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Chapter 1

Introduction

In the local Universe we observe a wide variety of galaxy types displaying a broad range
of structures, sizes and luminosities. Explaining how galaxies were formed and evolved
across the history of the Universe is one the main aim of observational cosmology and
answering to this fundamental question is not an easy task. Galaxies are the main blocks
of our present Universe and knowing how they assembled and evolved in time will give us
important clues about the evolution of the Universe as a whole.

Observations with increasingly accurate instruments (from photography to the modern
CCDs) have allowed us to classify galaxies based on their morphological and physical
properties. As firstly argued by Hubble (1926), galaxies can be classified in two main
morphological types: ellipticals (or spheroids) and spirals, with a further division of spirals
into those with bars and those without bars (see Fig. 1.1). Moreover, in the local Universe,
there is a well known correlation between colour and morphology. In fact, spheroids are
predominantly red in colour due to the fact that they have a very old stellar population
and little ongoing star formation, while spirals, usually characterised by being younger
and star forming galaxies are blue. Nevertheless, at higher redshifts the case is more
complicated.

elliptical nebulae

Figure 1.1: The Hubble sequence of galaxies as presented in The Realm of the Nebulae
Hubble (1956)



Is there an evolutionary link between various morphological classes of galaxies? If yes,
what are the processes that lead to morphological mutations in galaxies and how they
influence their evolution? What is the role of interactions in the evolution history of
galaxies? Which phenomena conspire to shut down star formation in galaxies?

These and many other questions arise from only looking at galaxies in our local Universe,
and many efforts have been made in the attempt to find the answers, from both the
theoretical and the observational side. In fact, galaxies are mostly made up of not
visible cold dark matter which interacts only through gravitational forces and creates
the potential well in which ordinary matter (baryons, i.e. the elements we are familiar
with) in gaseous form condenses and collapses to form stars. This baryonic matter is only a
minority percentage in the mass budget of a galaxy in form of dust, stars, gas, and planets.
Nevertheless, modelling its physics is extremely hard as baryons experience a series
of complex processes including radiative, mechanical and chemical interactions. Those
phenomena involve very different amounts of energy so that we need observations across
the whole electromagnetic spectrum to study them. Observations of either individual
galaxies, as well as large statistical samples in a wide range of wavelengths, are crucial to
improve our understanding of galaxy evolution and are important benchmarks to test the
predictions of theoretical models, which still fail to describe the precise physics regulating
the star formation and mass assembly in galaxies.

As a result of this necessity, in the past fifteen years many multi-wavelength deep surveys
have been undertaken, improving our knowledge about the properties of galaxies not only
in the local Universe, but also the intermediate and high redshift, so probing the Universe
in its earlier epochs. Astronomical surveys allow us to map the sky in different bands
and usually are focused on answering specific astrophysical questions. Many of those are
indeed focused on the evolution of galaxies and the processes of star formation within
them. Such surveys target given areas of the sky with the best available ground based
(e.g. VLT, Subaru, Keck, CFHT, ALMA, etc.) and space telescopes (HST, HErshel,
Spitzer, Chandra, etc.) and instruments, sensitive to one or more specific photometric
or spectroscopic frequency. Deep multi-wavelength surveys make possible the study
of the same systems in various bands of the electromagnetic spectrum, which greatly
improves the accuracy of the analysis. This gives us as well the possibility of testing
different diagnostic methods used to estimate galaxy properties, by comparing results in
different bands. An example of this kind of deep surveys is the Cosmic Evolution Survey
(COSMOS) Laigle et al. (2016), designed to probe the formation and evolution of galaxies
as a function of both cosmic time (redshift) and the local galaxy environment. The survey
covers a 2 square degree equatorial field with high resolution imaging FROM THE Hubble
Space Telescope (HST), as well as from X-ray to radio wavelengths, and includes a large
amount of spectroscopic data. Over 2 million galaxies are detected, spanning 75% of the
age of the Universe. Other important surveys that are worth to mention are SDSS York
et al. (2000) (for the local universe), CANDELS Santini et al. (2015), AEGIS Davis et al.
(2007) and GOODS Bauer et al. (2011) (for high redshift studies).

Fundamental quantities like the stellar mass (M,) and star formation rate (SFR) of
galaxies are now measured extensively by multi-wavelength surveys taking steps towards
our understanding of galaxy evolution and providing new challenges for theoretical models.



For instance, until recently, the high star formation rates and the ensuing stellar mass
growth of massive galaxies at early cosmic epochs was widely attributed to violent major
mergers. Nevertheless, a number of recent observational findings, based on large samples
of galaxies are changing our view of star formation in galaxies. The main and outstanding
result of those studies is the existence of a linear correlation between SFR and M, in
logarithmic scale, with a very small scatter since the majority of star forming galaxies
(SFGs) follow such correlation at all redshifts, in the literature it is referred to as the
Main Sequence (MS) of SFGs (Noeske et al., 2007b).

The aim of this thesis is to make a brief summary of the recent literature about the MS of
SFGs, highlighting the important implications it has in our understanding of how galaxies
assembled their mass across the cosmic epochs. To this purpose, I will illustrate the most
important results, and discuss the main questions still open to debate.

To study and analyse the features of the MS of SF'G it is necessary to understand how the
SFR and M, are estimated, therefore the following sections of Chapter 1 briefly describe
such methods. The central topic of this work is treated on Chapter 2 where the Main
Sequence is described, and the locus of the correlation and its free parameters are treated.
Finally on Chapter 3 I discuss the main implications of the existence of the main sequence,
and presents the summary and conclusions.

1.1 Estimating the stellar mass of galaxies

The stellar mass of a galaxy is not a directly observable quantity and, therefore, it needs
to be estimated from observational data, namely the combined light emitted by all the
stars in the galaxy. The most popular technique to convert galaxy light into stellar
mass uses Stellar Population Synthesis models to reproduce the observed spectral energy
distribution (SED) of the galaxy. It relies only on photometric data, mainly rest frame
optical and NIR bands, as the bulk of the M, is contributed by intermediate-low mass stars
with the emission peak at ~ 1.6um. Nowadays, this is a standard method for estimating
galaxy properties, and large samples of galaxies have been studied with modern broadband
photometric surveys (see e.g. SEDS Ashby et al. (2013), CANDELS Santini et al. (2015),
COSMOS Laigle et al. (2016)).

To derive a template Spectral Energy Distribution (SED), simulations start by building
up a Single Stellar Population (SSP), which is the spectrum of a group of stars originated
in a single burst of star formation with a common age and metallicity. The evolution
in time of an SSP spectrum is obtained by adding the evolution of the single spectra of
stars, given by stellar evolution theory and spectral libraries as a function of their mass
and metallicity. This integration is weighted by the Initial Mass Function (IMF), which
gives the starting distribution in mass of the stellar population.

A Composite Stellar Population (CSP) is then built by adding the spectra of two or more
SSPs of different ages. In this step of the process the ages of the SSPs that contribute to
the total M, of the galaxy at a given time, are regulated by the choice of a Star Formation
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Figure 1.2: Overview of the stellar population synthesis technique. The upper panels
highlight the ingredients necessary for constructing simple stellar populations (SSPs): an
IMF, isochrones for a range of ages and metallicities, and stellar spectra spanning a range
of Terr, Lyor, and metallicity. The middle panels highlight the ingredients necessary for
constructing composite stellar populations (CSPs): star formation histories and chemical
evolution, SSPs, and a model for dust attenuation and emission. The bottom row shows
the final CSPs both before and after a dust model is applied. From Conroy (2013)



History (SFH), which gives the evolution with time of the star formation rate. Finally, the
effect of dust in the interstellar medium needs to be included in the form of an attenuation
law. see fig. 1.2.

Therefore, one can reproduce the galaxy spectrum by fitting the multi-band photometric
data-points with the spectral templates aforementioned. Given the galaxy redshift, either
spectroscopic or photometric, the best fit SED model is chosen among the available
templates, by minimising the y? between the observed and modelled fluxes. The final
best fit result will be sensitive to a large set of variables, such as the choice of stellar
population models and IMF, the metallicity, the amount of dust and the used extinction
law (e.g. (Calzetti et al., 2000; Allen, 1976; Seaton, 1979; Fitzpatrick, 1986; Prevot et al.,
1984))

Finally, the stellar mass is obtained from the Mass-to-light ratio (M /L) of the best fit
SED and hence it strongly depends on the redshift, age and SFH of the model. In this
step, the redshift information is set as an input parameter, in order to minimise the
number of free parameters and produce reliable results for the galaxy stellar mass. The
most used IMF in the literature are the Salpeter (1955); Chabrier (2003); Kroupa (2001),
IMFs. The impact of Kroupa and Chabrier IMFs is similar in the resulting values of
mass, while Salpeter IMF is observed to produce masses larger by a factor between ~ 1.7
and 2 with respect to the others. In terms of the reddening law, the most used in recent
literature is the Calzetti et al. (2000). The SFH is the most uncertain parameter in
the SED-fitting and, as a consequence, it produces an uncertainty in the computation of
M,. Another important source of uncertainty is the quality of the photometry and its
wavelength coverage. Particularly important for an accurate estimate of the stellar mass
is the inclusion of rest frame NIR data in the fit, as mentioned before the intermediate-low
mass stars make up the bulk of the galaxy M, and have the peak of emission in the NIR
so that including these bands in the SED-fitting is crucial for a proper derivation of M,.
Uncertainties are usually estimated applying the codes to mock catalogues, for example
Mobasher et al. (2015) found that a typical uncertainty in M, estimates is ~ 0.2dex.

The following two figures show the results for SED fittings of galaxies at different redshift.
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Figure 1.3: Examples of SED-fit results for four BOSS galaxies, in order of increasing

spectroscopic redshifts from top left to bottom right.

The red

and blue lines display

the best-fitting models and labels show log M, /M), age (Gyr), reduced x?, as obtained
using the LRG-passive and the star-forming (SF) templates, respectively. Spectroscopic
redshifts and median photometric S/N are indicated. From Maraston et al. (2013)
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Figure 1.4: Four example galaxies from a sample with SED fits that do include nebular
emission lines (blue curves) and do not include emission lines (black curves). Circles are
the observed photometry and diamonds (squares) are the fluxes of the best-fit SED with
(without) emission lines. All objects were fit assuming a constant star formation history
and starburst-like dust-attenuation. From Salmon et al. (2015).



1.2 The Star Formation Rate

The star formation rate is the total mass of stars formed per year, often given as solar
masses per year. The usual way to estimate such a rate is to derive it from monochromatic
or integrated luminosity measured at wavelengths that are characteristic of young stellar
populations. The aim is to sample the youngest stars avoiding as much as possible any
old population or contributions from other sources in the galaxy. Each selected band
or wavelength probes a slightly different population, and therefore a different time scale,
for example H, emission is produced by recombination in HII regions that have been
photoionized by early-type stars with lifetimes < 20Myr, while the UV continuum comes
from a wider range of massive stars with longer lifetimes (~ 108yr).

SFR indicators cover a wide range of bands and monochromatic wavelengths from the X
rays, to the radio and for each of them a relation between the SFR and the measured
luminosity has been calibrated, assuming an IMF and an appropriate SFH. In fact, most
synthesis models provide relations between the SFR per unit mass or luminosity and the
integrated colour of the population. In what follows I will describe the most common
tracers of SFR, mentioning the time scales they sample and the sources of uncertainty in
each case.

e The Ultraviolet ~ (1500 — 2800) A

This is the natural direct tracer of SFR as the youngest and most massive stars
(> 5M,) have their peak of emission in the ultraviolet. It is usually considered that
the SFR remains constant over time-scales bigger than the life times of these stars.
Consequently, UV emission, ideally at A € (1250—2500)A  Kennicutt (1998), traces
stars formed over the past 10 —200Myr and it is proportional to the SFR, where the
proportionality constant depends on the IMF. The most significant uncertainties in
this diagnostic lie in the needed corrections for dust attenuation and the dependence
on the IMF. Other less significant uncertainties are carried by the absorption of UV
light due to the metal content in the galaxy or the UV emission by an AGN.

The highest advantage of this tracer is that it relies only on photometric data, which
is widely available in a broad range of redshifts, allowing us to probe distant star
forming galaxies.

e The Optical and NIR (or recombination and forbidden lines)

In the ISM only stars with masses > 10M, and lifetimes < 20Myr contribute
significantly to photoionize the gas, therefore the emission lines produced by the
recombination processes are an instantaneous measure of a galaxy’s SFR (e.g. H,,
Hg, P, or forbidden lines: O[II] and O[IlI]). The most widely used is H,.
Calibrations of the SFR from these lines are made using evolutionary synthesis
models. These indicators rely on the assumption that the bulk of massive star
formation is traced by the ionized gas and therefore uncertainties arise from the
chosen IMF and its slope at the higher stellar masses. Additionally, these lines are
affected by dust extinction, and in the case of the forbidden lines, metallicity can
as well affect the derived SFR.



e The MID and Far Infrared

Optical and UV light produced by young stellar populations heats up the dust in
the ISM which in turns re-radiate such energy in the FIR wavelengths, making such
band a suitable tracer for SFRs. One of the advantages of this indicator is that it
can be used to complement the UV light as SFR indicator, as it accounts for the
extinguished high energy photons. As IR emission traces indirectly the UV light,
the estimated SFRs are sensitive to the same ~ 100Myr timescales. Uncertainties in
these estimations arise from the difficulty in excluding evolved populations, in fact
faint UV light produced by old low-mass stars is as well absorbed and re-emitted
by the dust with a peak in A € (100 — 150)um, additionally the presence of AGNs
emissions can as well heat the dust. Most of the available calibrations use the
integrated luminosity over the full mid and far IR spectrum, (8 — 1000)um and are
derived using synthesis models, which are affected by the chosen IMF and SFH.

e The radio

Synchrotron radio emission at 1.4GHz due to relativistic electrons from recent
supernovae explosions is a good SF tracer as it is not affected by dust. Assuming that
the correlation between the 1.4GHz radio frequencies and the total luminosity in the
IR in the local Universe still holds at high redshifts, this tracer is an indirect measure
of the bolometric IR luminosity and therefore is sensitive to similar timescales
~ 100Myr.

Combinations of these tracers in multi-wavelength surveys improve the accuracy of the
SFR estimations, e.g. by adding the SFR obtained from total TR luminosity to that
obtained from rest frame UV uncorrected by reddening, in order to estimate obscured
and unobscured star formation (Daddi et al., 2007), or combining H,, emission lines and
luminosity at 24um to derived SFR corrected by dust attenuation (Kennicutt et al., 2009).
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Chapter 2

The Main Sequence of the Star
Forming Galaxies (The MS of SFG)

2.1 Introduction

The existence of a correlation between the stellar mass and SFR in galaxies has already
been introduced in Chapter 1. This relation is sometimes referred to as the Main Sequence
of star-forming galaxies (hereafter the MS of SFG), the term coined by Noeske et al.
(2007a) in order to suggest an analogy with the well known stellar main sequence. Today,
ten years later, the term is still in use, although the validity of the analogy is not yet
complete and questions about this MS of SFG being a paradigm of galaxy evolution (as it
is the case for the stellar main sequence) persist, (see for example Eales et al. (2017, 2018);
Feldmann (2017)). Nevertheless, the MS of SFG has allowed the scientific community to
suggest some possible tracks of galaxy evolution and stellar mass assembly, which I will
describe briefly in chapter 3.

The following are some of the analogies with the stellar main sequence that have a notable
consensus:

1. Galaxies spend most of their life (in the sense of active star formation) in the so
called galactic main sequence, analogous to the fact that stars spend most of their
life in the stellar main sequence.

2. Massive Galaxies become passive faster than low mass ones similar to the fact that
massive stars have shorter lives.

3. Most galaxies seem to go through a short luminous starburst phase, which can be
paralleled with the bright phase of giants and AGB stars. In this case, such phase
could actually be the transition step to become quenched galaxies, as in the case of
stars becoming much more luminous before dying.

2.1.1 The location of galaxies in the (log M., log SFR) plane

Results from different surveys studying samples of galaxies at a given z show that in the
plane (M., SFR), it is possible to clearly identify three different populations. The main
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group is formed by the majority of star forming galaxies defining the tight main sequence,
object of this thesis. The second group is located above the MS, and it is evidently less
populated. These galaxies are called Starbursts because they have much higher SFRs
than those of “normal” star forming galaxies with the same mass sitting along the MS.
This clear division of the star forming galaxies is interpreted as the “bimodality of star
formation” (Guo et al., 2013), suggesting that there are two modes that control the growth
of a galaxy’s stellar mass: a normal mode characterised by a relatively steady rate which
defines the MS and a highly efficient mode generally interpreted as starburst driven by
mergers. Finally, the third group is formed by those systems scattered below the SF
MS, the passive or quenched galaxies that are characterised by very low or none SFRs
compared with the SFR values of the MS galaxies at the same masses.

The first studies that argued the existence of the MS were Brinchmann et al. (2004);
Noeske et al. (2007a); Elbaz et al. (2007); Daddi et al. (2007) in the local Universe (z <
0.2); and at intermediate redshifts (0.5 < z < 3), since then many others have followed
confirming the existence of the MS up to redshift ~ 6 (Whitaker et al., 2012; Salmon
et al., 2015)

In figures 2.2, 2.3, 2.1 I show the MS as obtained by the studies based on the largest
samples from some of the most important galaxy surveys (SDSS, CANDELS), both in
the local Universe and at high redshift. Fig.2.1, shows a different view of the MS of
star forming galaxies. In their paper Renzini and Peng (2015), in an effort to eliminate
discrepancies between different studies, proposed a 3D definition of the MS of SFG. This
3D version highlights the main feature of the strip obtained on the SFR, M, plane.
The third-dimension gives (the number of galaxies x SFR), hence showing where most
of the star formation takes place. The ridge of the star-forming peak is their adopted
definition of the main sequence. The small bump in the east side of the main peak is due
to quenched galaxies, some indeed still supporting a low level of star formation.

number X SFR

Figure 2.1: Three dimensional SFR, M, relation for local galaxies in the SDSS database
and 0.02 < z < 0.085. From Renzini and Peng (2015).
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Figure 2.2: SFR, M, relation for a sample of SFG (red crosses: 24um detected, black
dots; 24pm undetected). The yellow solid line is the best power-law fit to the relation,
suggesting a slope of 1 The best fit to the mean SFRs (green X) also gives the same slope
within uncertainties. The MS relations from previous works are also shown for comparison
(Noeske et al., 2007b; Elbaz et al., 2007; Daddi et al., 2007). The black dash-dotted line
with a slope of 0.64 is the best fit to the 24um detected SFG. Noeske et al. (2007b) gave a
shallower slope at the same redshift because of incomplete SFG sample selection. In this
case, the slope of the SFR, M, relation is mostly determined by the dominant population
of 24pm undetected SFG. From Guo et al. (2013)

log(SFR/[Mo yr™'])

O Medians 1

85 9.0 9.5 10.0 10.5 85 9.0 95 10.0 10.5 85 9.0 95 10.010.511.0
log(Mass/Mg) log(Mass/Mg) log(Mass/Mg)

Figure 2.3: SFR, M, relation for the CANDELS galaxy samples. The darker-shaded
regions indicate a higher number of individual objects in bins of stellar mass and SFR.
Yellow circles are medians in bins of mass and yellow error bars are their confidence range.
The median SFR of a wider, high-mass bin is also shown by the dashed black circle. The
white hatched regions mark the limit above which completeness effects become negligible.
The authors measure a slope of ~ 0.6, with no evidence for evolution over the redshift
range z ~ 6 to z ~ 4. From Salmon et al. (2015).

The general agreement is that the main sequence has an analytical expression that in
logarithmic scale is given by:
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log(SFR) = a(z)log(M,) + B(z) (2.1)

Where o and [ are the free parameters of the fit, namely the logarithmic slope and
normalisation. In general, the normalisation is well defined and there is wide consensus

about its evolution with cosmic time at fixed mass. In fact, it is related to the evolution
of the specific SFR defined as:

SFR

*

sSIFR =

[yr~'] (2.2)

which is an increasing function of redshift, due to the presence of a higher content of
gas in galaxies at earlier times. Hence, the value of § increases with redshift such as the
galaxy average sSFR. see. § 2.2.2.

The observed scatter of the MS is quiet tight and it is measured between ~ 0.2 and ~ 0.3
dex, at all redshifts, which implies that Star Formation in the majority of galaxies, at least
up to z ~ 6 (the limit of the current available data) is a fairly ordered process happening
on long time scales.

In the case of the slope « the consensus is not as wide as that for scatter and sSFR, in
fact o varies between 0.6 and 1, in different studies. (Speagle et al., 2014). see §2.2.1

In the following sections of this Chapter I will describe in more detail the parameters of
the correlation a and 3 as well as the scatter of the galaxies along the MS.

2.2 The free parameters of the MS of SFG

2.2.1 The controversial MS slope («)

The importance of «, i.e. the slope of the MS, lies in the fact that it controls the relative
growth of high-mass versus low-mass galaxies. Determining whether it evolves with
redshift and stellar mass, and the form of such evolution is crucial for our understanding
of star formation in galaxies.

As mentioned before, while the existence of the MS is generally undisputed, its slope seem
to vary significantly from one observational study to another, with typical values between
~ 0.6 and unity and its value may be a function of redshift as well (Speagle et al., 2014;
Pannella et al., 2009; Karim et al., 2011; Whitaker et al., 2012). Such differences rise
from factors like the criterion used to select SFG and the adopted SFR and stellar mass
diagnostics (Rodighiero et al., 2010, 2014; Speagle et al., 2014; Karim et al., 2011; Guo
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et al., 2013). For example Whitaker et al. (2012) found that the evolution with z of the
MS slope is given by a(z) = 0.70 — 0.13z from z ~ 0 to z ~ 2.5 while Karim et al. (2011)
found little or none 2z evolution within the same redshift range.

With regards to the differences in the slope between various studies due to the choice
of SFR indicators, one evident example is given by the comparison between UV and IR.
In fact Rodighiero et al. (2014) have shown that selecting galaxies in a passband that
is directly sensitive to the SFR (such as the rest-frame UV or the FIR) automatically
induces a Malmquist bias in favour of low-mass galaxies with above average SFR, thus
flattening the resulting SF'R — M, correlation. as seen in fig. 2.4
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Figure 2.4: The SF R, M, relation for a star forming colour selected sample, (small black
dots), for which both SFR(UV) (green open circles) and SFR(FIR) red dots are reported.
The solid line indicates the MS and the dotted line the limit SFR(UV) =4 x SFR(MS)
relation at z ~ 2. From Rodighiero et al. (2014)

Recent studies have also shown that the MS tends to flatten at high stellar masses
(log (M,/M,) > 10.5) a phenomenon called the bending of the MS. The fitted relation in
those cases has been suggested to be a double power law, one for the higher masses and
another one for the lower masses. One suggested explanation for such change in the slope
at high masses is a gradual reduction in the star formation efficiency or slow quenching,
due for example to stellar growth of quiescent bulges in star-forming galaxies. (Salmon
et al. (2015); Lee et al. (2015); Schreiber et al. (2015) see Fig.2.5).
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Figure 2.5: Median SFR in six equally populated redshift bins that have been split into 30
equally populated stellar mass bins. Solid lines represent the best-fit curve to the model,
given by a double power law. Vertical dashed line represents the stellar mass limit below
which photometry has not been well calibrated. From Lee et al. (2015)

2.2.2 The normalisation ((z)

The normalisation of the MS of SFG, £, as mentioned before, is related to the evolution
of the sSFR. In fact for the correlation given in 2.2, § will be defined as:

(2.3)

Therefore for a main sequence characterised by a unity slope, beta and the sSFR would
be the same, nevertheless most studies report a slope different than 1. It is important
here to understand the physical meaning of the sSFR as defined in Eq. 2.2, it sets a
characteristic time-scale of star formation for individual galaxies: the doubling time of
the stellar mass of individual galaxies. Sometimes this is interpreted as the present to
past average star formation of a galaxy, or birthrate at a given cosmic time, (Brinchmann
et al., 2004; Karim et al., 2011; Madau and Dickinson, 2014).

The sSFR is a declining function of cosmic time, in other words, an increasing function
of redshift for all stellar masses, confirming that the bulk of star formation happened
at earlier epochs. (Noeske et al., 2007a; Rodighiero et al., 2010). Nevertheless, recent
studies have found that this decrease becomes less prominent at redshifts higher than
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z = 3 (see Fig.2.6). Such evolution with redshift for a given stellar mass, seems to
have an exponential behaviour from z ~ 0 to z ~ 2 given by sSFR = (1 + z)", with
n € [2.8 — 3.5], as seen in fig. 2.6 where the results of different studies up to z ~ 6 for a
fixed M, are reported. Is as well visible what some studies report as a flattening or slow
increasing of the sSFR after z = 2. (Daddi et al., 2007; Ilbert et al., 2015; Karim et al.,
2011; Sargent et al., 2014). The rapid decline of the sSFR from z ~ 2 to z = 0 is largely
attributed to gas exhaustion (Noeske et al., 2007b).
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& - O Karim et al. (2011) ]
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Figure 2.6: Redshift dependence of the sSFR of SFG with stellar mass M, /M, ~ 5 x 10,
as published in the recent literature. Measurements derived based on image-stacking are
indicated with open symbols and error bars denote the uncertainty on the sSFR-average
rather than the sSFR-scatter in the population. Solid/dashed black lines the best-fit
evolution of the sSFR, dot-dashed line evolution according to (1 + 2)*® from Sargent
et al. (2014)

Fig. 2.7 also shows that the mean sSFR of star-forming sources rises with redshift, up to
a factor ~ 15 for the most massive galaxies (M, > 10" M), implying that galaxies tend
to form their stars more actively at higher redshifts. The mean sSFR seems also to flatten
at z > 1.5 for (M, > 10'%°M,). Moreover, the most massive galaxies have the lowest
sSFR at any redshifts. As shown in this figure, they have already so large stellar masses
at z = 0.7 to 2.5 that they would require steady SFR at the observed level during the
whole Hubble time at that redshift to form. In contrast with the shorter doubling times
that lower masses require now a days, this quenching of the star formation supports the
so called “downsizing paradigm”, which suggests that the bulk of star formation moves
from massive galaxies to less massive ones with time.
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Figure 2.7: sSFR, M, relation for different mass bins of SFG. The figure shows the results
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(dotted lines). Error bars denote the uncertainty on the sSFR-average rather than the
sSFR-scatter in the population. Solid/dashed black lines the best-fit evolution of the
sSFR, dot-dashed line evolution according to (1 + 2)*® from Sargent et al. (2014)

Another interesting feature of the normalisation is the way it evolves decreasing with
stellar mass at all epochs, although it seems to be almost flat for masses M, < 10'°M,.
This is even more evident when only SFG are selected, ie. excluding passive galaxies
from the sample (Karim et al., 2011). Nevertheless the majority of the studies that
include z = 2 redshifts has confirmed that at such redshift the relation is nearly mass
independent.(Karim et al., 2011; Rodighiero et al., 2010) see fig. 2.8.

-0.5F

log(SSFR [1/Gyr])
|

|
Zx
w
T

Star forming Galaxies

I
2
=]

9.5 10.0 10.5 11.0 9.5 10.0 10.5 11.0
Iog(M- [MSun])

Figure 2.8: Radio-stacking-based measurement of the SSFR as a function of stellar mass
at 0.2 < z < 3.0. From Karim et al. (2011)
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2.2.3 The Scatter

One of the impressive consensus among different studies is that the width of the MS
strip is relatively small, i.e. the range of SFRs that SFG of the same mass span at a
given redshift is contained within a small scatter, generally between ~ 0.2 and 0.3dex
(Whitaker et al., 2012; Schreiber et al., 2015; Noeske et al., 2007a) among many others.
Moreover the scatter seems to be the same at all redshifts. Studies based on large and
unbiased samples of star-forming galaxies have also shown that the measured scatter in
the MS is mostly caused by intrinsic differences in sSFR, and marginally contributed by
observational uncertainties (Salmi et al. 2012). Different sSFR are in turn related to
variations in the galaxy star formation history (SFH), which involve gas accretion and
physical processes triggering or quenching the star formation ( Guo et al. 2013). Hence,
the principal implication of the observed small scatter of the correlation SF'R — M, is
that star formation in the majority of galaxies, at least up to z ~ 6, is a fairly ordered
process occurring with long timescales in a quasi steady mode, as opposed to stochastic
processes like starbursts, possibly due to mergers.
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From Rodighiero et al. (2011)

In fact, it has been showed in recent studies that starbursts play a minor role for the
formation of stars in galaxies, since they represent only a few percentage of the star
forming population and contribute only to ~ 10 — 15% to the cosmic SFR density of the
Universe at all redshifts see fig. 2.9(Rodighiero et al., 2011; Schreiber et al., 2015). These
results suggest that two different modes of star formation may be responsible for the
growth of stellar mass in galaxies. The first one is a steady and secular mode, present in
most star forming galaxies, in which cold gas is provided fuelling constant star formation.
The second one less frequent, in which hot gas, most probably provided by mergers,
eventually triggers high rates of star formation in short burst episodes.
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Chapter 3

Conclusions: Implications of the
existence of the MS of SFG

It is clear that huge progress has been made in the last fifteen years in the galaxy star
formation and mass assembly history thanks to the availability of the many multi-wavelength
surveys. In this thesis I review and describe one of the most relevant results of the last
decade in the field of galaxy formation and evolution: the existence of the Main Sequence
of the Star Forming Galaxies. Its major role has been to shed light on how star formation
proceeds in galaxies over cosmic time. Therefore, as a final conclusion to this review I
summarize here the implications of its existence.

One outstanding result of the observations reported in the many studies mentioned in
the chapters above is that the Universe at high redshifts (up to z ~ 6) is populated by
very actively star forming galaxies with SFRs = 100 [M, /yr| being quiet common. This
is a surprising picture when compared with our local Universe, where such high SFRs
are characteristic of only a few number of systems called Starburst. Such galaxies in
our local Universe, are considered to be in a relatively short and temporary process of
enhanced star formation. Therefore the above mentioned observational results seemed to
suggest that the majority of star-forming galaxies observed at high z were caught in a
transient process, which is very unlikely. The study of the MS of SFG has solved this
problem, probing that higher SFRs were the norm in the distant Universe. Nevertheless,
starburst galaxies (with SFR ~ 10 times higher than MS galaxies) also exist at high
redshift, and it is still unsolved how they take place and evolve and what triggers their
star formation, although merger events seem to be the strongest candidate. However, they
just represent a small percentage (~ 2%) of the global star-forming galaxy population,
and their contribution to the total star formation rate density (and galaxy mass assembly)
is only ~ 10 — 15% at all redshifts.

The relatively small scatter found in studies about the main sequence, has a profound
consequence in the history of star formation in galaxies as it means that the majority of
star forming galaxies remain on the main sequence for most of their life, meaning that
there is one principal mode of star formation in galaxies. This in conjunction with the
fact that the slope of the log SF'R versus log M, relation for only star forming galaxies is
almost constant over cosmic time, implies that such process is a fairly ordered one taking
place during long periods of time i.e. nearly the whole active life of the galaxy.
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The evolution of the MS normalisation with redshift for different stellar masses, shows how
the bulk of star formation is moving from massive galaxies to lower mass ones. Massive
galaxies formed their stars earlier and more rapidly than their low mass counterparts,
confirming the “downsizing scenario” proposed by Cowie et al. (1996).

Finally, in the introduction of Chapter 2 I mentioned how the name of the MS of SFGs
was chosen as a reminder of the analogy and interesting parallel that may be present
between the Stellar Main Sequence and Galaxy evolution on the SF'R and M, plane. In
fact the dependence of SFR on stellar mass allows us to imagine that a galaxy can move
along the plane as a result of the different physical processes that shape its evolution.
Therefore, some tracks have already been proposed for the evolution of galaxies in the
(SFR, M,) plane, as shown in the cartoon in fig. 3.1.

THE STAR FORMING MAIN SEQUENCE

Isolated
disk: may
or may not

Gas-rich phase,
SB+ AGN: winds
quench SF l

merger?

STAR FORMATION RATE

Red and
Dead

STELLAR MASS

Elliptical
galaxy

Figure 3.1: Summary of the episodes that a source could experience along the (SFR, M,).
Courtesy of C.Gruppioni

Although the discussion of the characteristics of the other two populations present in
the plane (SFR, M.) is beyond the scope of this thesis, it is clear that they may have
some evolutionary connection with the “normal” star-forming galaxies that populate the
MS. This is one of the main features shown in fig. 3.1. In this picture, galaxies evolve
along the MS, their star formation being fuelled by continuous flows of cold gas from
the cosmic web (gas inflows). However, some events could bring them off-MS in the
starburst or passive (i.e., red and dead) regions. For instance, it has been proposed that
a major merger could produce an enhancement of star formation, bringing galaxies up
to the starburst locus. On the other hand, a star -forming (normal or starburst) galaxy
could rapidly exhaust its gas, due to strong AGN feedback, or other processes, then falling
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into the passive galaxy region. Further studies are needed to test these interpretations,
and in particular to understand the nature of starbursts galaxies and their link with the
other two populations. Another important point to clarify is the role of AGNs in the
exhaustion of gas within their hosts. Finally, the environment in which galaxies form and
evolve can contribute to feed or deplete gas into/from the galaxy, therefore affecting the
star formation within. Hence, studies of galaxy clusters are also crucial to understand
how the intergalactic and interstellar medium affect the evolution of a Galaxy.
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