΛ = 0.7. SFRs are based on
a Kroupa’s Initial Mass Function (Kroupa, 2001, IMF).
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Figura 1.0.11: Examples of Spectral Energy Distributions (SEDs) in galaxies,
obtained by combining IR models with attenuated stellar population spectra
(da Cunha et al., 2008). These predicts the galactic emission that is absorbed
and re-radiated by dust in stellar birth clouds and in the ambient interestellar
medium (ISM). The three diagrams correspond to (a) quiescent star-forming galaxy
spectrum, (b) normal star-forming galaxy spectrum, (c) SB galaxy spectrum. Each
panel shows the unattenuated stellar spectrum (blue line), the emission by dust
in stellar birth clouds (green line), the emission by dust in the ambient ISM (red
line) and the total emission from the galaxy, corresponding to the sum of the
attenuated stellar spectrum and the total IR emission (black line). This model
reproduces well the observed SEDs of these galaxies across the entire wavelength
range from the far-UV (FUV) to the far-infrared (FIR), and the star formation
histories (SFH) and dust contents of the galaxies are well constrained.
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Capítulo 2

Sample and Data

Our motivation is to create a large sample of local galaxies which is both well
defined and extensively characterized, so as to accurately study the dependence of
star formation rates on galaxy mass, i.e. the Main Sequence, in the local universe.
In this section we first introduce our sample - the 2MRS-WISE sample - and
provide background information on the 2MRS sample and the WISE photometry.
We then briefly present complementary photometry and catalogs which are used
to test the accuracy and potential biases of our WISE-derived star formation and
stellar mass estimates.

2.1. The 2MRS-WISE sample

We use a sample of 40,460 galaxies created by selecting all galaxies in the 2MASS
Redshift Survey (Huchra et al., 2012, 2MRS; 43,533 galaxies) for which we could
find reliable WISE fluxes at 3.4µm (W1), 4.6µm (W2), and 12µm (W3) in the
2013 version of the AllWISE catalog1. From here on we will refer to this sample
of 40,460 galaxies as the 2MRS-WISE sample. Note that 1% of the 2MRS sample
(410 galaxies) are lost due to not having WISE fluxes, and the 1750 remaining
galaxies (4% of the 2MRS sample) are lost due to having low signal-to-noise
ratios (SNR . 5) WISE fluxes (see Fig. 2.1.1); our final sample thus retains the
overall properties of the 2MRS. We see that from these 410 galaxies without any
WISE flux available, 39 correspond to AGNs and 142 to galaxies without an AGN
detection (see section 3.6). In addition, from the 1750 galaxies with only low SNRs,
1https://irsa.ipac.caltech.edu/Missions/wise.html
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58 have are AGNs and 1167 do not have an AGN, with both types having high
S/N W4 gmags. A histogram of redshifts of our full 2MRS sample is shown in left
panel of Fig. 2.1.1.

The 2MASS Redshift Survey (Huchra et al., 2012, 2MRS; 43,533 galaxies) is a
catalog of 43,533 local galaxies (up to z ∼ 0.1, mean redshift <z>∼ 0.03), selected
from the Two Micron All-Sky Survey2 (2MASS, Skrutskie et al., 2006). It effectively
provides us with a redshift catalog that is 97.6% complete to well-defined limits
and covers 91% of the sky (avoiding only the Galactic plane). We note that
the 2MASS Extended Source Catalog (2MRS-XSC), while based on images with
resolution ∼3′′, provides galaxy positions accurate to 0.′′5 for objects with high
SNRs (&5). The 2MRS catalog provides manually determined morphological
types, using a modified Hubble Sequence (de Vaucouleurs, 1963), for a nearly
complete sub-sample of 20,869 galaxies at Ks ≤ 11.25 mag. We also got the radial
velocities of the full 2MRS sample, that we convert to luminosity distances by using
H0 =72 km/s/Mpc; for the ∼1,680 galaxies with Vrecc < 2005 km/s we correct
Vrecc (and thus the resulting distance) using the Cosmicflows-3 Distance-Velocity
Calculator of the Extragalactic Distance Database 3(CF3, Kourkchi et al., 2020).
Further, optical spectroscopy of 26,592 of the 2MRS sample at z < 0.09 was used
to classify (Zaw et al., 2019) these as either broad-line AGN (1,929), narrow line
AGN (3,607 or 6,562 depending on whether the Kewley et al. (2001) or Kauffmann
et al. (2003) criteria are used), and galaxies without an AGN detection (18,098
"non-AGN"); emission line fluxes for all these galaxies are also cataloged in Zaw
et al. (2019).

The Wide-field Infrared Survey Explorer (WISE) provides all-sky photometry in
four MIR bands: 3.4µm, 4.6µm, 12µm, and 22µm (referred to as W1, W2, W3, and
W4, respectively) with angular resolutions of 6.′′1, 6.′′4, 6.′′5, and 12.′′0, respectively
(Wright et al., 2010). Saturation in WISE images starts to occur when sources are
brighter than approximately 8.1, 6.7, 3.8, and −0.4 mag, respectively. We position
matched the 2MRS sample of galaxies to the AllWISE Source Catalog, using a
maximum radius of 10′′. We got at least one WISE source matched for the 99% of
the 2MRS sources, and thus obtaining W1, W2, and W3 fluxes (specifically, the
"g"magnitudes) for almost all of the 2MRS sources. After matching, we proceeded

2http://www.ipac.caltech.edu/2mass/
3http://edd.ifa.hawaii.edu/
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to delete fluxes with low SNRs. Specifically, we deleted W1 to W3 fluxes with
wXgerr≥0.2 and W4 fluxes with w4gerr≥0.4, these last being only ∼58.52% of
the full 2MRS sample. Here wXgerr is the magnitude error in WISE-X band,
corresponding to SNR∼5. The lower SNR cutoff used for W4 was required since
this is the band with the lowest S/N for our sample galaxies; we note that the
W4 fluxes are used only to test for consistency with our W3-based SFR estimates.
After the SNR cut, we obtained W1, W2, and W3 fluxes for 40,460 galaxies (∼93%
of the 2MRS sources), which then form our 2MRS-WISE sample.

Figura 2.1.1: Left: a histogram of redshifts from the 2MRS-XSC catalog. We
count a total of 10,979 pure-spirals with redshifts in our 2MRS-WISE sample,
of a total of 43,123 2MRS-WISE redshifts. Right: a histogram of redshifts but
only for 1% of 2MRS sources which do not have any WISE photometry, plus
the 2MRS-WISE rejected sources with low SNRs (4% of the 2MRS sources). See
section 3.1 and section 3.6 for the definition of each sub-sample.

2.2. Complementary data

We use several complementary photometry datasets and catalogs to both confirm
the accuracy of our WISE-derived stellar masses and star formation rates, and to
identify other parameters which could lead to biases in these.

The FIR luminosity provides a highly accurate estimation of SFR in star forming
galaxies. We position matched - using a maximum radius of 3′ - our full 2MRS
sample with the IRAS Catalog of Point Sources4(Bei, 1988). Note that this
relatively large match radius was used to take into account the relatively low
resolution (8′) of the IRAS data; given the brightness and large extents of the low

4https://heasarc.gsfc.nasa.gov/W3Browse/iras/iraspsc.html
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redshift galaxies in our sample we do not expect many false matches. We thus
obtained 60µm and 100µm fluxes for 13,034 galaxies. After deleting IRAS fluxes
with errors greater than 20%, we get a total of 12,809 and 12,608 sources with
60µm and 100µm fluxes, respectively, and a total of 12,396 sources with fluxes in
both bands.

We cross matched our full 2MRS sample - using a maximum match radius of 10′′

- to the NASA-Sloan Atlas (NSA5). For the 16,451 galaxies matched, we thus
obtained NUV (1,770-2,730 Å) and FUV (1,350-1,780 Å) fluxes. The NSA is a
catalog of 640,000 galaxies at z < 0.05, and includes galaxy-wide photometry from
data release 11 (DR11) of the Sloan Digital Sky Survey (SDSS, York et al., 2000;
Blanton et al., 2011), and the GR6 data release of the Galaxy Evolution Explorer
(GALEX, Bianchi et al., 2003; Gil de Paz et al., 2004).

We cross matched our full 2MRS sample - using a maximum match radius of 10′′ -
to version 2 of the GALEX-SDSS-WISE Legacy Catalog6 (GSWLC, Salim et al.,
2016). The GSWLC (version 2) compiles SDSS, GALEX, and WISE photometry
for 659,229 galaxies, plus stellar masses and SFRs derived via a combined fit to
this photometry. For the 7,119 galaxies matched, we extracted GSWLC derived
values for stellar mass and SFR.

5https://www.sdss.org/dr13/manga/manga-target-selection/nsa/
6http://pages.iu.edu/ salims/gswlc/
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Capítulo 3

Results

3.1. Morphological classification by WISE color

As mentioned in chapter 2, manual morphological classifications, in the modified
Hubble scheme, are available for 20,860 galaxies which belong to the 2MRS11.25
catalog (Huchra et al., 2005), plus 5,682 "JH" classified galaxies, thus giving a
total of 26,542 morphologically classified galaxies in our full 2MRS sample, and
an effective total of 25,908 if we do not count false positives. In this classification,
23 galaxies were classified as QSO/AGNs, 4,445 galaxies as ellipticals (T = −7 to
−5), 7,731 as lenticulars (−4 to 0), and 12,754 as spiral galaxies (1 to 9), plus a
955 in other categories (e.g., Irregular, unclassified).

This extensive manual classification allows us to uniquely test the completeness
and reliability of previously suggested morphological classifications by WISE colors
(Jarrett et al., 2011). Further, since some of the 2MRS morphological classifications
are incorrect (given that they used single color optical imaging, rather than the
extensive deep multi-band data available today), combining both the manual
morphological classifications with morphological classifications based on WISE
colors allows us to build a cleaner sample of spiral galaxies.

Previous authors have used the W2−W3 and W1−W2 colors to classify galaxies by
morphology as ellipticals, lenticulars, spirals, starbursts, and AGNs (e.g., Jarrett
et al., 2011). We want to quantitatively compare the classification based on WISE
colors to the manual Hubble sequence classifications in 2MRS, hence, we separate
these 2MRS sources in three morphology bins: ellipticals (Hubble type T = −7 to
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Figura 3.1.1: Concordance between morphological classification from 2MRS
(manual) and from WISE W2−W3 color cuts, with larger values showing higher
concordance. Left panel: the variation of the ratio g/b (a measure of concordance;
see text) as the W2−W3 color cutoff between lenticulars and spirals (x-axis) and
that between ellipticals and lenticulars (y-axis) is varied. Right panel: as in the
left panel but for the ratio g/(vb+ 0.5b) (see text).

−4), lenticulars (T = −3 to 0), and spirals (T = 1 to 9, plus all galaxies listed as
unclassified spirals, i.e. T = 20 in the 2MRS tables).

Thus, we compare the elliptical, lenticular, spiral WISE-color classification (for a
given two-vector of W2−W3 values to separate these three) to the same elliptical,
lenticular, spiral manual classification in a three by three matrix, with elements
Aij. We allowed the dividing line between elliptical and lenticulars, (W2−W3)E−L

to vary between 0 and 5, and the dividing line between lenticulars and spirals
(W2−W3)L−S to vary between (W2−W3)E−L and 5. We count the number of
galaxies per each pair of colors (W2−W3)E−L x (W2−W3)L−S. Of course, we
would like the diagonal values to be high (concordance between the two methods)
and the off-diagonal values to be low (disagreement between the two methods).
We then create two metrics which reflect the completeness and false positives of
the WISE color classification: ratio1 = g/b and ratio2 = g/(vb+ 0.5b) where we
denominate good data as g = A11+A22+A33, bad data as b = A12+A21+A23+A32

and very bad data vb = A13 + A31. That is, the numerator is the sum of the
diagonal elements (the concordant classifications) and the denominator considers
the off-diagonal elements (non-concordant classifications). In the second metric we
give more weight to extremely non-concordant classifications. Plots of these ratios,
as the cutoffs (W2−W3)E−L and (W2−W3)L−S are varied, are shown in the two
panels of Fig. 3.1.1. For ratio1 the best results are obtained for color cuts [0.9, 1.4]
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Figura 3.1.2: A WISE color-color diagram of the 2MRS-WISE sample. Left panel:
Individual galaxies are shown with grey circles; magenta dots show the 23 Active
Galactic Nucleii (AGN) identified by the 2MRS team. We use the color cutoffs from
section 3.1 to divide the sample into ellipticals (red contours), lenticulars (green),
and spirals (blue). Additionally the "pure-spiral" sample (those classified as spiral
by both 2MRS and WISE color; see text) is shown with black contours. All contour
maps are normalized to the same scale, i.e., the sum of the ellipticals, lenticulars
and spirals, excepting the one for pure-spirals, which has been normalized to the
total of pure spirals. Every contour include a running-median (dashed-line) and
standard deviation (error bars). Data binning for contours are made using a step
size of 0.2 dex. The marginal 0.1% of the data from colors W1−W2 and W2−W3
and 5% marginal data in contours have been removed. Right panel: Contours
are pure-spirals divided by AGN type, these are Seyfert 1 (red), Seyfert 2 by
Kewley et al. (2001) criteria (blue) and Seyfert 2 by Kauffmann et al. (2003)
criteria (green), and galaxies which are not AGNs (black). Refer to section 3.6 for
further details about our AGN classification. All contour maps are normalized to
a different scale, e.g. Seyferts I are normalized by their total of Seyfert I galaxies.
Other symbols follow the same rules as in the left panel.

and for ratio2 the best results are obtained for color cuts [0.5, 1.2]. These color
limits are in relative agreement with the color selections of Mingo et al. (2016),
with a W2−W3=1.6 cutoff corresponding to the transition limit between elliptical
and spiral morphology (i.e. they do not account for lenticular types).

We suggest using a W2−W3 cutoff of 0.7 to divide ellipticals from lenticulars and
1.4 to divide lenticulars from spirals, but note that even for these "best" values, the
completeness of the 2MRS morphology is 40.4% and false positives is 1.4%. But
note that these are also inflated by some bad classifications in 2MRS. Afterwards,
we define the "pure-spirals" in our sample as galaxies which are classified as spirals
by both the manual 2MRS classification and the WISE colors.

We consolidate the result of our morphological classification in Fig. 3.1.2, that
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shows the WISE color-color relation for our 2MRS-WISE galaxies. Red, green, and
blue contours with their respective running-medians (dashed-lines) and standard
deviations (bars) show where our ellipticals, lenticulars, and (all) spirals fall in the
color-color plane. The black contour shows the pure-spiral sample sample which
is used to derive the MS in further sections. With increasing W2−W3, W1−W2
remains at ∼0 for values of W2−W3 of 0-2.5, after which it increases both in the
median and shows high W1−W2 outliers. Comparing our sample to those already
in the literature, e.g., Jarrett et al. (2011); Cluver et al. (2014, 2017), we observe a
general agreement. Note that, as expected, our local sample does not include many
powerful AGNs (QSO-like) or extreme SBs (i.e. ULIRGs). The latter are expected
to have redder colors due to their dusty composition, i.e., higher W2−W3 colors
and to have low or quenched SF, which is evidenced by their W1−W2 color. From
both panels of Fig. 3.1.2, we see that AGN/(U)LIRGs can be easily distinguished
by the limit at W1−W2=0.5, which agrees with the AGN/QSO color cuts made
by Mingo et al. (2016), Marleau et al. (2017), also with results plotted in Fig.
1 of Ezhikode et al. (2017) who study a sample of broad-line AGNs. We refer
the reader to section 3.6 for a further description of the right panel of Fig. 3.1.2
related to our 2MRS AGN classification.

We conclude this section by making comparisons between sources already classified
by 2MRS and WISE morphology in Appendix C, showing that 2MRS classification
is in general not reliable, so we give motives to use a WISE morphology instead.

3.2. Stellar Mass

In this section we explain our method to calculate stellar masses, based on mass-to-
light ratios from the calibrations of Cluver et al. (2014), expressions that depend
on measurements of the in-band WISE luminosities and colors. Afterwards, we
compare our set of stellar masses to those derived by Chang et al. (2015) and
Salim et al. (2016).

Cluver et al. (2014) used a sample of z < 0.15 galaxies to present three potential
equations to derive stellar masses from WISE photometry: their eq. 1 come from
best fits to sub-samples of resolved galaxies, eq. 2 takes all galaxies in their sample,
while their eq. 3 only comes from star-forming (W2−W3 > 1.5) galaxies. The
differences between their samples based on eq. 2 and 3 is negligible, and the same
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happens when we compare these to our 2MRS-WISE sample, but stellar masses
obtained from their eq. 1 are systematically ∼0.18 dex lower than our sample
(and up to 0.5 dex lower for a small fraction).

While most of our sample galaxies are resolved in W1 and W2 images (typically
10-30′′, and up to 180′′), since we cover a large range of W2−W3 colors, and the
relations in eq. 2 and 3 of Cluver et al. (2014) are formed from a larger statistical
sample of high SNR data, we use their eq. 2 (i.e., all galaxies), which is reproduced
below as equation 3.2.1.

log(M?/LW1) = −1.96(W1−W2)− 0.03 (3.2.1)

Following to Jarrett et al. (2017), we place ceiling limits on the W1−W2 color in
eq. 3.2.1: −0.2 to 0.6 mag, to minimize the contaminating effects of AGN light on
our stellar mass estimations.

The W1 luminosities were calculated with the following expression:

LW1(L�) = 10−0.4(W1−3.24) (3.2.2)

Using eq. 3.2.1 and our high S/N W1 and W2 g-magnitudes, we obtain a total of
40,460 stellar masses, spanning the range of ∼ 107-1012M�, with median stellar
mass of 1010.92M�.

We compare our WISE-derived stellar masses with those from the compilation
of Chang et al. (2015) and the GSWLC (Salim et al., 2016). Chang et al. (2015)
derived stellar masses and SFRs by applying the MAGPHYS (da Cunha et al.,
2012) package to SDSS and WISE photometry of ∼850,000 local galaxies. A
comparison of our WISE stellar masses to theirs is shown in Fig. 3.2.1. Galaxies in
common to our samples (7,606) cover almost the full range of our stellar masses.
We find a very tight 1:1 relationship - within 0.3 dex - for the ellipticals and
lenticulars of our sample. However, 20% of the spirals show disagreement with
the 1:1 line of > 0.3 dex: these are mainly spirals classified as Seyfert galaxies
(primarily type 1s, with some type 2s). We refer the reader to section 3.6 for
further details about the AGN classification used in this work related to Seyfert
galaxies.
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An equivalent comparison of our stellar masses of those from the GSWL catalog
(Salim et al., 2016) is shown in Fig. 3.2.2. With 6,673 galaxies common to both
studies, we can only test a smaller dynamic range in stellar mass: early-type
galaxies (ETGs) show a small systematic difference (in slope, rather than offset)
and some late-type galaxies (LTGs) once more have higher masses in GSWLC.
Nevertheless, for 90% of the galaxies both stellar masses are within 0.3 dex, and
once more the outliers beyond 0.3 dex are dominated by Seyfert galaxies.

Figura 3.2.1: Comparison of our WISE-derived stellar mass to those from
the Chang et al. (2015) compilation. Contour colors are used to differentiate
morphologies following Fig. 3.1.2 and the inset. Data points are shown with gray
open circles and for each set of contours, the median is plotted with a dotted line
of the same color. The line of equality is shown in yellow. We illustrate limits for
the AGN population contaminating our sample (bump over the upper limits) that
has not been disentangled from the normal star-forming galaxies in our sample, by
an orange dashed-line of ±0.5 dex, and a purple dashed-line of ±0.3 dex, which
delineates the limits of the running-median for these normal star-forming galaxies.
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Figura 3.2.2: As in Fig. 3.2.1 but this time comparing our WISE-derived stellar
mass with those from the GSWL catalog of Salim et al. (2016).

3.3. Star Formation Rates

In this section we derive SFRs for the sample galaxies using WISE W3 band
fluxes: obtaining SFRs for a total of 40,460 galaxies. For W4, roughly half of the
sample have available SFRs, having lower SNRs.

We use the relationships of Cluver et al. (2017) to estimate SFRs from WISE-
3 (W3; 12µm) and WISE-4 (W4; 23µm) bands: these were derived using 79
SINGS/KINGFISH galaxies, which include 33 (∼41%) AGNs and (U)LIRGS.
Total IR luminosities (LTIR) are estimated from luminosity densities in the 12µm

(L12µm) and 23µm (L23µm) bands as follows:

log LTIR(L�) = (0.889± 0.018) log L12µm(L�) + (2.21± 0.15) (3.3.1)

log LTIR(L�) = (0.915± 0.023) log L23µm(L�) + (1.96± 0.20) (3.3.2)

This is then converted to an SFR using eq. 3 of Cluver et al. (2017), which is
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effectively eq. 1.3 of Calzetti (2013), which assumes a Kroupa IMF:

SFR (M� yr−1) = 2.8× 10−44 LTIR (erg/s) (3.3.3)

This relationship provides us with SFRs from W3 and W4 bands spanning from
∼ 10−3-103M� yr−1. By looking at Fig. 3, panel a of Cluver et al. (2017), we see
a tight relationship between LTIR and L12µm luminosities for normal star-forming
galaxies, whilst the relationship shown in panel b of LTIR-L23µm exhibits the same
trend than panel a, but with larger scatter, with such difference becoming more
clear at intermediate luminosities (i.e., ∼ 108-1010 L�). Cluver et al. (2017) show
that W3 luminosities in galaxies have a more constant than W4 luminosities when
compared to their total IR luminosities. Besides, they probed that W3 is better
tracer of SFR than W4 in normal star-forming galaxies. Therefore, from the ideas
presented here we determine that our for sample of 2MRS-WISE galaxies W3 is a
better proxy of SFR than W4.

Then, in order to test the reliability of our W4 SFRs, we want to determine
the offset between our W3-based SFRs and W4-based SFRs. This comparison is
shown in Fig. 3.3.1. Here, we see that top and bottom diagrams correspond to
our 2MRS-WISE galaxies classified by morphology and AGN type, respectively,
following our classifications from sections 3.1 and 3.6. In both panels, the set
of data points (grey circles and its contours) exhibits a turnover towards high
SFRs, at the limit of ∼ 10 M� yr−1, and for SFRs approaching the ∼ 1 M� yr−1,
whilst in the bottom panel we such a turnover in the highest SFRs corresponds
mostly to the T1 (Type 1 AGN) population. In general, running-medians (thin
black dashed-lines) are in agreement within the 0.2 dex offset from the expected
line of equality (yellow dashed-line), in both, pure-spiral galaxies (left panel) and
non-AGN sources (right panel). Furthermore, we see a tight correlation between
running-medians, contours and the expected line of equality for the pure-spirals.

We also show a similar relationship to that given by eq. 8 from Cluver et al. (2017).
This best-fit to our full sample of W3 and W4 SFRs is denoted by a (thick) black
dashed-line, which corresponds to a best-fit to the W3 and W4 SFRs in our full
pure-spiral sample, that has the following form:

log SFRW4/[M�/yr] = 1.08 log SFRW3/[M�/yr]− 0.14 (3.3.4)
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By comparing this equation to the one characterizing the SINGS/KINGFISH
sample, we find offsets spanning between ∼0.08 to 0.15 based on the upper/lower
errors associated to slopes in eq. 8 from Cluver et al. (2017). Also we find offsets
spanning between ∼0.12 to 0.14 based on the errors in the intercept.

Figura 3.3.1: Comparison between W3 and W4 SFRs. A yellow dashed-line
is the expected line of equality. A linear best-fit have been performed for the
pure-spiral sample (thick black dashed-line). An orange dashed-line is the 0.2 dex
offset from the line of equality. The left and right panels follow the classification
used in Fig. 3.1.2, i.e., by morphology and by AGN type, respectively.

Similarly, in Fig. 3.3.2 we show the ratio of W3 and W4 SFRs as a function of
stellar mass. We see that ETGs have systematically higher W3 SFRs (by about
0.3 dex) while LTGs show a trend of W3 SFRs increasing over W4 SFRs as stellar
mass increases, reaching a systematic median difference of 0.2 dex at the highest
stellar masses.

Once we have calculated SFRs for our full sample of 2MRS-WISE galaxies, as
a consistency check we compare our W3-based SFRs to other SFR tracers from
the UV, IR, and UV+IR available in literature. We show the results of these
comparisons in Fig. 3.3.3, whilst the equations used for these comparisons are
detailed in appendix A.

First, we estimate the ratio of SFRWISE and SFRGSWLC (left upper panel) as a
function of stellar mass, where we see that SFRs from pure-spirals (black contours)
are within a ∼1 dex scatter. Such a big dispersion starts at ∼0.3 dex and scales
up to ∼0.5 dex when approaching the limit of ∼ 1010.5M�, keeping it roughly
constant along the whole range of masses. In the case of lenticular and elliptical
galaxies, we see very high SFRs in the W3 band, with up to a 3 dex median offset
with respect to the GSWLC sample of galaxies from Salim et al. (2016). These
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Figura 3.3.2: The difference between W3- and W4-based (log) SFRs for our
sample galaxies as a function of our WISE-derived stellar mass. Red, green, blue
and black contours are used for ellipticals, lenticulars, spirals and the pure-spiral
sample, following the inset. Running-median values (dashed-lines) and standard
deviations (bars) are displayed for each sub-sample. Grey circles are WISE-2MRS
galaxies and magenta dots correspond to 2MRS galaxies classified as AGNs by
Huchra et al. (2012). Units of the y axis are M� yr−1.

ellipticals show the lowest SFRs, whilst pure-spiral galaxies hold the relation of
equality (yellow thick dashed-line is the expected relation of equality) within the
0.5 dex. In the case of ETG sources, the larger median offset is likely a consequence
of LTG starlight lost due to strong obscuration by dust at shorter wavelengths,
where the total UV-optical light can not be compensated by IR measurements.
Therefore, we conclude that our MIR dust-based SFRs from W3 band follow the
relation of the GSWLC galaxies with maximum median offset ∼0.5 dex, so we have
that our sample of pure spirals are constrained in their optical-UV SFRs by MIR
observations of the WISE bands. On the other hand, from Fig. 3.3.3 we see that
for our NUV, FUV and total IR SFRs the equality relation (yellow dashed-line) is
held within ∼0.2 dex (orange dashed-lines) and a deviation comparable to this
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quantity.

In general, we have that W3 SFRs have a roughly constant behaviour when
compared to other SFRs (as expected from results of Cluver et al., 2017), whilst
in the case of W4 SFRs, the results are the opposite, (not shown in this work, but
see Fig. 3.3.2) with W4 decreasing monotonically with increasing stellar masses
from ∼0.2-0 dex median offset, when compared to the literature presented here.
Such a decrease occurs in both, normal star-forming galaxies and AGNs in our
sample of W4 SFRs, although it still roughly constant in W3 band. Thus, this
fact argues again in favour of W3, which has a more constant response than W4
when compared to other SF tracers.

Figura 3.3.3: A comparison of different SF indicators to the WISE W3 SFR
indicator, where we use eq. 3.3.3 as a function of stellar mass.

Therefore, by results obtained in this section and for a matter of consistency among
the different SF tracers used in this work, we must add an offset of ∼0.2 dex to
each SFR derived along this work as a measure of the uncertainty between W3/W4
and other bands. This uncertainty must be added to every SFRs calculated in
this section, thus, affecting to our MS results (intercept) that are described in the
next section (3.4).
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Summarizing the previous ideas discussed in this section: for our 2MRS-WISE
sample, we have made comparisons between W3 and W4 SFRs, determining
a maximum median offset of ∼0.15 in slope and intercept between these two
quantities. We also have determined a roughly constant median offset of ∼0.2 dex
between our W3 derived SFRs and those SFRs from other bands. The same offset
appears in W4 SFRs when compared to the same set of SF tracers, including W3,
but note that W4 does not show a constant offset; unlike W3, W4 is rather is
decreasing with increasing stellar masses. In particular, these median offsets are
observed in SFRs from total IR and IR-calibrated UV sources. Thus, we find that
all of our results argue that the W3 band is a more reliable tracer of SF than
W4, which motivate us to use it as our main tracer of SF in the construction of a
MS. Therefore, we determine that our SFRs calculated in this section must have
corrected by a ∼0.2 dex offset for consistency between the different SF tracers.

3.4. z=0 Main Sequence and its dispersion

In this section determine the characteristics of the z∼0 MS based on our 2MRS-
WISE sample, and using our W3 SFRs (equation 3.3.3). Specifically, we characterize
the turnover in the MS, the slopes and intercepts of each MS segment, and the
intrinsic scatter of the MS.

Fig. 3.4.1 shows the relationship between (our W3-based) SFRs and (WISE-based)
stellar masses - the so called Main Sequence of star formation in galaxies. The
2MRS-WISE galaxies are shown with grey circles; magenta circles highlight those
classified as AGN by Huchra et al. (2012). The different color contours show the
distribution of mophological sub-samples of the 2MRS-WISE sample (section 3.1):
pure-spirals (black), spirals (blue), lenticulars (green) and ellipticals (red). For
each, we show running-medians (dashed-lines) and standard deviations (as error
bars) in the same colors. Clearly, the contours, and running-medians, of both
spirals and pure-spirals do not correspond to a single power-law. At log stellar
masses lower than ∼10.4, we are in very good agreement with the earlier proposed
MS of Elbaz et al. (2011), but there is a clear turnover in the MS at higher stellar
masses.
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Cuadro 3.4.1: Results of the log-normal Gaussian fits to the pure-spiral galaxies
in each stellar mass bin1

Ngal µM? σM? µSFR σSFR µsSFR σsSFR

[M�] [M� yr−1] [yr−1]
3 7.25 0.039 -2.47 0.11 -9.64 0.152
4 7.91 0.024 -2.0 0.08 -9.87 0.066
2 8.08 0.025 -1.9 0.45 -9.99 0.42
5 8.31 0.056 -1.92 0.20 -10.21 0.26
7 8.48 0.055 -1.25 0.26 -9.81 0.25
15 8.71 0.064 -1.66 0.15 -10.36 0.18
18 8.91 0.048 -1.32 0.33 -10.23 0.32
47 9.09 0.065 -1.03 0.25 -10.12 0.24
68 9.31 0.055 -0.77 0.21 -10.16 0.21
128 9.5 0.054 -0.6 0.25 -10.09 0.22
222 9.7 0.054 -0.26 0.27 -10.02 0.24
379 9.91 0.053 -0.08 0.31 -10.01 0.27
715 10.11 0.053 0.11 0.32 -9.99 0.32
1186 10.3 0.063 0.29 0.31 -10.05 0.30
1671 10.5 0.065 0.38 0.31 -10.11 0.31
2104 10.7 0.072 0.51 0.31 -10.16 0.31
1957 10.89 0.072 0.51 0.36 -10.38 0.33
1560 11.09 0.061 0.53 0.29 -10.58 0.29
681 11.28 0.046 0.58 0.25 -10.71 0.28
164 11.47 0.044 0.76 0.26 -10.7 0.24
24 11.66 0.038 0.84 0.24 -10.76 0.24
4 11.84 0.008 0.97 0.016 -10.85 0.02

For each stellar mass bin between 108.4-1011.8M�, in steps of 0.2dex, we fit a
Gaussian to the distributions of stellar mass, SFR, and SSFR for galaxies in
the bin, and thus obtain the mean and dispersion of the distributions. The fits
are shown in Fig. 3.4.3, and the results in Table 3.4.1, and as pink points and
their error bars in Fig. 3.4.1. For stellar bins outside this range, there are too few
galaxies for a meaningful Gaussian fit, so we use the direct mean and dispersion
of the points (see Table 3.4.1).

In Fig. 3.4.3 one can clearly see a tail to high SSFRs (as it has been previously

1Note that for each stellar mass bin we list the number of galaxies (Ngal), and the mean µ and
σ of the Gaussian fit to the stellar mass, SFR, and SSFR. These bins with size 0.2 dex spans
between 107.2-107.4M� and 107.8-1012M�. The first 4 rows and the last row (corresponding to
a total of 5 bins) of this table have not been plotted in Fig. 3.4.1, due to their poor statistics
(see text).
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observed by Rodighiero et al., 2011; Popesso et al., 2019a; Guo et al., 2013;
Schreiber et al., 2015) which represent the SB galaxies. At SSFRs lower than the
Gaussian fit we also see some extra peaks, which may represent ETGs which were
wrongly classified by their WISE colors. In particular, these peaks of SBs start to
vanishing from histograms in the limit of 1010.2-1010.4M�, which is consistent with
the presence of a bending MS (seen) and with the fact that our MS effectively
starts to flatten at 1010.4-1010.6M�.

The means from the Gaussian fits to the stellar mass and SFRs in each stellar
mass bin (pink circles in Fig. 3.4.1) cannot be fitted by a single MS, therefore we
use two fits, obtaining a MS (cyan dashed-line) with a clear bending at high stellar
masses, and with a range of turnover mass spanning between 1010.4-1010.6M� as
pointed out by Whitaker et al. (2014), which is also supported by the apparent
turnover seen in contours. This range of turnover is also in good agreement with
the results of Schreiber et al. (2015); Popesso et al. (2019a), and concordant with
the green line in Fig. 3.4.3 (MS prediction from Elbaz et al., 2011). Such a turnover
separates the MS in two different power-laws, one low mass end for stellar masses
lower than 1010.4M�, containing 2,801 low mass pure-spirals, and a high mass
end, for masses higher or equal to 1010.4M�, which contains over 8,177 high mass
pure-spirals. In general, we see that the low mass end of our MS posses larger
scatter than the high mass end. From the best-fit to our MS, we determined a
low mass slope of ∼1.05 that is in good agreement with the single power-law MS
prediction from Elbaz et al. (2011); we also determined an intercept of ∼ −10.56.
The dispersion of this low mass MS corresponds to a mean quadratic error of 0.03
and statistical error of 0.94. The equation that describes our broken power-law
MS in this case has the form:

log SFRlow,MS/[M�/yr] = 1.05 log M?/[M�]− 10.56 + Coff (3.4.1)

which assumes values between 0 to −0.2 dex, that is indicative of the ∼0.2 dex
uncertainty in our SFRs, relative to the offset determined in section 3.3. We also
determined a bending of the high mass MS that is in good agreement with the
displayed average (mean) values and standard deviations in the center of the
contour maps of our pure-spiral sample. From the linear best-fit we got a slope of
∼0.36 and intercept ∼ −3.43 for the high mass MS, with a mean quadratic error of
0.0 and statistical error of 0.89. Such a high mass slope is in good agreement with
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results of Popesso et al. (2019a). Thus, the equation that describes our broken
power-law MS at the high mass regime has the form:

log SFRhigh,MS/[M�/yr] = 0.36 log M?/[M�]− 3.43 + Coff (3.4.2)

where Coff is an offset which is already explained in the text from above.

If we use W4 band instead of W3, we obtain a similar MS. This result can be
checked in appendix B.

In Fig. 3.4.2 we plot the SFP of nearby galaxies but using a set of stellar masses
and SFRs from the GSWL Catalog of Salim et al. (2016), whose limits of stellar
mass are ∼ 108.52-1012.11M�. Our derived MS based on W3 SFRs (cyan dashed-
line) is included for comparison. This version of the SF plane shows galaxies from
the GSWLC sample which have been cross-matched to our 2MRS-WISE galaxies,
where we see, for example, the GSWLC galaxies classified as pure-spirals (black
contours) and their running-medians (black dashed-lines). These roughly constant
running-medians shows a significant offset between the GSWLC and those from
our MS within ∼0.5 dex, mostly representing lower SFRs of 1 M� yr−1, whilst
standard deviations (black bars) of the GSWLC pure-spirals are ∼0.5 dex and
therefore we see that our MS (and its running-medians) agrees within a certain
level. However, although we applied the same WISE classification to the GSWLC
sample, it still looks highly biased in comparison to our clean 2MRS-WISE sample.

Therefore, summarizing our MS results from this section: we have determined that
it is well described by a broken power-law with a clear bending at the high mass
end. We also determined an intrinsic scatter of this MS spanning between 0.15-0.36

dex, which do not monotonically increase with stellar mass, and a turnover mass
within the range of 1010.4-1010.6M�, which separates the MS in two power-laws,
one low mass MS with slope ∼1.05 and high mass MS of slope ∼0.36.

3.5. Main Sequence evolution with redshift

We test completeness of our pure-spiral sample over the local redshift z ≤ 0.03.
In Fig. 3.5.1 we plot our derived SSFRs as a function of redshift, where data
is described by grey circles. We highlight our full pure-spiral sample with black
contours, which spans in a wide range of SF levels, whose running-medians (black
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dashed-line) decrease with increasing redshift and show standard deviations within
∼0.5 dex in average (vertical bars) along the median range of redshift considered.
The black contours have been normalized by the total of pure-spirals. We see
a roughly linear (logarithmic scale), monotonic decrement of median SSFRs
towards higher redshifts, with running-medians spanning from ∼ 10−10.2 yr−1 to
∼ 10−10.5 yr−1, between z∼0.02 and z∼0.04. The mean and median SSFR of our
full set of pure-spirals is ∼ 10−10.26 yr−1.

We determine that a decreasing SSFR with look-back time is uncertain due to the
unknown fraction of AGN at the lower redshifts in our sample, plus the fact that
the sample of pure-spiral galaxies in question has not been disentangled from the
SB populations, that are expected to lie at the uppermost part of the diagram.

3.6. The role of AGNs

In this section we want to perform a good classification of our pure-spiral
sample by their AGN content, aiming to clean-up our MS galaxies from any
AGN contamination. In the following, we want to define an AGN sample and
to characterize it by establishing relations of total IR luminosity, bolometric
luminosity and overall SF in a given galaxy.

Here we distinguish between two classes of galaxies: AGNs, that are both normal
star-forming and have an active nucleus, and those normal star-forming that
lack of active nucleus, which we denote as non-AGNs. The former must have a
well-resolved dusty torus with accreting gas flows in the innermost central parts,
which can be well defined or not, depending on if they have a face-on disk, or
well, an edge-on galactic disk (Antonucci, 1993; Dumas et al., 2007, and references
therein). SF from the central parts of a given galaxy may result affected by the
brightness of an outflow while its nucleus remains active, although it is expected
to be a negligible contribution to the overall SF (Jarrett et al., 2013; Popesso
et al., 2019b).

Our AGN data set is a sub-sample of the 2MRS-XSC, which were classified as
AGN by Zaw et al. (2019): their published catalog contains type 1 (T1), type 2
(K01) by the Kewley et al. (2001) criteria or type 2 (K03) by Kauffmann et al.
(2003) criteria. Zaw et al. (2019) list a 2MRS data set with 26,591 objects, from
which 8,494 galaxies are AGNs and 18,098 were classified as non-AGNs galaxies.



3.6. The role of AGNs 39

From this sample, we asses a total sub-sample of 16,458 non-AGN and 8,274 AGN
with high SNRs (i.e. wXgerr<0.2), of which 1,883 galaxies are classified by AGN
type as T1, 3,522 as K01 and 2,869 are K03. Further, from these high S/N AGN
and non-AGN, we count the overall number of spiral galaxies, determining: 855
T1, 1,176 K01, 1,273 K03 and 3,841 non-AGNs. Similarly, we assess the total of
pure-spirals with high SNRs, that hereafter we refer to as our AGN sample: 827
T1, 1,026 K01, 1,229 K03 and 3,098 non-AGNs, therefore, 37,353 2MRS galaxies
were not classified by AGN content, giving a total of 3,082 (7% of our full 2MRS
sample) AGNs which are both high SNR and pure-spirals.

Firstly, we want to characterize our full AGN sample by their total energy budget
arising from traces of ionized gas emission, which is a common tracer of AGN
radiation; this is then compared to the overall IR luminosity from the harbouring
galaxy. Thus, we aim to find out how AGN bolometric luminosity becomes
the dominant output and on which type of galaxy this happens, establishing a
link between their total IR luminosity and AGN bolometric luminosity. For this
purpose, we proceed to compare AGN bolometric luminosities (Lbol,OIII) to total IR
luminosities (LTIR), using the expression from Heckman et al. (2004) to calculate
bolometric luminosities from the OIII line, that has the form Lbol = 3500× LOIII

whilst the total IR luminosities were already calculated in section 3.3 using eq.
3.3.1.

The comparison between total IR luminosities and AGN bolometric luminosities
is shown in Fig. 3.6.1, where we see that our total IR luminosities spans between
∼ 1042-1045 erg/s and have roughly constant running-medians with values close to
∼ 1044 erg/s (mean and median ∼ 1043.9erg/s). The diagram tells us that there
is a few orders of magnitude between our set of IR luminosities and Lbol,OIII (see
the yellow dashed-line of equality), the latter with common or median values
representative of both, non-AGN sources (mean and median ∼ 1041.9 erg/s) and
AGN 2s (mean and median ∼ 1042 erg/s). The range of bolometric luminosities
in our sample spans between ∼ 1039-1046 erg/s (mean and median ∼ 1042 erg/s),
which is roughly the range of the set of radio quiet AGNs from Mingo et al. (2016),
although there is a significant difference between the range of redshift considered.
If we compare our range of bolometric luminosities to the sample used by Audibert
et al. (2017), who studied AGN 1s and 2s at redshift 0.002-0.007 (which is in
agreement with results from Oh et al., 2015), their lowest limit of luminosity is
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higher than ours by ∼3 orders of magnitude, but coincide in the peak of luminosity.
This difference between both limits places our sample of broad-line and narrow-line
AGN bolometric luminosities below those from Audibert et al. (2017) in average by
two orders of magnitude. Further, we see a few type 1 (Seyfert I, mean and median
∼ 1042.5 erg/s) and type 2 (K01, Seyfert II; mean and median ∼ 1042.1 erg/s) AGN
that exhibit the highest AGN bolometric luminosities, peaking at the range of
∼ 1044-1046 erg s−1, which is shown by the most extreme contours. This range of
AGN bolometric luminosities exceeds by 1-2 orders of magnitude the LTIR, which
is a characteristic of QSOs. Therefore, we have that our estimations of bolometric
luminosity are not in general equal to the total IR output in a given galaxy, but
such an equality is only seen in the most powerful type 1 and type 2 AGN.

Now we want to determine how the peak of AGN bolometric luminosity is related
to the overall SF in galaxies, and if it implies a significant increase of their
SSFRs. Then, we plot SSFRs (mean and median ∼ 10−10.28 yr−1) versus AGN
bolometric luminosity in Fig. 3.6.2, where we see that Type 1 (T1, mean and
median ∼ 10−10 yr−1) and type 2 (K01, mean and median ∼ 1010.5 yr−1) AGNs
in general have increasing SSFRs with increasing bolometric luminosities. We
also see that a peak of SSFRs is reached mostly by type 1 AGN, being roughly
∼ 10−8.7 yr−1 at a peak luminosity of ∼ 1044-1045 erg/s, as shown by the most
extreme contours. These more actively star-forming AGN extend their bolometric
luminosities from ∼ 1044 to 1046 erg/s. At lower AGN luminosities or lower SSFRs,
K01 AGNs and non-AGNs (mean and median ∼ 10−10.3 yr−1) have in average
relatively low values of SSFR, values commonly found in elliptical galaxies.

We check consistency between the SSFRs already seen in Fig. 3.6.2 and the SFP
derived in section 3.4. For this we plot the AGN version of our SFP in Fig. 3.6.3,
where we find that pure-spiral galaxies show trends that are similar to those of
non-AGN galaxies and type 2 AGN (K03), along the whole stellar mass range. In
particular, we see a lack of AGN sources at the lowest stellar masses. However,
the most interesting feature is that data and contours from the most starbursty
AGNs coincide with the excess seen in SB galaxies, which is clearly shown by red
contours, representative of Seyfert I and II (K01) galaxies. Therefore, this MS
support the peak of SSFRs observed in previous Fig. from this section, that is
mainly seen in type 1 AGN.

Therefore, from results obtained in this section we conclude that our MS is biased
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mainly by type 1 AGN and type 2 (K01), which should correspond to the SB
galaxies included in our pure-spiral sample, so we can infer that our MS of galaxies
is not being significantly contaminated by AGNs.

Having our AGN sample characterized, we discuss our results from the right panel
of Fig. 3.1.2, in section 3.1. In such a diagram we present our full 2MRS-WISE
sample which has been classified by AGN content in this section. The resulting
WISE color-color diagram strongly supports the idea that our AGN sample is
obiquitous, and that these can be easily identified by their W1−W2 colors higher
than ∼0.5 (mostly T1 and K01 AGNs) and W2−W3 colors higher than ∼1.5, so its
a good start to think that our pure-spiral sample towards higher W1−W2 colors
is a population of combined AGN/(U)LIRGs. We see that WISE galaxies start to
show clear AGN features at W1−W2∼0.2 colors and becoming well defined above
the limit of W1−W2∼0.4, therefore having general agreement with the WISE
color diagram in Fig. 21 of Mingo et al. (2016). We have that most of type 1 and
type 2 (K03) AGNs spans in a wide range of colors, whilst type 2 AGNs (K03)
seem to be mostly LINERs that falls below the W1−W2∼0.4 limit. In general, the
low density of data points within the contour maps allow us to clearly differentiate
Seyfert galaxies from spiral galaxy populations.

Finally, we asses that SB galaxies are relatively few in comparison to the total of
MS galaxies plotted in Fig. 3.4.1, this fact is supported by our SFP based on an
AGN classification (from this section) and by conclusions from further sections
3.7 and 3.8. These SBs span within a smaller range of colors than those from
Jarrett et al. (2011), where we noted that highly star-forming AGNs are mostly
broad-line (T1, red contours) and narrow-line (K01, blue contours), as have been
argued in previous lines of this section.

3.7. The most massive galaxies in the MS

From our set of MS galaxies, we count a total of 2 SBs in a total of 150 most
massive galaxies, by visually checking their DR152 images and spectra, hence, we
conclude that SB contribution to the overall SF in the W3 MS is expected to
be negligible for the most massive galaxies. This is supported by our results of
section 3.3 and Fig. 3.4.1, where we assess the same conclusion.

2http://skyserver.sdss.org/dr15/en/tools/chart/list.aspx
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and high mass end

By using a similar method to that from the previous section 3.7, we count a total
of only 1 SB spectrum from a total of 150 most starbursty galaxies in the high
mass end of the MS derived in this work. Whilst for the low mass end, from a
total of 150 galaxies, we found 2 SBs, one of them corresponding to a merger pair.
These two sets of 150 galaxies were also visually confirmed by using the SDSS
DR15 online tool. Thus, we asses a total of 1 SB galaxy in both, low and high
mass end. Therefore, contribution of SBs to the MS is expected to be negligible
for the most starbursty galaxies in both range of stellar masses.

From results obtained in these sub-sections, we conclude that the observed SB
population is negligibly contributing to the total number of MS galaxies, therefore,
contamination of our MS by SBs must be considered negligible.
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Figura 3.4.1: The Main Sequence (SFR-M? plane) of nearby (redshift z ≤ 0.03)
galaxies. SFRs are from W3 and stellar masses from W1 and W2. Grey circles show
all galaxies in our 2MRS-WISE sample; magenta circles denote those classified as
AGNs by Huchra et al. (2012). The different color contours show the distribution of
mophological sub-samples of the 2MRS-WISE sample (see Sect. 3.1): pure-spirals
(black), spirals (blue), lenticulars (green) and ellipticals (red). For each sub-sample,
we show running-medians (dashed-lines) and standard deviations (as error bars)
in the same colors. The mean SFR, and its deviation, of the pure-spirals in each
stellar mass bin are shown with pink circles and corresponding error bars. Fitting
these pink circles with a broken power-law MS (see text) gives us the final MS,
shown with the cyan dashed-line. The yellow dashed-line shows the MS derived
by Elbaz et al. (2011) based on SDSS galaxies.
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Figura 3.4.2: As in Fig. 3.4.1 but here we only show those galaxies in 2MRS-
WISE which also appear in the GSWL Catalog of Salim et al. (2016), and the
stellar mass and SFRs of the fit are those from the GSWL Catalog. The pink
circles and error bars are the same as in the previous figure. The yellow dashed-line
shows the MS as derived by Elbaz et al. (2011), and the pink circles and error
bars, plus the cyan dashed-line shows the MS derived by us. Note that the median
data for the spiral samples fall below our derived MS. Note also that the GSWL
Catalog has very few low stellar mass galaxies as compared to our 2MRS-WISE
sample.
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Figura 3.4.3: Normalized histograms of the SSFR of pure-spiral galaxies in the
2MRS-WISE sample, in 18 stellar mass bins from 108.4 to 1011.8M� in steps of
0.2 dex. In each panel, the data is shown in a light blue histogram, and and the
best fit to the data is shown in the light blue solid line. The magenta dashed-line
shows an expected Gaussian/Normal distribution with a standard deviation of 0.3,
while the dark blue dashed-line is the best Gaussian fit using our semi-automated
procedure. The constant - over stellar mass - SSFR ∼ 10−10yr−1 predicted by
Elbaz et al. (2011) is shown with a vertical green line in each bin.
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Figura 3.5.1: Specific Star Formation Rate (SSFR) as a function of redshift, for
the pure-spiral sample of galaxies (grey circles). Contours (thick lines), running-
medians (dashed-lines) and standard deviations (vertical bars) are shown in black
colors. The normalization of the peak correspond to the total of pure-spirals.
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Figura 3.6.1: Comparison between AGN bolometric luminosities Lbol,OIII and
total IR luminosities LTIR, for the pure-spiral sample, classified by AGN type.
The description of contours and data points is the same as in Fig. 3.6.2.
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Figura 3.6.2: Specific Star Formation Rate (SSFR) as a function of AGN
bolometric luminosities Lbol,OIII. We show contours for 3 samples of galaxies
depending on AGN content: red contours are broad-line AGNs (type 1, denoted
as T1), blue contours are narrow-line AGNs (type 2 by Kewley et al., 2001, K01),
whilst green contours are narrow-line AGNs (type 2 by Kauffmann et al., 2003,
K03). Grey circles correspond to our 2MRS-WISE AGN sample. The diagram
show that Seyfert galaxies reach the most extreme values of SSFRs and bolometric
luminosities, which is shown by their contours.
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Figura 3.6.3: WISE SFP for the pure-spiral sample classified by AGN type. The
yellow dashed-line is the MS of Elbaz et al. (2011) with slope ∼1, while cyan
dashed-lines, pink dots and pink bars correspond to our previously derived MS
in section 3.4. The description of contours and data points is the same as in Fig.
3.6.2.
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Capítulo 4

Discussion and conclusions

In this chapter and hereafter, we obviate the unit system used to describe slopes
and normalization (both varying with stellar mass) of the MS, which has been
converted to a logarithmic scale. Thus, we summarize our conclusions from previous
chapters in the following ideas:

We determined a low mass MS with slope ∼1.05, which is in good agreement
with single power-law best-fits from Elbaz et al. (2011), Wuyts et al. (2011),
Brinchmann et al. (2004), Santini et al. (2014) and Gavazzi et al. (2015)
who find a low mass slope roughly 1 at low redshift (z∼0). This is also
in agreement with Thorne et al. (2020) asymptotic best-fit. At high-z our
low mass slope is roughly consistent with Peng et al. (2010), Wuyts et al.
(2011), Guo et al. (2013) and Whitaker et al. (2015) single power-law of
slope ∼1, also with Whitaker et al. (2014), Schreiber et al. (2015), Lee
et al. (2015), Tomczak et al. (2016) and Thorne et al. (2020) who performed
broken power-law and asymptotic best-fits with slope roughly 1. We also
determined a high mass slope ∼0.36, which is in good agreement with the
ones derived by Popesso et al. (2019a) at z∼0. Conversely, when compared
to Thorne et al. (2020) results, we assessed an offset of ∼0.11 dex. At high-z,
our high mass slope is roughly in agreement with Whitaker et al. (2014), Lee
et al. (2015), Gavazzi et al. (2015), Pearson et al. (2018) and Kashino et al.
(2019) high mass slopes (up to and offset of ∼0.09) from broken power-law
an asymptotic best-fits.

We found an intercept ∼ −10.56 at the low mass end of our MS which is
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roughly in agreement with high-z intercept from Guo et al. (2013), who
derived a single power-law MS. For low redshift, we determined an intercept
∼ −3.43 at the high mass end of the MS, which is in good agreement
with those from Popesso et al. (2019a). However, we must add an offset to
every W3 SFR calculated in this work, which is denoted as Coff ; it assumes
values between 0 to ∼ −0.2 dex, indicative of the ∼0.2 dex uncertainty from
comparing W3 SF to other independent SF tracers.

We determined turnover of the MS within the range of 1010.4-1010.6M�,
which is in good agreement with findings of Whitaker et al. (2015), Schreiber
et al. (2015) and Popesso et al. (2019a), who determines a turnover mass of
1010.5M�,

Our derived MS has an intrinsic scatter spanning between ∼0.15-0.36 dex.,
which is in good agreement with low redshift results of Popesso et al. (2019a),
although their scatter evolves monotonically from 0.3 dex at 1010M� to 0.45
dex at 1011M�. At high-z, we assess consistency with the range of intrinsic
scatter determined by Guo et al. (2013), Whitaker et al. (2015), Pearson
et al. (2018) and Kashino et al. (2019).

We found that total IR luminosities from either AGN or normal galaxies
in our AGN sample are commonly more powerful than their bolometric
luminosities, except for a few exceeding their LTIR by ∼1-2 orders of
magnitude, which correspond to type 1 and type 2 AGN. These AGN
bolometric luminosities resemble those proper of QSOs, showing peaks of
bolometric luminosities in the range of ∼ 1044-1046 erg s−1. Additionally, we
determined that the AGN type 1 and type 2 (K01) reach the highest SSFRs,
with type 1 AGN having a clear peak at ∼ 108.7 yr−1. Such high SSFRs
coincide with the levels of SF of SB galaxies. From our AGN MS, we see
that these high SSFR galaxies are mainly type 1 AGN, with most of AGNs
having normal levels of SF. Therefore, we conclude AGN luminosities do
not contaminate our SFR sample, except for a few powerful AGN (mostly
type 1) that are biasing our MS results, however, we must account for the
lack of completeness in this AGN sample.
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Apéndice A

Star Formation Rates: comparison

with other Star Formation tracers

in literature

In this appendix we enunciate the set of equations used in this work to derive
SFRs from UV and total IR luminosities, based on independent flux measurements
from the different data sets presented in section 2.2. First, we estimate UV+IR
SFRs in our 2MRS-WISE sample by using eq. 12 and 13 from Wang et al. (2016),
which apply an IR correction to the UV luminosities.

SFRFUV+IR/M� yr−1 = 1.72× 10−10[LFUV/L� + 0.46× LIR/L�] (A0.1)

SFRNUV+IR/M� yr−1 = 2.60× 10−10[LNUV/L� + 0.27× LIR/L�] (A0.2)

These equations (6 and 7) use a Kroupa IMF. UV and total IR SFRs have been
calculated trivially from the relation of radiative flux F and luminosity L, i.e.,
F = L

4πd2L
, with dL the luminosity distance of a given galaxy.

Due to an overestimation of our UV-luminosities by the dust attenuation correction
(i.e., correction by extinction) of eq. 5 from Wang et al. (2016), we have used the
non-corrected versions of luminosities LUV to derive SFRs.

Additionally, we carry out independent calculations of SFRs using the total
IR luminosities based on IRAS calibrations of the f60µm and f100µm FIR bands.
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Specifically, we used equation (E3) from Orellana et al. (2017), as it follows:

FIR

[W/m2]
= 1.8× 10−14

(
1.439

f60

[Jy]
+ 2.450

f100

[Jy]

)
(A0.3)

To convert from IRAS total IR luminosity to SFR we use the following expression:

SFRIR/M� yr−1 = 1.063× 10−10 LIR/L� (A0.4)

This is effectively the equation 3 of Kennicutt (1998), but the extra factor of
∼1.063 compensates for the conversion from a Chabrier IMF to a Kroupa IMF
(Conroy et al., 2009) and the conversion from FIR to IR luminosities (factor 0.92).
Note that eq. A0.4 is effectively the same as eq. 12 of Cluver et al. (2017), which
uses a Kroupa IMF and an IR luminosity. We assess that eq. 3.3.3 is higher than
the total IR SFRs calculated from eq. 12 from Kennicutt and Evans (2012) by a
∼0.14 dex offset.



Apéndice B. The Star Formation Plane according to WISE-4 band 67

Apéndice B

The Star Formation Plane

according to WISE-4 band

In this appendix we show a SFP based purely on the W4 band (see Fig. A0.1).
This diagram shows W4-based SFRs as a function of stellar mass, and the same
MS of Fig. 3.4.1 being displayed for comparison. We see similar shapes in contours,
which is the expected tight correlation for W3 and W4 as it has been shown by
Cluver et al. (2017). One important difference between W3 and W4 MS is the
bulk that is formed mostly in the high mass end of the MS, where we see a clear
overlap between black, red and green contours, i.e., confusion between the different
morphologies. In general, W3 and W4 SFRs show similar trends for both, low
mass end and for the high mass end, although with an offset for the mean SFRs of
∼0.2 dex between W3 and W4 SFRs of the pure-spiral galaxies. In addition, the
MS based on W4 band has a flatter slope with roughly constant SF in the high
mass end. An offset spanning from 0 to ∼ −0.2 dex must be considered in the
W4-based SFRs, for consistency with other SF tracers (further details in section
3.3).
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Figura A0.1: Star Formation Plane (SFP) using SFRs from a WISE-4 band
calibration, the description is the same as in Fig. 3.4.1.
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Apéndice C

Unusual objects

In this appendix we want to show some examples where galaxies were wrongly
classified by their 2MRS morphology (Huchra et al., 2012), hence we probe here
that our morphological classification based on WISE colors can contradict the
2MRS morphology. For this purpose we first test the reliability of the 2MRS
morphology by visually examining 6 specific 2MRS types in the SDSS DR15
image query: type −5 (elliptical galaxies, morphology E5) and those with types
5 and 4 (barred spirals, type Sc and Sbc respectively), plus the 2 limits of the
transition types, S0 (type 0) and E0 (type −4). We recall that our color cutoffs
from our WISE classification correspond to W2−W3=0.7 and W2−W3=1.4 (see
main text).

First, we divide our sample of 2MRS-WISE galaxies in different lists depending on
their WISE color classification, with colors cutoffs to be specified in the following.
Here we set conservative cutoffs of W2−W3=0.5 and W2−W3=3, aiming to ensure
that we will find only well-defined morphologies. Thus, we classify galaxies as
spirals by their colors W2−W3>3, or as ellipticals if they have colors W2−W3<0.5.
In the case of Sc/Sbc spirals, we set a secondary limit of W2−W3=1, which is
roughly the limit where ellipticals and spirals overlap in the WISE color-color
diagram of Jarrett et al. (2011), implying that W2−W3=1 is a transition limit
where we expect to find mostly well-defined lenticulars and/or dusty spirals. Due
to a small size of the Sbc spiral sample (less than 20 objects in both limits), we
have included some Sc type spirals in the same sample of Sbc spirals.

As a second step, we perform an online search of our listed 2MRS-WISE galaxies
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Figura A0.1: SDSS DR15 image of J104809.32+481953.5 showing a spiral and
late-type spectrum, in contradiction with its 2MRS type −5 of E5 elliptical.

on the DR15 web page, keeping only the sources with a Declination > −10◦.
These lists of galaxies start roughly with 100 galaxies but is reduced to a size of
∼50 images due to mismatches in the astrometry with 2MRS. Then, we check
out if these galaxies effectively match to the morphologies displayed in their
SDSS images. We found that 2MRS ellipticals (type −5) with colors W2−W3<0.5
have the correct morphology (i.e. they look like dusty spheroids with very few
ellipticity), but at redder colors (W2−W3>3), the morphology of these assumed
ellipticals correspond to spirals, therefore we determine that such galaxies were
wrongly classified by the 2MRS morphology. Specifically, such wrong examples
of ellipticals appear in their SDSS images having the usual spiral arm pattern,
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with some exceptions that arise from the extinction effects present in the ugriz
filters of the SDSS survey. In Fig. A0.1 we show an example of 2MRS galaxy with
a wrong morphology, this corresponds to a galaxy classified as elliptical (type
−5) by 2MRS but that was defined as spiral by their WISE colors; in this case a
spiral morphology is the correct classification, consistent with its late-type DR15
spectrum.

For the Sc spirals, we perform a search imposing the color limit W2−W3<0.5,
that is proper of ETGs, and conservative color cutoff of W2−W3>3, proper of
spiral galaxies. We found that for redder colors W2−W3>3 the images of these
2MRS Sc spirals are morphologically correct, showing clear spiral arms and a
well defined nucleus. Conversely, if we change to bluer colors (W2−W3<0.5), we
observe mostly unexpected dusty halos with lenticular shapes, and we attribute
this problem to extinction effects on SDSS filters. Therefore, here we have the
opposite to the first example: an object wrongly classified as Sc spiral by 2MRS
has been visually confirmed as an elliptical by its DR15 image and early-type
spectrum, as it is shown in Fig. A0.2. In the case of 2MRS Sbc types, we obtained
the same results as in Sc types. Additionally, we investigate Sc/Sbc spirals close
to the limit W2−W3=1, where we see mostly dusty lenticular shapes below and
bluer spiral shapes above this color limit, suggesting this is a sharp limit to classify
our spiral galaxies by colors.

Now we test transition morphologies on DR15 corresponding to SO and EO
galaxies. SO (2MRS type 0): we only see lenticular morphologies (plus very few
ellipticals) in colors W2−W3<0.5, and blue spirals for W2−W3>3 colors, so we
have that type 0 fails in describing galaxies at lower WISE colors where we expect
to find mostly elliptical galaxies. EO (type −4): colors with W2−W3<0.5 only
show elliptical morphologies (plus a few lenticulars), whilst W2−W3>3 colors
only show spiral morphologies, although the size of the latter is relatively small
(<<100 sources). Thus, we confirm that 2MRS morphology fails in some cases,
like type 0 galaxies at lower colors or type −4 at higher colors.

Thus, from the previous ideas presented in this section, we confirm our assumption
that the 2MRS morphology is unreliable, since its classification fails in some cases,
when we check their DR15 images. Hence, we use our own method based on WISE
colors to make a more reliable classification of the 2MRS galaxies.
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Figura A0.2: SDSS DR15 image of J081002.49+225141.6 showing a
lenticular/elliptical and early-type spectrum, in contradiction with its 2MRS
type 4 of Sbc spiral.
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