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Abstract

It is not well understood what processes regulate the global formation of stars in galaxies throughout
cosmic history. My work aims to measure the structural evolution of star-forming galaxies (SFGs),
from the present back to when the Universe was ten percent of its current age. I focus on the population
of massive SFGs with a total stellar mass that is one to ten times that of the Milky Way. I investigate
possible differences in physical processes that regulate star formation throughout cosmic history, to
address why typical massive galaxies in the early Universe formed stars an order of magnitude more
intensely than today.

I analyze observations at sub-millimeter-to-radio wavelengths of a large sample of 3184 massive
SFGs in the COSMOS field. I inspect the spatial distribution of star formation (traced by radio
continuum emission) in galaxies of the sample, and investigate how their molecular gas content (traced
by carbon monoxide line emission) affected the star formation activity. I find that over the past 10Gyr
(redshift < 2) star formation in typical massive SFGs occurred out to large radii, strengthening the
(previously) proposed scenario whereby typical massive SFGs are rotating disks with widespread star
formation activity. On the other hand, I find that massive SFGs with enhanced star formation rates
show more compact activity, which is consistent with expectations that star formation here is triggered
by galaxy mergers that induce nuclear starbursts. I find that over the past 10Gyr, the star formation
rate per unit area in massive SFGs has declined at a rate that is related to the molecular gas content.
In the early Universe, typical massive SFGs converted molecular gas into stars more efficiently than
present-day galaxies do.

I present detailed studies of two massive SFGs in the very early Universe (12.5Gyr ago, redshift
= 4.5) that show extended, gas-rich disks with very high star formation rates and elevated star formation
efficiencies, similar to that observed in present-day, merger-driven starbursts. Apparently, at these
early epochs, strong gas accretion from the intergalactic medium fed unstable, gas-rich disks that
broke into giant clumps that formed stars at high rates. I also show that in the very early Universe, the
high star formation rate of satellite galaxies around massive SFGs drove large-scale outflows, which
prevented further gas accretion and thus might have suppressed star formation in such companion
galaxies.

I conclude that throughout most of cosmic history, star formation in typical massive SFGs was
primarily regulated by the smooth accretion of cold gas from the intergalactic medium, which
sustained steady star formation activity in extended, rotating disks. The more intense star formation in
early galaxies resulted from their larger gas reservoirs, which were distributed across fragmenting,
gravitationally unstable disks. In this respect, the stellar birthrate and star formation efficiency of
typical massive SFGs in the early Universe were similar to those observed in local, merger-driven
(maximal) starbursts.
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CHAPTER 1

Galaxy Formation and Evolution: an overview

Throughout history, humankind has been intrigued by the nature of the cosmos and our place in it.
This curiosity has been driven by particular questions such as: how and when did the Universe start?
what is its composition? how do galaxies, stars and planets form? Astronomy –the oldest of the natural
sciences– has become our instrument to address such fundamental questions, enabling us to unveil a
vast number of galaxies close to the Milky Way and beyond. It was only until recently, however, that
powerful telescopes were able to explore farther back into the history of the Universe. These deep
observations now allow us to explore the conditions for galaxy formation and the mechanism that
drive the evolution of galaxies throughout cosmic time – the key goal of this Ph.D. thesis work.

This chapter is devoted to introducing the observational evidence and theoretical models that laid
the foundation of our modern view of galaxy formation and evolution. To this end, in Sect. 1.1, we
first summarize the history of cosmic structure formation, starting from the primordial fluctuations of
the Universe until the re-ionization era during which the first galaxies emerged. Then, in Sect. 1.2, we
describe the selection techniques used to identify distant galaxies, as well as the methods employed to
determine their fundamental properties such as star formation rate and stellar mass. All those elements
are integrated into Sect. 1.3, where we describe the current picture on how star formation, and thus
galactic stellar mass growth, is regulated in galaxies throughout cosmic time. Lastly, the aims and
structure of this Ph.D. thesis are given in Sect. 1.4.
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Chapter 1 Galaxy Formation and Evolution: an overview

1.1 From the Big Bang to the birth of galaxies

From a cosmological perspective, galaxies are considered as the cosmic building blocks of the
Universe. Consequently, the research of galaxy formation and evolution has acquired special relevance
to disclose the composition and timeline of the Universe. This section provides a brief review on
those observational and theoretical studies that have explored the conditions for structure formation in
the Universe, as well as the mechanisms that govern the evolution of the primeval galaxies. These
elements provide a basis to revise, in the sections that follow, the contemporary paradigm of galaxy
evolution, which has been partially formulated through observational studies of distant galaxies.

1.1.1 How did it all begin?

The evolution of the Universe is being described within the framework of the so-called ΛCDM
(or "concordance") cosmological model (see Bull et al., 2016, for a review). Apart from ordinary
(baryonic) matter, the ΛCDM model predicts two more components of the Universe: dark energy (Λ)
and Cold Dark Matter (CDM). While the former is thought to be the responsible for the accelerating
expansion of the Universe, the latter is an hypothetical form of matter that only interact through gravity
(i.e., it remains dark) and aids the formation of structure in the Universe. According to this modern
picture of cosmology, the Universe started ∼13.7 billion years ago with the Big Bang (e.g., Gorbunov
& Rubakov, 2011) as a hot and dense singularity where the dominant form of energy was radiation.
Within a fraction of a second the Universe underwent a period of accelerated expansion called
“inflation”, which transformed quantum fluctuations in the field driving inflation into macroscopic
density fluctuations (e.g., Guth, 1981; Liddle & Lyth, 2000). After the inflationary period, the
Universe continued to expand – albeit at a much lower rate – and cool. Once the temperature dropped
below T ∼ 3000K (at redshift1 ∼ 1100), the Universe entered the “recombination" epoch during which
electrons and protons were able to recombine into neutral hydrogen atoms (HI), while photons traveled
in space without being absorbed or diffused by matter (i.e., the mean free path of photons increased
dramatically). Density fluctuations in the primordial plasma, produced at the end of inflation, grew
under the effect of gravity and led to the production of “dark matter” halos; settling the sites where
star formation and subsequent galaxy formation took place (see Springel et al., 2006; Mo et al., 2010;
Schneider, 2015, for a review).

Although the idea of a hot Big Bang is mainly based on theoretical considerations, there is
robust observational evidence that support this model. The earliest indication of the Big Bang
came from the correlation between distance and radial velocity of nearby galaxies (Hubble, 1929),
which was subsequently interpreted as evidence of an expanding Universe. In addition, the “Big
Bang nucleosynthesis theory” (e.g., Mathews et al., 2018) successfully reproduces the observed
abundances of the lightest elements in the Universe – like hydrogen, deuterium, helium and lithium
(e.g., Burles et al., 1999; Cyburt et al., 2016). The Big Bang model is mainly sustained by the
detection of the Cosmic Microwave Background (CMB) radiation (e.g., Penzias & Wilson, 1965;
Gawiser & Silk, 2000; Hu & Dodelson, 2002), which is composed of photons that last interacted with
1 The electromagnetic spectrum of distant celestial objects is shifted towards longer wavelengths as the radiation travel
across an expanding the Universe. Thus, the redshift, z, is a measure of the distance to a galaxy and/or of the lapse of
time between the instant of emission and that of observation.
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Fig. 11. Planck 2015 temperature power spectrum. At multipoles ` � 30, we show the maximum-likelihood, frequency-averaged temperature
spectrum computed from the cross-half-mission likelihood, with foreground and other nuisance parameters determined from the MCMC analysis of
the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum from the Commander component-separation algorithm
computed over 94% of the sky. The best-fit base ⇤CDM theoretical spectrum fitted to the PlanckTT+lowP likelihood is plotted in the upper panel.
Residuals with respect to this model are shown in the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2016).

Fig. 12. Frequency-averaged T E (left) and EE (right) spectra, not corrected for T -to-P leakage (see text). The theoretical T E and EE spectra
plotted in the upper panels are computed from the best-fit model of Fig. 11. Residuals with respect to this theoretical model are shown in the lower
panels. The error bars show ±1� uncertainties. The green lines in the lower panels show the best-fit temperature-to-polarization leakage model,
fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2016).

particular parameters (e.g., reionization optical depth or certain
extensions to the base ⇤CDM model) by including new polar-
ization data.

8.2.3. Peaks in the power spectra

The fidelity with which Planck has measured the CTT
` , CT E

` , and
CEE
` power spectra enables us to estimate precisely the underly-

ing cosmological parameters (see Sect. 10), but the C`s are them-
selves a set of cosmological observables, whose properties can
be described independently of any model. The acoustic peaks
in the C`s reveal the underlying physics of oscillating sound

waves in the coupled photon-baryon fluid, driven by dark matter
potential perturbations, and one can talk about the fundamental
mode, the first harmonic, and so on. Hence it is natural to ask
about the positions of the individual peaks in the power spectra
as empirical information that becomes part of the canon of facts
now known about our Universe.

Here we use the Planck data directly to fit for the multipoles
of individual features in the measured TT , T E, and EE power
spectra. We specifically use the CMB-only bandpowers given
in Planck Collaboration XI (2016), adopting the same weighting
scheme within each bin. Fitting for the positions and amplitudes
of features in the bandpowers is a topic with a long history, with
approaches becoming more sophisticated as the fidelity of the
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Fig. 11. Planck 2015 temperature power spectrum. At multipoles ` � 30, we show the maximum-likelihood, frequency-averaged temperature
spectrum computed from the cross-half-mission likelihood, with foreground and other nuisance parameters determined from the MCMC analysis of
the base �CDM cosmology. In the multipole range 2 � ` � 29, we plot the power spectrum from the Commander component-separation algorithm
computed over 94% of the sky. The best-fit base �CDM theoretical spectrum fitted to the PlanckTT+lowP likelihood is plotted in the upper panel.
Residuals with respect to this model are shown in the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2016).

Fig. 12. Frequency-averaged T E (left) and EE (right) spectra, not corrected for T -to-P leakage (see text). The theoretical T E and EE spectra
plotted in the upper panels are computed from the best-fit model of Fig. 11. Residuals with respect to this theoretical model are shown in the lower
panels. The error bars show ±1� uncertainties. The green lines in the lower panels show the best-fit temperature-to-polarization leakage model,
fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2016).
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Figure 1.1: Left panel: CMB temperature map (5 arcmin resolution) derived from Planck observations. Right
panel: CMB angular power spectrum, expressed in terms of D` = `(` + 1)C`/2⇡. The error bars correspond to
the ±1� uncertainties. The red line shows the best-fit base ⇤CDM theoretical spectrum, while the residuals are
presented in the bottom panel (Planck Collaboration et al., 2016).

(Komatsu et al., 2011), Planck (Planck Collaboration I, 2014) and many other ground based telescopes,
it has been possible to detect fluctuations in the CMB temperature of the order of �T/T ⇠ 10�5.
Since those temperature anisotropies trace primordial density inhomogeneities of the Universe, char-
acterizing the CMB in detail has become essential to unveil the initial conditions of structure formation.

The CMB anisotropy distribution defined as ⇥ (n̂) ⌘ �T/T (n̂), where n̂ = (✓, �) is a particular
direction on the sky, can be expressed as a series of spherical harmonics (Ylm):

⇥ (n̂) =
’
`,m

a`mỲ m(n̂), (1.1)

where the a`m are the expansion coe�cients of the temperature anisotropy. The CMB angular power
spectrum is then given by C` = h|a`m |2i (Fig. 1.1). Essentially, this spectrum characterizes the
amplitudes of the CMB temperature fluctuations as a function of their angular size on the sky, and
contains information on the geometry, structure, and matter composition of the Universe (e.g., Gawiser
& Silk, 2000; Hu & Dodelson, 2002; Mo et al., 2010, and references therein). For instance, in the
case of an open/hyperbolic (or closed/spherical) Universe, a given angular size on the sky would
correspond to a larger (smaller) spatial scale with respect to a “flat" Euclidean Universe. Consequently,
the location of the peaks of the CMB spectrum becomes highly sensitive to the spatial curvature of the
Universe. The relative heights of the peaks, on the other hand, provides information on the baryon and
dark matter content that gave rise to (and shaped) overdense regions in the Universe before/during the
recombination epoch.

Thanks to the characterization of the CMB, and other large-scale structure datasets like galaxy
redshift (z1) surveys, it has been possible to determine key cosmological parameters that provide a

1 The electromagnetic spectrum of distant celestial objects is shifted towards longer wavelengths as the radiation travel
across an expanding the Universe. Thus, the redshift is a measure of the distance to a galaxy and/or of the lapse of time
between the instant of emission and that of observation.
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Fig. 11. Planck 2015 temperature power spectrum. At multipoles ` � 30, we show the maximum-likelihood, frequency-averaged temperature
spectrum computed from the cross-half-mission likelihood, with foreground and other nuisance parameters determined from the MCMC analysis of
the base �CDM cosmology. In the multipole range 2 � ` � 29, we plot the power spectrum from the Commander component-separation algorithm
computed over 94% of the sky. The best-fit base �CDM theoretical spectrum fitted to the PlanckTT+lowP likelihood is plotted in the upper panel.
Residuals with respect to this model are shown in the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2016).

Fig. 12. Frequency-averaged T E (left) and EE (right) spectra, not corrected for T -to-P leakage (see text). The theoretical T E and EE spectra
plotted in the upper panels are computed from the best-fit model of Fig. 11. Residuals with respect to this theoretical model are shown in the lower
panels. The error bars show ±1� uncertainties. The green lines in the lower panels show the best-fit temperature-to-polarization leakage model,
fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2016).
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Figure 1.1: Left panel: CMB temperature map (5 arcmin resolution) derived from Planck observations. Right
panel: CMB angular power spectrum, expressed in terms of D` = `(` + 1)C`/2⇡. The error bars correspond to
the ±1� uncertainties. The red line shows the best-fit base ⇤CDM theoretical spectrum, while the residuals are
presented in the bottom panel (Planck Collaboration et al., 2016).

(Komatsu et al., 2011), Planck (Planck Collaboration I, 2014) and many other ground based telescopes,
it has been possible to detect fluctuations in the CMB temperature of the order of �T/T ⇠ 10�5.
Since those temperature anisotropies trace primordial density inhomogeneities of the Universe, char-
acterizing the CMB in detail has become essential to unveil the initial conditions of structure formation.

The CMB anisotropy distribution defined as ⇥ (n̂) ⌘ �T/T (n̂), where n̂ = (✓, �) is a particular
direction on the sky, can be expressed as a series of spherical harmonics (Ylm):

⇥ (n̂) =
’
`,m

a`mỲ m(n̂), (1.1)

where the a`m are the expansion coe�cients of the temperature anisotropy. The CMB angular power
spectrum is then given by C` = h|a`m |2i (Fig. 1.1). Essentially, this spectrum characterizes the
amplitudes of the CMB temperature fluctuations as a function of their angular size on the sky, and
contains information on the geometry, structure, and matter composition of the Universe (e.g., Gawiser
& Silk, 2000; Hu & Dodelson, 2002; Mo et al., 2010, and references therein). For instance, in the
case of an open/hyperbolic (or closed/spherical) Universe, a given angular size on the sky would
correspond to a larger (smaller) spatial scale with respect to a “flat" Euclidean Universe. Consequently,
the location of the peaks of the CMB spectrum becomes highly sensitive to the spatial curvature of the
Universe. The relative heights of the peaks, on the other hand, provides information on the baryon and
dark matter content that gave rise to (and shaped) overdense regions in the Universe before/during the
recombination epoch.

Thanks to the characterization of the CMB, and other large-scale structure datasets like galaxy
redshift (z1) surveys, it has been possible to determine key cosmological parameters that provide a

1 The electromagnetic spectrum of distant celestial objects is shifted towards longer wavelengths as the radiation travel
across an expanding the Universe. Thus, the redshift is a measure of the distance to a galaxy and/or of the lapse of time
between the instant of emission and that of observation.
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Fig. 11. Planck 2015 temperature power spectrum. At multipoles ` � 30, we show the maximum-likelihood, frequency-averaged temperature
spectrum computed from the cross-half-mission likelihood, with foreground and other nuisance parameters determined from the MCMC analysis of
the base �CDM cosmology. In the multipole range 2 � ` � 29, we plot the power spectrum from the Commander component-separation algorithm
computed over 94% of the sky. The best-fit base �CDM theoretical spectrum fitted to the PlanckTT+lowP likelihood is plotted in the upper panel.
Residuals with respect to this model are shown in the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2016).

Fig. 12. Frequency-averaged T E (left) and EE (right) spectra, not corrected for T -to-P leakage (see text). The theoretical T E and EE spectra
plotted in the upper panels are computed from the best-fit model of Fig. 11. Residuals with respect to this theoretical model are shown in the lower
panels. The error bars show ±1� uncertainties. The green lines in the lower panels show the best-fit temperature-to-polarization leakage model,
fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2016).
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Figure 1.1: Left panel: CMB temperature map (5 arcmin resolution) derived from Planck observations. Right
panel: CMB angular power spectrum, expressed in terms of D` = `(` + 1)C`/2⇡. The error bars correspond to
the ±1� uncertainties. The red line shows the best-fit base ⇤CDM theoretical spectrum, while the residuals are
presented in the bottom panel (Planck Collaboration et al., 2016).

(Komatsu et al., 2011), Planck (Planck Collaboration I, 2014) and many other ground based telescopes,
it has been possible to detect fluctuations in the CMB temperature of the order of �T/T ⇠ 10�5.
Since those temperature anisotropies trace primordial density inhomogeneities of the Universe, char-
acterizing the CMB in detail has become essential to unveil the initial conditions of structure formation.

The CMB anisotropy distribution defined as ⇥ (n̂) ⌘ �T/T (n̂), where n̂ = (✓, �) is a particular
direction on the sky, can be expressed as a series of spherical harmonics (Ylm):

⇥ (n̂) =
’
`,m

a`mỲ m(n̂), (1.1)

where the a`m are the expansion coe�cients of the temperature anisotropy. The CMB angular power
spectrum is then given by C` = h|a`m |2i (Fig. 1.1). Essentially, this spectrum characterizes the
amplitudes of the CMB temperature fluctuations as a function of their angular size on the sky, and
contains information on the geometry, structure, and matter composition of the Universe (e.g., Gawiser
& Silk, 2000; Hu & Dodelson, 2002; Mo et al., 2010, and references therein). For instance, in the
case of an open/hyperbolic (or closed/spherical) Universe, a given angular size on the sky would
correspond to a larger (smaller) spatial scale with respect to a “flat" Euclidean Universe. Consequently,
the location of the peaks of the CMB spectrum becomes highly sensitive to the spatial curvature of the
Universe. The relative heights of the peaks, on the other hand, provides information on the baryon and
dark matter content that gave rise to (and shaped) overdense regions in the Universe before/during the
recombination epoch.

Thanks to the characterization of the CMB, and other large-scale structure datasets like galaxy
redshift (z1) surveys, it has been possible to determine key cosmological parameters that provide a

1 The electromagnetic spectrum of distant celestial objects is shifted towards longer wavelengths as the radiation travel
across an expanding the Universe. Thus, the redshift is a measure of the distance to a galaxy and/or of the lapse of time
between the instant of emission and that of observation.
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Figure 1.1: Left panel: CMB temperature map (5 arcmin resolution) derived from Planck observations. Right
panel: CMB angular power spectrum, expressed in terms of D` = `(` + 1)C`/2π. The error bars correspond to
the ±1σ uncertainties. The red line shows the best-fit base ΛCDM theoretical spectrum, while the residuals are
presented in the bottom panel (Planck Collaboration et al., 2016).

the matter at the epoch of recombination. As the Universe expanded and cooled, this background
of thermal radiation has reached a temperature of ∼ 2.73K at the present time (Fig. 1.1). With
the development of sensitive space-born instruments such as COBE (Bennett et al., 1996), WMAP
(Komatsu et al., 2011), Planck (Planck Collaboration I, 2014) and many other ground based telescopes,
it has been possible to detect fluctuations in the CMB temperature of the order of ∆T/T ∼ 10−5.
Since those temperature anisotropies trace primordial density inhomogeneities of the Universe, char-
acterizing the CMB in detail has become essential to unveil the initial conditions of structure formation.

The CMB anisotropy distribution defined as Θ (n̂) ≡ ∆T/T (n̂), where n̂ = (θ, φ) is a particular
direction on the sky, can be expressed as a series of spherical harmonics (Ylm):

Θ (n̂) =
∑
`,m

a`mỲ m(n̂), (1.1)

where the a`m are the expansion coefficients of the temperature anisotropy. The CMB angular power
spectrum is then given by C` = 〈|a`m |2〉 (Fig. 1.1). Essentially, this spectrum characterizes the
amplitudes of the CMB temperature fluctuations as a function of their angular size on the sky, and
contains information on the geometry, structure, and matter composition of the Universe (e.g., Gawiser
& Silk, 2000; Hu & Dodelson, 2002; Mo et al., 2010, and references therein). For instance, in the
case of an open/hyperbolic (or closed/spherical) Universe, a given angular size on the sky would
correspond to a larger (smaller) spatial scale with respect to a “flat" Euclidean Universe. Consequently,
the location of the peaks of the CMB spectrum becomes highly sensitive to the spatial curvature of the
Universe. The relative heights of the peaks, on the other hand, provides information on the baryon and
dark matter content that gave rise to (and shaped) overdense regions in the Universe before/during the
recombination epoch.

Thanks to the characterization of the CMB, and other large-scale structure datasets like galaxy
redshift (z) surveys, it has been possible to determine key cosmological parameters that provide a
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Chapter 1 Galaxy Formation and Evolution: an overview

global description of the Universe. The density parameter (Ω0), in particular, quantifies the average
density of baryonic (Ωb) and dark matter (Ωc) in the Universe, whereas ΩΛ represent the dark energy
density. The Hubble constant (H0) describes the present rate of the expansion of the Universe. Current
estimates give a flat Universe with Ωb = 0.0493 ± 0.0010, Ωc = 0.264 ± 0.011, ΩΛ = 0.685 ± 0.007,
H0 = 67.4 ± 0.5 and age of the Universe of 13.797 ± 0.023 gigayear (Gyr; Planck Collaboration et al.,
2018).

1.1.2 Structure formation in the Universe: dark matter halos

After the recombination epoch (i.e. z . 1100), the Universe was filled with neutral hydrogen gas
and there were no radiation sources apart from the CMB. During this “dark epoch” of the Universe,
primordial density fluctuations collapsed and formed gravitationally bounded halos. The growth
of those fluctuations can be understood in the framework of perturbation theory for a fluid in a
gravitational field (see Peebles & Harrison, 1994; Mo et al., 2010). In this approach, a perturbation
in space and time grows against an average background of matter density ρ̄. In the case of small
perturbations, i.e., when the density contrast (δ = (ρ − ρ̄)/ρ̄)) is less than 1, it is possible to linearize
(and simplify) the equations that govern the motion of fluids in a gravitational field. This linear regime
is valid, for example, at the epoch of recombination when the fluctuations were of the order of 10−5.
To explain the large inhomogeneities we observe in the Universe, where δ >> 1, a full solution for the
non-linear equations is required.

Using a spherically symmetric density perturbation, Press& Schechter (1974) presented an analytical
description of the non-linear growth of cosmic structure. They proposed to smooth a field of linear
density perturbations and identify overdense regions (i.e., peaks) above a certain density threshold
(δc ∼ 1.69), which subsequently collapse and form dark matter halos. This formalism allows us to
estimate the Halo Mass Function (HMF), that is, the number density of halos between mass Mh and
Mh + dMh at redshift z:

n(Mh, z)dMh =

√
2
π

ρ̄

M2
h

νe−ν
2/2

���� d ln(ν)
d ln(Mh)

���� dMh, (1.2)

where ν = δc/σ and σ is the rms density fluctuation. Qualitatively, the HMF predicts a large number
of small halos that far exceeds the abundance of massive ones. Numerical simulations have shown
that the Press & Schechter HMF is reasonably accurate at z = 0 (e.g., Cuesta et al., 2008), although it
tends to under- (over)-predict the abundance of massive (low mass) haloes as the redshift increases
(Springel et al., 2005). More robust HMF have been obtained, for example, using an ellipsoidal
halo collapse model (Sheth et al., 2001) and empirical fits by Sheth & Tormen (1999); Jenkins et al.
(2001); Reed et al. (2003); Tinker et al. (2008), which have been extensively tested over a wide
range of stellar mass and redshift (see Fig. 1.2). The HMF, predicting the abundance of dark matter
haloes, has been fundamental to evaluate the hierarchical nature of the ΛCDM model, in which
small-scale bounded halos formed first and then merged into more massive ones (see the redshift
evolution in Fig. 1.2). Certainly, observations suggest that high-redshift galaxies are preferentially
low-mass systems (e.g., Grazian et al., 2015), while massive clusters of galaxies, that reside in the
largest gravitationally bound halos, are mainly found in the local Universe (e.g., Kochanek et al., 2003).
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Figure 2. Comparison of the mass function per decade of mass.
Data points are our �CDM simulation results with 1� poisson
error bars. Throughout the paper, haloes are identified using a
FOF ll =0.2, unless otherwise specified; only haloes with at least
64 particles are considered. In our plots, we plot the median halo
mass in a bin. Solid curves are the Sheth & Tormen function at
z=0, 2, 5, 8, & 15. Short dashed curve is the Jenkins et al. “uni-
versal” mass function (Eqn. 6), which diverges when extrapolated
well below its original lower mass limit of � 4 � 1011h�1M� for
our �8 = 1.0 model (see text). Long dashed curve is the Press &
Schechter function.

of the Jenkins et al. fit, ln��1 = �1.2 would correspond to
only � 2 � 1011h�1M�.

In Fig. 3, we show the evolution of the mass function
over all of our redshifts compared to its S-T predicted evolu-
tion. The S-T function provides an excellent fit to our data,
except at very high redshifts, where it significantly over-
predicts the halo abundance. At all redshifts up to z=10,
the di�erence is <� 10% for each of our well sampled mass
bins. However, the S-T function begins to overpredict the
number of haloes increasingly with redshift for z >� 10, up
to � 50% by z=15. The simulation mass functions appear
to be generally steeper than the S-T function, especially at
high redshifts. In Fig. 4, we show the evolution of the mass
function over all of our redshifts as a function of M/M�. This
highlights the remarkable accuracy of the S-T mass function
over more than 10 decades of M/M�.

In Fig. 5, we plot the mass function for all of our out-
puts in the f � ln(��1) plane. Large values of ln ��1 cor-
respond to rare haloes of high redshift and/or high mass,
while small values of ln��1 describe haloes of low mass and
redshift combinations. In Fig. 6, we compare our simulated
mass function with the S-T prediction, by plotting the resid-
uals over our entire range. We limit plotted data to bins with
poisson errors of less than 20%. Remarkably, the S-T func-
tion fits our simulated mass function to better than 10%
over the range of -1.7 � ln��1 � 0.5. We are unaware of
any previous studies that probe the mass function down to
such low values of ln ��1 in a cosmological environment. The

Figure 3. Fractional di�erence between our simulated mass func-
tion (FOF ll =0.2) and the S-T prediction. Poisson error bars

shown.

Figure 4. Number density vs. M/M�. Data points with poisson
error bars are our simulation results. Curves are S-T predictions.
Redshifts plotted are (from left to right) 0, 1., 2., 3., 4., 5., 6.2,
7.8, 10., 12.1, 14.5

S-T function appears to significantly overpredict haloes for
ln ��1 � 0.5. This is the same overprediction seen in the
number density for z � 10 in figs. 3 and 4. The large ap-
parent scatter of the mass function for ln��1 >� 0.5 is due
to larger poisson errors in this range. For large ln��1, we
estimate the uncertainty in the mass function due to cosmic
variance by estimating the contribution of linear fluctua-

c� 2003 RAS, MNRAS 000, 1–9
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annihilation cross-section ��Av� [3]. In this sense, such
searches are complementary to direct searches or indi-
rect searches from the Sun. Like the direct searches, the
latter probes the WIMP-nucleon scattering cross-section,
since dark matter would be captured gravitationally due
to repetitive elastic scattering. While the analysis pre-
sented in this paper is based on a search for an excess
neutrino flux from the direction of the Galactic Center,
IceCube also published results from a search for dark
matter in the Galactic halo [4], as well as the Sun [5].

A search for neutrino signals from dark matter annihi-
lations has inherent advantages over searches using pho-
tons or charged cosmic rays since neutrinos may escape
the production point and arrive at the detector unim-
peded by absorption by matter or deflection by the mag-
netic field in the central region of the Galaxy.

B. Signal from Annihilating or Decaying Dark
Matter

A description of the dark matter density in the Milky
Way is essential for a calculation of the signal flux. There
are various models that attempt to describe the distribu-
tion profile of dark matter in Milky Way-size galaxies.
These models describe a dark matter halo with a spheri-
cally symmetric matter density, �DM(r), that peaks at the
center of the galaxy and decreases with distance. Profiles
based on N-body simulations [6] of cold dark matter tend
to show a divergent density in the central region. On the
other hand, profiles that rely on observations of low sur-
face brightness galaxies dominated by dark matter imply
a flat distribution in the central region [7, 8]. Despite
large di�erences in the description of the central region,
the models show a similar density behavior at large dis-
tances from the Galactic Center (� 8.5 kpc).

Frequently considered models are the Navarro-Frenk-
White (NFW) model [9], the Moore et al. model [10]
and the Kravtsov et al. model [11]. We use the NFW
profile as a benchmark for the analysis presented in this
paper, with the very cuspy Moore profile and the Krav-
tosv profile, which is close to isothermal or cored profiles,
as extreme cases. These models are compared in Fig. 1.

The NFW profile is given by

�DM(r) =
�0

r
rs

�
1 + r

rs

�2 , (1)

with rs = 20 kpc [9]. The normalization parameter, �0, is
chosen so that the dark matter density at the orbital dis-
tance of the solar system (RSC = 8.5 kpc) is the assumed
local density �DM(RSC) = 0.3 GeVcm�3 [3]. The choice
of parameters is consistent with a previous analysis [4] of
signals from the outer halo based on data from IceCube
in the 22-string configuration (IceCube-22).

The expected neutrino flux from self-annihilation of a
WIMP of mass m� is proportional to the square of the
dark matter density, �2

DM, integrated along the line of
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FIG. 1: Dark matter density as a function of the distance
to the Galactic Center for three halo profiles [3]. From top
to bottom, the Moore (blue-dotted), NFW (red-dashed) and
Kravtsov (green-solid) profiles are shown. The vertical line
marks the orbital radius of the solar system.

sight:

Ja(�) =

lmax�

0

dl
�2

DM(
�

R2
SC � 2lRSC cos� + l2)

RSC�2
SC

. (2)

Here � is the angular distance of the line of sight with re-
spect to the Galactic Center, and RSC and �SC = �(RSC)
are used as scaling parameters to make Ja(�) dimension-
less. The upper limit of the integral is

lmax =

�
R2

MW � sin2 �R2
SC + RSC cos�, (3)

where RMW is the radius of the Milky Way dark matter
halo. Typically, contributions from distances larger than
the scale radius (rs) of the halo model are su�ciently
small and can be neglected [3]. A value of RMW = 40 kpc
is adopted in this analysis.

The quantity J�� is the average value of Ja(�) for a
chosen search region. For a circular search region defined
by the solid angle �� it is described by

J�� =
2� ·

� 1

cos�
Ja(�

�)d(cos��)

��
. (4)

Figure 2 shows Ja(�) and J�� for the di�erent halo mod-
els and a circular search region.

In the above scenario the neutrino flux at Earth has
two possible components; annihilation or decay of dark

Figure 1.2: Left panel: The halo mass function derived from high-resolution ⇤CDM numerical simulations at
z = 0, 2, 5, 8, & 15 (Reed et al., 2003). Solid curves show the Sheth & Tormen HMF at di�erent redshifts, while
short and long dashed curves correspond to the Jenkins and Press & Schechter HMF at z = 0, respectively.
Right panel: Dark matter density as a function of the distance to the Galactic Center inferred from a Moore,
NFW and Kravtsov profile. The vertical line shows the orbital radius of the solar system (IceCube Collaboration
et al., 2011).

If the internal structure of dark matter halos is considered as collapsing concentric shells of
di�erent densities, the mass distribution can be described by its density profile ⇢(r). Using numerical
simulations, Navarro et al. (1997) found that dark matter halos of di�erent mass have a near-universal
shape: the so-called Navarro-Frenk-White (NFW) profile:

⇢(r) = ⇢crit�char

(r/rs)(1 + r/rs)2
, (1.3)

where �char is the characteristic over-density, ⇢crit the critical density of the Universe and rs the
characteristic radius. Alternative dark matter profiles have been proposed (e.g., Merritt et al., 2005,
and references therein), some of them, for example, are preferred to better describe the inner-most
regions of low-mass halos (e.g., Burkert, 1995). Furthermore, since the inferred distribution of dark
matter appears to deviate from the standard NFW profile in some systems (e.g., Read et al., 2019),
it is believed that, in the inner region of the halo, the density of dark matter is highly linked to the
processes regulating the growth of galaxies – like mergers, high star formation activity and supernova
feedback (e.g., Zhao et al., 2009; Chan et al., 2015).

1.1.3 The origin and growth of galaxies

It is expected that 3 � 4� peaks in the gaussian random field of primordial density perturbations
lead to halos with Mh ' 106M� at z ⇠ 20 � 30 (e.g., Tegmark et al., 1997; Bromm et al., 2009).
The primordial gas in these “minihalos” condensed to form the first generation of stars (the so-called
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Figure 2. Comparison of the mass function per decade of mass.
Data points are our �CDM simulation results with 1� poisson
error bars. Throughout the paper, haloes are identified using a
FOF ll =0.2, unless otherwise specified; only haloes with at least
64 particles are considered. In our plots, we plot the median halo
mass in a bin. Solid curves are the Sheth & Tormen function at
z=0, 2, 5, 8, & 15. Short dashed curve is the Jenkins et al. “uni-
versal” mass function (Eqn. 6), which diverges when extrapolated
well below its original lower mass limit of � 4 � 1011h�1M� for
our �8 = 1.0 model (see text). Long dashed curve is the Press &
Schechter function.

of the Jenkins et al. fit, ln��1 = �1.2 would correspond to
only � 2 � 1011h�1M�.

In Fig. 3, we show the evolution of the mass function
over all of our redshifts compared to its S-T predicted evolu-
tion. The S-T function provides an excellent fit to our data,
except at very high redshifts, where it significantly over-
predicts the halo abundance. At all redshifts up to z=10,
the di�erence is <� 10% for each of our well sampled mass
bins. However, the S-T function begins to overpredict the
number of haloes increasingly with redshift for z >� 10, up
to � 50% by z=15. The simulation mass functions appear
to be generally steeper than the S-T function, especially at
high redshifts. In Fig. 4, we show the evolution of the mass
function over all of our redshifts as a function of M/M�. This
highlights the remarkable accuracy of the S-T mass function
over more than 10 decades of M/M�.

In Fig. 5, we plot the mass function for all of our out-
puts in the f � ln(��1) plane. Large values of ln ��1 cor-
respond to rare haloes of high redshift and/or high mass,
while small values of ln��1 describe haloes of low mass and
redshift combinations. In Fig. 6, we compare our simulated
mass function with the S-T prediction, by plotting the resid-
uals over our entire range. We limit plotted data to bins with
poisson errors of less than 20%. Remarkably, the S-T func-
tion fits our simulated mass function to better than 10%
over the range of -1.7 � ln��1 � 0.5. We are unaware of
any previous studies that probe the mass function down to
such low values of ln ��1 in a cosmological environment. The

Figure 3. Fractional di�erence between our simulated mass func-
tion (FOF ll =0.2) and the S-T prediction. Poisson error bars

shown.

Figure 4. Number density vs. M/M�. Data points with poisson
error bars are our simulation results. Curves are S-T predictions.
Redshifts plotted are (from left to right) 0, 1., 2., 3., 4., 5., 6.2,
7.8, 10., 12.1, 14.5

S-T function appears to significantly overpredict haloes for
ln ��1 � 0.5. This is the same overprediction seen in the
number density for z � 10 in figs. 3 and 4. The large ap-
parent scatter of the mass function for ln��1 >� 0.5 is due
to larger poisson errors in this range. For large ln��1, we
estimate the uncertainty in the mass function due to cosmic
variance by estimating the contribution of linear fluctua-

c� 2003 RAS, MNRAS 000, 1–9

3

annihilation cross-section ��Av� [3]. In this sense, such
searches are complementary to direct searches or indi-
rect searches from the Sun. Like the direct searches, the
latter probes the WIMP-nucleon scattering cross-section,
since dark matter would be captured gravitationally due
to repetitive elastic scattering. While the analysis pre-
sented in this paper is based on a search for an excess
neutrino flux from the direction of the Galactic Center,
IceCube also published results from a search for dark
matter in the Galactic halo [4], as well as the Sun [5].

A search for neutrino signals from dark matter annihi-
lations has inherent advantages over searches using pho-
tons or charged cosmic rays since neutrinos may escape
the production point and arrive at the detector unim-
peded by absorption by matter or deflection by the mag-
netic field in the central region of the Galaxy.

B. Signal from Annihilating or Decaying Dark
Matter

A description of the dark matter density in the Milky
Way is essential for a calculation of the signal flux. There
are various models that attempt to describe the distribu-
tion profile of dark matter in Milky Way-size galaxies.
These models describe a dark matter halo with a spheri-
cally symmetric matter density, �DM(r), that peaks at the
center of the galaxy and decreases with distance. Profiles
based on N-body simulations [6] of cold dark matter tend
to show a divergent density in the central region. On the
other hand, profiles that rely on observations of low sur-
face brightness galaxies dominated by dark matter imply
a flat distribution in the central region [7, 8]. Despite
large di�erences in the description of the central region,
the models show a similar density behavior at large dis-
tances from the Galactic Center (� 8.5 kpc).

Frequently considered models are the Navarro-Frenk-
White (NFW) model [9], the Moore et al. model [10]
and the Kravtsov et al. model [11]. We use the NFW
profile as a benchmark for the analysis presented in this
paper, with the very cuspy Moore profile and the Krav-
tosv profile, which is close to isothermal or cored profiles,
as extreme cases. These models are compared in Fig. 1.

The NFW profile is given by

�DM(r) =
�0

r
rs

�
1 + r

rs

�2 , (1)

with rs = 20 kpc [9]. The normalization parameter, �0, is
chosen so that the dark matter density at the orbital dis-
tance of the solar system (RSC = 8.5 kpc) is the assumed
local density �DM(RSC) = 0.3 GeVcm�3 [3]. The choice
of parameters is consistent with a previous analysis [4] of
signals from the outer halo based on data from IceCube
in the 22-string configuration (IceCube-22).

The expected neutrino flux from self-annihilation of a
WIMP of mass m� is proportional to the square of the
dark matter density, �2

DM, integrated along the line of
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FIG. 1: Dark matter density as a function of the distance
to the Galactic Center for three halo profiles [3]. From top
to bottom, the Moore (blue-dotted), NFW (red-dashed) and
Kravtsov (green-solid) profiles are shown. The vertical line
marks the orbital radius of the solar system.

sight:

Ja(�) =

lmax�

0

dl
�2

DM(
�

R2
SC � 2lRSC cos� + l2)

RSC�2
SC

. (2)

Here � is the angular distance of the line of sight with re-
spect to the Galactic Center, and RSC and �SC = �(RSC)
are used as scaling parameters to make Ja(�) dimension-
less. The upper limit of the integral is

lmax =

�
R2

MW � sin2 �R2
SC + RSC cos�, (3)

where RMW is the radius of the Milky Way dark matter
halo. Typically, contributions from distances larger than
the scale radius (rs) of the halo model are su�ciently
small and can be neglected [3]. A value of RMW = 40 kpc
is adopted in this analysis.

The quantity J�� is the average value of Ja(�) for a
chosen search region. For a circular search region defined
by the solid angle �� it is described by

J�� =
2� ·

� 1

cos�
Ja(�

�)d(cos��)

��
. (4)

Figure 2 shows Ja(�) and J�� for the di�erent halo mod-
els and a circular search region.

In the above scenario the neutrino flux at Earth has
two possible components; annihilation or decay of dark

Figure 1.2: Left panel: The halo mass function derived from high-resolution ⇤CDM numerical simulations at
z = 0, 2, 5, 8, & 15 (Reed et al., 2003). Solid curves show the Sheth & Tormen HMF at di�erent redshifts, while
short and long dashed curves correspond to the Jenkins and Press & Schechter HMF at z = 0, respectively.
Right panel: Dark matter density as a function of the distance to the Galactic Center inferred from a Moore,
NFW and Kravtsov profile. The vertical line shows the orbital radius of the solar system (IceCube Collaboration
et al., 2011).

If the internal structure of dark matter halos is considered as collapsing concentric shells of
di�erent densities, the mass distribution can be described by its density profile ⇢(r). Using numerical
simulations, Navarro et al. (1997) found that dark matter halos of di�erent mass have a near-universal
shape: the so-called Navarro-Frenk-White (NFW) profile:

⇢(r) = ⇢crit�char

(r/rs)(1 + r/rs)2
, (1.3)

where �char is the characteristic over-density, ⇢crit the critical density of the Universe and rs the
characteristic radius. Alternative dark matter profiles have been proposed (e.g., Merritt et al., 2005,
and references therein), some of them, for example, are preferred to better describe the inner-most
regions of low-mass halos (e.g., Burkert, 1995). Furthermore, since the inferred distribution of dark
matter appears to deviate from the standard NFW profile in some systems (e.g., Read et al., 2019),
it is believed that, in the inner region of the halo, the density of dark matter is highly linked to the
processes regulating the growth of galaxies – like mergers, high star formation activity and supernova
feedback (e.g., Zhao et al., 2009; Chan et al., 2015).

1.1.3 The origin and growth of galaxies

It is expected that 3 � 4� peaks in the gaussian random field of primordial density perturbations
lead to halos with Mh ' 106M� at z ⇠ 20 � 30 (e.g., Tegmark et al., 1997; Bromm et al., 2009).
The primordial gas in these “minihalos” condensed to form the first generation of stars (the so-called
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Figure 2. Comparison of the mass function per decade of mass.
Data points are our �CDM simulation results with 1� poisson
error bars. Throughout the paper, haloes are identified using a
FOF ll =0.2, unless otherwise specified; only haloes with at least
64 particles are considered. In our plots, we plot the median halo
mass in a bin. Solid curves are the Sheth & Tormen function at
z=0, 2, 5, 8, & 15. Short dashed curve is the Jenkins et al. “uni-
versal” mass function (Eqn. 6), which diverges when extrapolated
well below its original lower mass limit of � 4 � 1011h�1M� for
our �8 = 1.0 model (see text). Long dashed curve is the Press &
Schechter function.

of the Jenkins et al. fit, ln��1 = �1.2 would correspond to
only � 2 � 1011h�1M�.

In Fig. 3, we show the evolution of the mass function
over all of our redshifts compared to its S-T predicted evolu-
tion. The S-T function provides an excellent fit to our data,
except at very high redshifts, where it significantly over-
predicts the halo abundance. At all redshifts up to z=10,
the di�erence is <� 10% for each of our well sampled mass
bins. However, the S-T function begins to overpredict the
number of haloes increasingly with redshift for z >� 10, up
to � 50% by z=15. The simulation mass functions appear
to be generally steeper than the S-T function, especially at
high redshifts. In Fig. 4, we show the evolution of the mass
function over all of our redshifts as a function of M/M�. This
highlights the remarkable accuracy of the S-T mass function
over more than 10 decades of M/M�.

In Fig. 5, we plot the mass function for all of our out-
puts in the f � ln(��1) plane. Large values of ln ��1 cor-
respond to rare haloes of high redshift and/or high mass,
while small values of ln��1 describe haloes of low mass and
redshift combinations. In Fig. 6, we compare our simulated
mass function with the S-T prediction, by plotting the resid-
uals over our entire range. We limit plotted data to bins with
poisson errors of less than 20%. Remarkably, the S-T func-
tion fits our simulated mass function to better than 10%
over the range of -1.7 � ln��1 � 0.5. We are unaware of
any previous studies that probe the mass function down to
such low values of ln ��1 in a cosmological environment. The

Figure 3. Fractional di�erence between our simulated mass func-
tion (FOF ll =0.2) and the S-T prediction. Poisson error bars

shown.

Figure 4. Number density vs. M/M�. Data points with poisson
error bars are our simulation results. Curves are S-T predictions.
Redshifts plotted are (from left to right) 0, 1., 2., 3., 4., 5., 6.2,
7.8, 10., 12.1, 14.5

S-T function appears to significantly overpredict haloes for
ln ��1 � 0.5. This is the same overprediction seen in the
number density for z � 10 in figs. 3 and 4. The large ap-
parent scatter of the mass function for ln��1 >� 0.5 is due
to larger poisson errors in this range. For large ln��1, we
estimate the uncertainty in the mass function due to cosmic
variance by estimating the contribution of linear fluctua-
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annihilation cross-section ��Av� [3]. In this sense, such
searches are complementary to direct searches or indi-
rect searches from the Sun. Like the direct searches, the
latter probes the WIMP-nucleon scattering cross-section,
since dark matter would be captured gravitationally due
to repetitive elastic scattering. While the analysis pre-
sented in this paper is based on a search for an excess
neutrino flux from the direction of the Galactic Center,
IceCube also published results from a search for dark
matter in the Galactic halo [4], as well as the Sun [5].

A search for neutrino signals from dark matter annihi-
lations has inherent advantages over searches using pho-
tons or charged cosmic rays since neutrinos may escape
the production point and arrive at the detector unim-
peded by absorption by matter or deflection by the mag-
netic field in the central region of the Galaxy.

B. Signal from Annihilating or Decaying Dark
Matter

A description of the dark matter density in the Milky
Way is essential for a calculation of the signal flux. There
are various models that attempt to describe the distribu-
tion profile of dark matter in Milky Way-size galaxies.
These models describe a dark matter halo with a spheri-
cally symmetric matter density, �DM(r), that peaks at the
center of the galaxy and decreases with distance. Profiles
based on N-body simulations [6] of cold dark matter tend
to show a divergent density in the central region. On the
other hand, profiles that rely on observations of low sur-
face brightness galaxies dominated by dark matter imply
a flat distribution in the central region [7, 8]. Despite
large di�erences in the description of the central region,
the models show a similar density behavior at large dis-
tances from the Galactic Center (� 8.5 kpc).

Frequently considered models are the Navarro-Frenk-
White (NFW) model [9], the Moore et al. model [10]
and the Kravtsov et al. model [11]. We use the NFW
profile as a benchmark for the analysis presented in this
paper, with the very cuspy Moore profile and the Krav-
tosv profile, which is close to isothermal or cored profiles,
as extreme cases. These models are compared in Fig. 1.

The NFW profile is given by

�DM(r) =
�0

r
rs

�
1 + r

rs

�2 , (1)

with rs = 20 kpc [9]. The normalization parameter, �0, is
chosen so that the dark matter density at the orbital dis-
tance of the solar system (RSC = 8.5 kpc) is the assumed
local density �DM(RSC) = 0.3 GeVcm�3 [3]. The choice
of parameters is consistent with a previous analysis [4] of
signals from the outer halo based on data from IceCube
in the 22-string configuration (IceCube-22).

The expected neutrino flux from self-annihilation of a
WIMP of mass m� is proportional to the square of the
dark matter density, �2

DM, integrated along the line of
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FIG. 1: Dark matter density as a function of the distance
to the Galactic Center for three halo profiles [3]. From top
to bottom, the Moore (blue-dotted), NFW (red-dashed) and
Kravtsov (green-solid) profiles are shown. The vertical line
marks the orbital radius of the solar system.

sight:

Ja(�) =
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SC � 2lRSC cos� + l2)
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Here � is the angular distance of the line of sight with re-
spect to the Galactic Center, and RSC and �SC = �(RSC)
are used as scaling parameters to make Ja(�) dimension-
less. The upper limit of the integral is

lmax =

�
R2

MW � sin2 �R2
SC + RSC cos�, (3)

where RMW is the radius of the Milky Way dark matter
halo. Typically, contributions from distances larger than
the scale radius (rs) of the halo model are su�ciently
small and can be neglected [3]. A value of RMW = 40 kpc
is adopted in this analysis.

The quantity J�� is the average value of Ja(�) for a
chosen search region. For a circular search region defined
by the solid angle �� it is described by

J�� =
2� ·

� 1

cos�
Ja(�

�)d(cos��)

��
. (4)

Figure 2 shows Ja(�) and J�� for the di�erent halo mod-
els and a circular search region.

In the above scenario the neutrino flux at Earth has
two possible components; annihilation or decay of dark

Figure 1.2: Left panel: The halo mass function derived from high-resolution ⇤CDM numerical simulations at
z = 0, 2, 5, 8, & 15 (Reed et al., 2003). Solid curves show the Sheth & Tormen HMF at di�erent redshifts, while
short and long dashed curves correspond to the Jenkins and Press & Schechter HMF at z = 0, respectively.
Right panel: Dark matter density as a function of the distance to the Galactic Center inferred from a Moore,
NFW and Kravtsov profile. The vertical line shows the orbital radius of the solar system (IceCube Collaboration
et al., 2011).

If the internal structure of dark matter halos is considered as collapsing concentric shells of
di�erent densities, the mass distribution can be described by its density profile ⇢(r). Using numerical
simulations, Navarro et al. (1997) found that dark matter halos of di�erent mass have a near-universal
shape: the so-called Navarro-Frenk-White (NFW) profile:

⇢(r) = ⇢crit�char

(r/rs)(1 + r/rs)2
, (1.3)

where �char is the characteristic over-density, ⇢crit the critical density of the Universe and rs the
characteristic radius. Alternative dark matter profiles have been proposed (e.g., Merritt et al., 2005,
and references therein), some of them, for example, are preferred to better describe the inner-most
regions of low-mass halos (e.g., Burkert, 1995). Furthermore, since the inferred distribution of dark
matter appears to deviate from the standard NFW profile in some systems (e.g., Read et al., 2019),
it is believed that, in the inner region of the halo, the density of dark matter is highly linked to the
processes regulating the growth of galaxies – like mergers, high star formation activity and supernova
feedback (e.g., Zhao et al., 2009; Chan et al., 2015).

1.1.3 The origin and growth of galaxies

It is expected that 3 � 4� peaks in the gaussian random field of primordial density perturbations
lead to halos with Mh ' 106M� at z ⇠ 20 � 30 (e.g., Tegmark et al., 1997; Bromm et al., 2009).
The primordial gas in these “minihalos” condensed to form the first generation of stars (the so-called
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Figure 2. Comparison of the mass function per decade of mass.
Data points are our �CDM simulation results with 1� poisson
error bars. Throughout the paper, haloes are identified using a
FOF ll =0.2, unless otherwise specified; only haloes with at least
64 particles are considered. In our plots, we plot the median halo
mass in a bin. Solid curves are the Sheth & Tormen function at
z=0, 2, 5, 8, & 15. Short dashed curve is the Jenkins et al. “uni-
versal” mass function (Eqn. 6), which diverges when extrapolated
well below its original lower mass limit of � 4 � 1011h�1M� for
our �8 = 1.0 model (see text). Long dashed curve is the Press &
Schechter function.

of the Jenkins et al. fit, ln��1 = �1.2 would correspond to
only � 2 � 1011h�1M�.

In Fig. 3, we show the evolution of the mass function
over all of our redshifts compared to its S-T predicted evolu-
tion. The S-T function provides an excellent fit to our data,
except at very high redshifts, where it significantly over-
predicts the halo abundance. At all redshifts up to z=10,
the di�erence is <� 10% for each of our well sampled mass
bins. However, the S-T function begins to overpredict the
number of haloes increasingly with redshift for z >� 10, up
to � 50% by z=15. The simulation mass functions appear
to be generally steeper than the S-T function, especially at
high redshifts. In Fig. 4, we show the evolution of the mass
function over all of our redshifts as a function of M/M�. This
highlights the remarkable accuracy of the S-T mass function
over more than 10 decades of M/M�.

In Fig. 5, we plot the mass function for all of our out-
puts in the f � ln(��1) plane. Large values of ln ��1 cor-
respond to rare haloes of high redshift and/or high mass,
while small values of ln��1 describe haloes of low mass and
redshift combinations. In Fig. 6, we compare our simulated
mass function with the S-T prediction, by plotting the resid-
uals over our entire range. We limit plotted data to bins with
poisson errors of less than 20%. Remarkably, the S-T func-
tion fits our simulated mass function to better than 10%
over the range of -1.7 � ln��1 � 0.5. We are unaware of
any previous studies that probe the mass function down to
such low values of ln ��1 in a cosmological environment. The

Figure 3. Fractional di�erence between our simulated mass func-
tion (FOF ll =0.2) and the S-T prediction. Poisson error bars

shown.

Figure 4. Number density vs. M/M�. Data points with poisson
error bars are our simulation results. Curves are S-T predictions.
Redshifts plotted are (from left to right) 0, 1., 2., 3., 4., 5., 6.2,
7.8, 10., 12.1, 14.5

S-T function appears to significantly overpredict haloes for
ln ��1 � 0.5. This is the same overprediction seen in the
number density for z � 10 in figs. 3 and 4. The large ap-
parent scatter of the mass function for ln��1 >� 0.5 is due
to larger poisson errors in this range. For large ln��1, we
estimate the uncertainty in the mass function due to cosmic
variance by estimating the contribution of linear fluctua-
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annihilation cross-section ��Av� [3]. In this sense, such
searches are complementary to direct searches or indi-
rect searches from the Sun. Like the direct searches, the
latter probes the WIMP-nucleon scattering cross-section,
since dark matter would be captured gravitationally due
to repetitive elastic scattering. While the analysis pre-
sented in this paper is based on a search for an excess
neutrino flux from the direction of the Galactic Center,
IceCube also published results from a search for dark
matter in the Galactic halo [4], as well as the Sun [5].

A search for neutrino signals from dark matter annihi-
lations has inherent advantages over searches using pho-
tons or charged cosmic rays since neutrinos may escape
the production point and arrive at the detector unim-
peded by absorption by matter or deflection by the mag-
netic field in the central region of the Galaxy.

B. Signal from Annihilating or Decaying Dark
Matter

A description of the dark matter density in the Milky
Way is essential for a calculation of the signal flux. There
are various models that attempt to describe the distribu-
tion profile of dark matter in Milky Way-size galaxies.
These models describe a dark matter halo with a spheri-
cally symmetric matter density, �DM(r), that peaks at the
center of the galaxy and decreases with distance. Profiles
based on N-body simulations [6] of cold dark matter tend
to show a divergent density in the central region. On the
other hand, profiles that rely on observations of low sur-
face brightness galaxies dominated by dark matter imply
a flat distribution in the central region [7, 8]. Despite
large di�erences in the description of the central region,
the models show a similar density behavior at large dis-
tances from the Galactic Center (� 8.5 kpc).

Frequently considered models are the Navarro-Frenk-
White (NFW) model [9], the Moore et al. model [10]
and the Kravtsov et al. model [11]. We use the NFW
profile as a benchmark for the analysis presented in this
paper, with the very cuspy Moore profile and the Krav-
tosv profile, which is close to isothermal or cored profiles,
as extreme cases. These models are compared in Fig. 1.

The NFW profile is given by

�DM(r) =
�0

r
rs

�
1 + r

rs

�2 , (1)

with rs = 20 kpc [9]. The normalization parameter, �0, is
chosen so that the dark matter density at the orbital dis-
tance of the solar system (RSC = 8.5 kpc) is the assumed
local density �DM(RSC) = 0.3 GeVcm�3 [3]. The choice
of parameters is consistent with a previous analysis [4] of
signals from the outer halo based on data from IceCube
in the 22-string configuration (IceCube-22).

The expected neutrino flux from self-annihilation of a
WIMP of mass m� is proportional to the square of the
dark matter density, �2

DM, integrated along the line of

Moore%
NFW%
Kravtsov%

FIG. 1: Dark matter density as a function of the distance
to the Galactic Center for three halo profiles [3]. From top
to bottom, the Moore (blue-dotted), NFW (red-dashed) and
Kravtsov (green-solid) profiles are shown. The vertical line
marks the orbital radius of the solar system.

sight:

Ja(�) =

lmax�

0

dl
�2

DM(
�

R2
SC � 2lRSC cos� + l2)

RSC�2
SC

. (2)

Here � is the angular distance of the line of sight with re-
spect to the Galactic Center, and RSC and �SC = �(RSC)
are used as scaling parameters to make Ja(�) dimension-
less. The upper limit of the integral is

lmax =

�
R2

MW � sin2 �R2
SC + RSC cos�, (3)

where RMW is the radius of the Milky Way dark matter
halo. Typically, contributions from distances larger than
the scale radius (rs) of the halo model are su�ciently
small and can be neglected [3]. A value of RMW = 40 kpc
is adopted in this analysis.

The quantity J�� is the average value of Ja(�) for a
chosen search region. For a circular search region defined
by the solid angle �� it is described by

J�� =
2� ·

� 1

cos�
Ja(�

�)d(cos��)

��
. (4)

Figure 2 shows Ja(�) and J�� for the di�erent halo mod-
els and a circular search region.

In the above scenario the neutrino flux at Earth has
two possible components; annihilation or decay of dark

Figure 1.2: Left panel: The halo mass function derived from high-resolution ⇤CDM numerical simulations at
z = 0, 2, 5, 8, & 15 (Reed et al., 2003). Solid curves show the Sheth & Tormen HMF at di�erent redshifts, while
short and long dashed curves correspond to the Jenkins and Press & Schechter HMF at z = 0, respectively.
Right panel: Dark matter density as a function of the distance to the Galactic Center inferred from a Moore,
NFW and Kravtsov profile. The vertical line shows the orbital radius of the solar system (IceCube Collaboration
et al., 2011).

If the internal structure of dark matter halos is considered as collapsing concentric shells of
di�erent densities, the mass distribution can be described by its density profile ⇢(r). Using numerical
simulations, Navarro et al. (1997) found that dark matter halos of di�erent mass have a near-universal
shape: the so-called Navarro-Frenk-White (NFW) profile:

⇢(r) = ⇢crit�char

(r/rs)(1 + r/rs)2
, (1.3)

where �char is the characteristic over-density, ⇢crit the critical density of the Universe and rs the
characteristic radius. Alternative dark matter profiles have been proposed (e.g., Merritt et al., 2005,
and references therein), some of them, for example, are preferred to better describe the inner-most
regions of low-mass halos (e.g., Burkert, 1995). Furthermore, since the inferred distribution of dark
matter appears to deviate from the standard NFW profile in some systems (e.g., Read et al., 2019),
it is believed that, in the inner region of the halo, the density of dark matter is highly linked to the
processes regulating the growth of galaxies – like mergers, high star formation activity and supernova
feedback (e.g., Zhao et al., 2009; Chan et al., 2015).

1.1.3 The origin and growth of galaxies

It is expected that 3 � 4� peaks in the gaussian random field of primordial density perturbations
lead to halos with Mh ' 106M� at z ⇠ 20 � 30 (e.g., Tegmark et al., 1997; Bromm et al., 2009).
The primordial gas in these “minihalos” condensed to form the first generation of stars (the so-called
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Figure 1.2: Left panel: The halo mass function derived from high-resolution ΛCDM numerical simulations at
z = 0, 2, 5, 8, & 15 (Reed et al., 2003). Solid curves show the Sheth & Tormen HMF at different redshifts, while
short and long dashed curves correspond to the Jenkins and Press & Schechter HMF at z = 0, respectively.
Right panel: Dark matter density as a function of the distance to the Galactic Center inferred from a Moore,
NFW and Kravtsov profile. The vertical line shows the orbital radius of the solar system (IceCube Collaboration
et al., 2011).

If the internal structure of dark matter halos is considered as collapsing concentric shells of
different densities, the mass distribution can be described by its density profile ρ(r). Using numerical
simulations, Navarro et al. (1997) found that dark matter halos of different mass have a near-universal
shape, the so-called Navarro-Frenk-White (NFW) profile:

ρ(r) = ρcritδchar

(r/rs)(1 + r/rs)2
, (1.3)

where δchar is the characteristic over-density, ρcrit the critical density of the Universe, and rs the
characteristic radius. Alternative dark matter profiles have been proposed (e.g., Merritt et al., 2005,
and references therein), some of them, for example, are preferred to better describe the inner-most
regions of low-mass halos (e.g., Burkert, 1995). Furthermore, since the inferred distribution of dark
matter appears to deviate from the standard NFW profile in some systems (e.g., Read et al., 2019),
it is believed that, in the inner region of the halo, the density of dark matter is highly linked to the
processes regulating the growth of galaxies – like mergers, high star formation activity and supernova
feedback (e.g., Zhao et al., 2009; Chan et al., 2015).

1.1.3 The origin and growth of galaxies

It is expected that 3 − 4σ peaks in the gaussian random field of primordial density perturbations
lead to halos with Mh ' 106M� (where M� is the mass of the Sun) at z ∼ 20 − 30 (e.g., Tegmark
et al., 1997; Bromm et al., 2009). The primordial gas in these “minihalos” condensed to form the first
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Chapter 1 Galaxy Formation and Evolution: an overview

Figure 1.3: Left panel: Gas accretion rate as a function of redshift – inferred with numerical simulations by
Kereš et al. (2005). The total smooth accretion is given by the dashed green line, while the blue solid (dotted
red) line shows the contribution from the cold (hot) mode of gas accretion. Right panel: Star formation rate per
unit comoving volume (solid green line) as a function of redshift (Kereš et al., 2005). The smooth gas accretion
and merger accretion rates are shown by the dashed blue and dotted red lines, respectively. The merger accretion
rate includes the total mass gain, i.e. gas and stars.

generation of stars (the so-called “Population III”; Bromm & Larson, 2004), i.e., those that initially
contained no elements heavier than helium. Given the shallow potential well of Mh ' 106M� halos,
stellar winds and supernovae explosions were able to disrupt the gas reservoir and suppress further star
formation (e.g., Alvarez et al., 2006; Greif et al., 2007). In contrast, Mh ' 108M� halos collapsing
by z ' 10 could retain their gas and sustain self-regulated star formation in a multiphase medium,
leading to the formation of the first galaxies (e.g., Wise & Abel, 2008; Greif et al., 2010; Bromm &
Yoshida, 2011). Their environment is expected to be already metal-enriched by supernovae explosions
of the first stars, which enhanced the gas cooling rate (e.g., Choi & Nagamine, 2009). In addition,
accretion-driven turbulence induced the collapse and fragmentation of star-forming gas clouds (e.g.,
Wise & Abel, 2007; Greif et al., 2008), leading to the formation of the first stellar clusters (Clark
et al., 2008). With the emergence of the first radiating sources, bubbles of ionized gas around them
percolated through the intergalactic medium (IGM), marking the end of the so-called reionization
epoch around z ∼ 6 (see Zaroubi, 2013, for a review).

Proto-galaxies evolved into more massive –and mature– systems through the accretion of matter
into their halos. The accretion of gas, in particular, proceed in two modes (Fig. 1.3; e.g., Kereš et al.,
2005, 2009). The first one, the so-called “hot mode”, involves quasi-spherical accretion of gas that is
shock heated to approximately the halo virial temperature. This hot and virialised gas cools, while
losing its pressure support, and settles into a centrifugally supported disk (e.g., Rees & Ostriker,
1977; White & Rees, 1978; Fall & Efstathiou, 1980). The “cold mode”, on the other hand, occurs
when galaxies acquire cold gas directly from dense cosmological filaments that penetrate deep into
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1.1 From the Big Bang to the birth of galaxies

AGN
Stellar Winds

Reionization

Supernovae

Figure 2: The galaxy stellar mass-to-halo mass ratio of central galaxies at z = 0. The figure (based
on data compiled in Behroozi et al. 2018) shows constraints from a number of di↵erent methods:
direct abundance matching (Behroozi, Conroy & Wechsler 2010; Reddick et al. 2013; Behroozi,
Wechsler & Conroy 2013a); “parameterized abundance matching,” in which this relationship is
parameterized and then those parameters are fit with the stellar mass function and possibly other
observables (Guo et al. 2010; Wang & Jing 2010; Moster et al. 2010; Moster, Naab & White 2013);
from modeling the halo occupation distribution (Zheng, Coil & Zehavi 2007) or the CLF (Yang, Mo
& van den Bosch 2009) and constraining it with two-point clustering; by direct measurement of the
central galaxies in galaxy groups and clusters (Lin & Mohr 2004; Yang, Mo & van den Bosch 2009;
Hansen et al. 2009; Kravtsov, Vikhlinin & Meshcheryakov 2018); and the “Universe Machine,” an
empirical model that traces galaxies through their histories (Behroozi et al. 2018). Bottom panel
shows example galaxies that are hosted by halos in the specified mass range. On the top of the
figure, we indicate key physical processes that may be responsible for ejecting or heating gas or
suppressing star formation at those mass scales. Figure adapted from Behroozi et al. (2018) with
permission.

halos below ⇠ 1011 M�. Each of these has important consequences for understanding the

lowest mass galaxies, and also has implications for the nature of dark matter (Bullock &

Boylan-Kolchin 2017).

We note that the SHMR generally parameterizes M⇤ as a function of Mh. Due to scatter

in these two quantities, quantifying the galaxy–halo connection with the mean halo mass in

bins of M⇤— as done observationally — does not yield the same mean relation. We discuss

this in detail in §4.3.

2.2.3. The Halo Occupation Distribution and Conditional Luminosity Function. A pop-

ular way to describe the relationship between galaxies and dark matter halos is through

the Halo Occupation Distribution (HOD), which specifies the probability distribution for

www.annualreviews.org • The Galaxy–Halo Connection 9

Figure 1.4: The galaxy stellar mass-to-halo mass ratio of central galaxies at z = 0, which has been empirically
derived and reported by different research groups. The upper panel indicates the dominant physical mechanism
– at a given halo mass scale – regulating the production of stars by ejecting and/or heating the gas. The bottom
panel shows example galaxies residing in halos within the specified mass range. Figure adapted from Behroozi
et al. (2018) and taken from Wechsler & Tinker (2018).

the halo, favoring the formation and growth of a disk (e.g., Shlosman, 2013, and references therein).
While low mass halos with Mh . 1011.4M� tend to accrete gas via the “cold mode”, more massive
systems are fed through the “hot mode” of gas accretion. As a corollary, the gas accretion rate in
the hot mode becomes significant only z . 1 (see Fig. 1.3), rendering cold gas flows the dominant
accretion mechanism in high-redshift galaxies (z > 1; e.g., Kereš et al., 2005).

The gas accretion processes, and the subsequent growth of galaxies, are influenced by stellar
feedback and/or AGN (see Fabian, 2011; Erb, 2015, for a review). In massive halos (Mh & 1012 M�),
AGN feedback could prevent radiative cooling –and hence gas accretion– by heating the surrounding
medium (e.g., Croton et al., 2006). In low mass galaxies, stellar-driven winds and supernovae
explosions eject and might prevent further accretion of star forming gas (e.g., Hopkins et al., 2012).
While these two feedback mechanisms preferentially limit the production of stars in galaxies at the
low- and high-mass ends, at z ∼ 0 the maximum star formation efficiency (SFE) occurs in galaxies
with Mh ∼ 1012M� halos (see Fig. 1.4; e.g., Behroozi et al., 2018; Wechsler & Tinker, 2018).
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Chapter 1 Galaxy Formation and Evolution: an overview

In addition to smooth gas accretion, galaxies can grow trough mergers. Yet, the fraction of mass
assembled by this mechanism is relatively small (e.g., Kereš et al., 2005; L´Huillier et al., 2012;
Romano-Díaz et al., 2014). Galaxy mergers do play a major role on the structure and star formation
activity of galaxies. The origin and growth of bulges, for example, might be linked to the disruption
and violent relaxation of the stellar component during galaxy mergers, as well as merger–induced star
formation in the center of galaxies (e.g., Cox et al., 2008; Zavala et al., 2012; Brooks & Christensen,
2016, and references therein).

In summary, mainly from numerical simulations, and observations in the local Universe, it appears
that smooth gas accretion, mergers, and feedback are the dominant processes regulating the production
of stars and growth of galaxies over cosmic time. Numerical simulations, in particular, suggest that
the occurrence and impact of these mechanisms seem to be a strong function of the galaxy mass and
redshift. To verify these predictions, we still require observational probes of representative samples of
galaxies at intermediate and high redshifts. Collecting and interpreting such empirical evidence is the
focus of this Ph.D. dissertation, allowing us to better trace the physical mechanisms that regulate the
production of stars in distant galaxies and, therefore, to constrain the formation path of our galaxy and
other systems in the local Universe.

1.2 Detection and characterization of distant galaxies

In this section, we describe how large multi-wavelength surveys enable the identification of extensive
samples of galaxies at intermediate (out to z ∼ 3) and high redshifts (z & 3), as well as the observational
techniques employed to infer their fundamental properties from this multi-wavelength dataset. We
then describe how such samples of galaxies can be used to build a coherent picture on galaxy evolution
across cosmic time.

1.2.1 Deep extragalactic surveys: assembling large samples of galaxies

By mapping large regions of the sky, extragalactic surveys provide a homogeneous census of galaxies
across representative volumes of the Universe at different cosmic epochs (see Napolitano et al., 2016,
for a review). Deep sky surveys can lead to large and representative samples of galaxies suitable for
robust statistical analysis, allowing systematic studies of –for example– the large scale structure in the
Universe, the evolution and growth of super-massive black holes (SMBHs), and the formation and
evolution of galaxies over cosmic time (e.g., Lutz, 2014). The mapped area and depth of the survey
strongly depend on the scientific research goal; there is a compromise in which, for a given observing
time, the achieved depth is inversely proportional to the surveyed region of the sky. For instance,
while ‘all-sky” surveys are appropriate to reveal large samples of galaxies mostly at low redshift (like
the Sloan Digital Sky Survey (SDSS); e.g., Blanton et al., 2017), the deepest extragalactic surveys
enable the study of the highest-redshift galaxies within limited areas of the sky (as the Hubble Ultra
Deep Field (HUDF) with an area of 2.4 × 2.4 arcmin2; Beckwith et al., 2006).

The need for extragalactic surveys that map sufficiently large areas of the sky while probing a
wide redshift range has motivated the Cosmic Evolution Survey (COSMOS). This has produced
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1.2 Detection and characterization of distant galaxies

some of the deepest observations ever taken over a 2 square degree region, enabling the study of the
coupled evolution of large-scale structure, galaxies, star formation, and AGNs out to z ∼ 6 (Scoville
et al., 2007). The preferential equatorial location of the COSMOS field ensures visibility by all
astronomical facilities, facilitating extensive ground- and space-based observations that span the
“entire” electromagnetic spectrum (see Fig. 1.5): X-ray (Civano et al., 2016), ultraviolet (Zamojski
et al., 2007), optical/near-infrared (e.g., Capak et al., 2007; McCracken et al., 2012), mid-infrared
(e.g., Steinhardt et al., 2014), far-infrared (Lutz et al., 2011; Oliver et al., 2012), millimeter(mm)/sub-
millimeter(sub-mm) (e.g., Aretxaga et al., 2011; Miettinen et al., 2015; Magnelli† et al., 2019),
and radio (e.g., Smolčić et al., 2017a). This multi-wavelength approach, combined with the large
co-moving volume traced by COSMOS, has uncovered the Spectral Energy Distribution (SED) of
more than half a million galaxies over 0 . z < 5 (Laigle et al., 2016). As demonstrated in this Ph.D.
dissertation, such an extensive dataset is paramount to investigate the complex star formation processes
that leave observational signatures across the whole SED of galaxies (see Fig. 1.5 for an overview).
COSMOS is, therefore, adequate to systematically explore the mechanism driving star formation in
galaxies throughout cosmic time – the key goal of this Ph.D. thesis.

1.2.2 Determining the properties of distant galaxies

The plethora of multi-wavelength information from surveys like COSMOS is essential to infer and
characterize the properties of galaxies over a wide redshift range. Here, we describe the methods used
to derive some of the most important ones: redshift, stellar mass, star formation rate (SFR), and size.

Redshift and stellar mass

Measuring the distance of galaxies is the first step to determine their intrinsic properties. Robust
redshift estimates can be derived through spectroscopic observations that target bright emission
lines (e.g., Lilly et al., 2007; van der Wel et al., 2016; Casey et al., 2017). Unfortunately, this
approach is excessively time-consuming when determining the redshift of large samples of galaxies
– as that unveiled by the deep extragalactic COSMOS survey. In this case, broadband photometric
measurements that sparsely sample the SED of galaxies (Fig. 1.5) are preferred. The underlying idea
is to fit the observed SED with spectral templates of galaxies, and different dust extinction curves,
while leaving the redshift as a free parameter. Then, the best “photometric redshift” solution is inferred
via a maximum-likelihood analysis (e.g., Ilbert et al., 2013; Laigle et al., 2016).

Once the redshift of a galaxy is constrained, the stellar mass can be measured via broadband
photometry (or spectroscopy) in the ultraviolet (UV)/optical/near-infrared (IR) regimes (e.g., Shapley
et al., 2005; Borch et al., 2006; Banerji et al., 2013). To this end, a model galaxy spectrum is
constructed by combining synthetic stellar spectra weighted by an assumed initial mass function (IMF)
and star formation history (SFH). A model for dust attenuation and emission as well as a range of
metallicity values are considered. Then, the parameters that best fit the observed SED are associated
with the galaxy of interest. For a fixed IMF, the SED-derived stellar mass is found to be –in general–
accurate at the ∼0.3 dex level (Conroy, 2013, and references therein).
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Chapter 1 Galaxy Formation and Evolution: an overview

Cosmic Evolution Survey (COSMOS)

Figure 1.5: Spectral energy distribution of a typical starburst galaxy. The extensive multi-wavelength coverage
of COSMOS enables the characterization of the complex star formation processes in galaxies. Observations
in the sub-mm/mm regime can trace the cold phase of the interstellar medium where new stars are formed,
including those massive/short-lived OB stars emitting strong ultraviolet radiation. Such stars thus ionize the
surrounding gas and create an HII region, which emits, for instance, Hα line and free-free radio emission. Dust
grains in the HII region, and farther away in the photodissociation region (PDR), can be heated by ultraviolet
photons; subsequently, dust grains cool via radiation in the infrared regime. Ultimately, supernovae explosions
from those massive and young OB stars lead to synchrotron emission at radio frequencies. Figure adapted from
Galliano et al. (2008).

Star formation rate

A key property to probe the evolution and growth of galaxies is their SFR. This can be inferred, for
example, from UV light that trace continuum emission of short-lived massive stars, and thermal
infrared emission arising from dust grains heated by such young stars (Fig. 1.5; e.g., Kennicutt,
1998a; Kennicutt & Evans, 2011; Fudamoto† et al., 2019). Stellar evolutionary synthesis models, like
Starburst99 (Leitherer et al., 1999), have been used to calibrate the UV and IR luminosities as
SFR indicators. This is done by convolving synthetic UV spectra with transmission curves of UV
photometric filters typically centered at ∼1500Å (far-UV) and ∼2300Å (near-UV). The conversion
from the IR luminosity (integrated over 8-1000 µm) to SFR relies on the assumption that the Balmer
continuum (i.e. 912Å< λ < 3646Å) is absorbed and re-radiated by dust (e.g., Murphy et al., 2011).
In this approximation, the total IR luminosity would correspond to the bolometric luminosity of a
completely dust-enshrouded stellar population. Since dust grains might not absorb all the stellar
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emission, IR-based SFR estimates should be combined with those derived from the UV and vice-versa2.
For instance, energy-balance SED fitting codes, like Magphys (Da Cunha et al., 2008) and CIGALE
(Boquien et al., 2019), combine UV/optical and IR emission templates to account for the conservation
of energy between the stellar light absorbed by dust and its re-distribution in the IR regime. Hence, by
simultaneously fitting the UV-to-IR SED (see Fig. 1.5) it is possible to derive an integrated measure
of the SFR, which trace both dust obscured (UV/optical) and unobscured (IR) star formation.

In addition to UV and IR emission, thermal and non-thermal radio continuum flux of galaxies traces
star formation (see Fig. 1.5; e.g., Condon, 1992). Supernovae remnants, arising from young stellar
populations, accelerate cosmic ray electrons and hence produce non-thermal synchrotron emission
(e.g., Garn et al., 2009; Schober et al., 2017). Free-free (thermal Bremsstrahlung) emission originates
from ionized gas surrounding young stars (e.g., Murphy et al., 2012). Both types of emission are
characterized by a power law spectrum Sν ∝ να (Fig. 1.5), where Sν is the flux density at frequency ν
and α is the spectral index with α ' −0.8 and −0.1 for synchrotron and free-free emission, respectively.
The radio SED of SFGs is, therefore, composed by the superposition of two power laws, where that
for synchrotron emission dominates over 1 . ν . 30 (see Fig. 1.5).

A calibration of the radio continuum emission as a SFR indicator has been done through the tight
correlation between non-thermal radio flux (at 1.4 GHz) and far-infrared (FIR) emission of galaxies
(e.g., Helou et al., 1985; Magnelli et al., 2015; Delhaize et al., 2017), which allows one to infer the
infrared luminosity (and hence dust-obscured SFR) from monochromatic radio luminosities (e.g.,
Karim et al., 2011). This has motivated the development of deep, large scale radio surveys at ∼GHz
frequencies in COSMOS, such as the Very Large Array (VLA)-COSMOS Large Project at 3GHz that
uncovered more than 10,000 galaxies over the redshift range 0 . z . 6 (Smolčić et al., 2017a,b).

Size

Another fundamental property of galaxies is their size, as it encodes key information on the growth of
galaxies over cosmic time (e.g., Furlong et al., 2017). Measuring and contrasting the structure of
galaxies at different wavelengths can also provide insights into the co-evolution of the distinct galaxy’s
components (e.g., gas, stars, and dust; Bekki, 2013). The size of galaxies is usually parametrized with
the so-called effective radius, Re, defined as the radius enclosing half of the light within the galaxy. To
derive Re the surface brightness distribution Σ(R) is modeled with Sérsic (1963) profiles;

Σ(R) = Σ(Re) exp
(
−b R/R1/n

e − 1
)
, (1.4)

where Σ(Re) is the central intensity, b a constant determined such that Re contains half of the total
intensity and n the Sersic index that quantifies the concentration of light. The stellar light distribution
of galaxies, and their evolution with redshift, is relatively well characterized (e.g., van der Wel et al.,
2014; Shibuya et al., 2015; Allen et al., 2017); with n = 4 (de Vaucouleurs profile) for elliptical and
starburst galaxies, and n = 1 (exponential profile) for star-forming disks (e.g., Wuyts et al., 2011).
Nevertheless, the star-forming extend of galaxies remains unconstrained. This open question is one of
the main subjects of this Ph.D. thesis.
2 We refer the reader to Table 1 in Kennicutt & Evans (2011) that presents relations to estimate the SFR from UV and IR
emission, as well as other indicators of star formation.
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1.2.3 The quest for the most distant (z & 3) galaxies in the Universe

As the redshift of galaxies increases, their optical light emission –essential to derive photometric
redshifts– is systematically diminished and redshifted to the near-IR regime, hindering the redshift
determination of galaxies at early cosmic epochs (z & 3). Therefore, dedicated methods are needed
to better identify the most distant galaxies within the extensive multi-wavelength dataset provided
by the COSMOS survey, or even deeper surveys like HUDF. One of the main techniques relies on
the identification of the strong drop at λrest = 912Å (“Lyman break”) in the ultraviolet spectrum of
young SFGs, known as Lyman break galaxies (LBGs). The Lyman break is a result of the hydrogen
ionization edge in stellar photospheres and the photoelectric absorption by the abundant nuclear
(HI) interstellar medium (see Fig. 1.5; e.g., Giavalisco, 2002, and references therein). For z & 3
galaxies, the intervening neutral hydrogen in the IGM further dims the UV continuum between 912Å
and 1216Å (e.g., Madau, 1995), providing a distinctive signature to identify high-redshift galaxies
through observations in the optical/near-IR regime (e.g., Finkelstein, 2016). Nevertheless, the LBGs
selection method overlooks dust-obscured galaxies that exhibit faint UV emission.

Retrieving the population of dust-obscured SFGs at high redshifts can be done through observations
in the sub-mm and FIR regime (Fig. 1.5), which trace thermal emission from interstellar dust
grains heated by UV radiation from young massive stars (see Blain et al., 2002; Casey et al., 2014;
Fudamoto† et al., 2019, for a review). In particular, since observations at the sub-mm/mm wavelengths
probe the frequency range around the peak of the FIR SED of distant galaxies (see Fig. 1.6), the
observed flux density remains nearly constant over 1 < z < 10. This effect (known as the negative
K-correction) favors the identification of galaxies over a wide range of lookback time (e.g., Staguhn
et al., 2014; Magnelli† et al., 2019). Dedicated observations towards sub-millimeter selected galaxies
(SMGs) have revealed that these are massive systems (M? & 1010M�) producing stars at an extremely
high rate (SFR' 103M� yr

−1; e.g., Casey et al., 2014; Lang† et al., 2019; Gómez-Guijarro† et al.,
2018a). The mechanisms that trigger star formation in such extreme galaxy population are still
debated. A merger-driven scenario was initially preferred (e.g., Tacconi et al., 2006, 2008; Engel
et al., 2010; Narayanan et al., 2010), yet accumulating evidence indicates that SMGs could also
be non-interacting massive galaxies (e.g., Hodge et al., 2012; Hayward et al., 2018). Therefore,
exploring in detail the properties of non-merging SMGs is a fundamental topic of this Ph.D. dissertation.

Although the SMGs selection technique provide a wealth of z & 3 galaxy candidates (e.g., Magnelli†

et al., 2019), dedicated spectroscopic follow-ups –like those presented in this Ph.D. thesis– are needed
to confirm their high-redshift nature. Lymanα (Lyα) emission at 1216Å, for example, has become a
remarkable tool address this issue (e.g., Leclercq et al., 2017; Wisotzki et al., 2018; Crighton et al.,
2019). Bright and broad Lyα line emission could be a result of several mechanisms (e.g., Dijkstra,
2014; Cantalupo, 2017), including the scattering of Lyα photons produced in star-forming HII regions
(e.g., Mas-Ribas et al., 2017), photo-ionization by AGN (e.g., Geach et al., 2009), and gravitational
cooling radiation3 (e.g., Fardal et al., 2001). Strong Lyα line emission of 3 . z . 7 galaxies can be
observed in the optical regime with ground-based 8-10m class telescopes like Keck, Subaru and Very
Large Telescope (VLT).

3 Radiation originated from the compression and shock heating of the gas as this is condensed in the center of dark matter
potential wells.
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Figure 1.6: The SED of the prototypical starburst galaxy Arp 220 redshifted at z = 0.5, 1.0, 2.0 ... 10.0. Opposite
to the optical, IR and radio regime, the observed flux density at sub-mm/mm wavelengths remains nearly
constant for z & 1. The gray shaded region shows the wavelength range (0.45 − 3.0mm) probed by most
sub-mm/mm galaxy surveys.

Alternately, the redshift of distant galaxies can be determined through observations of their mo-
lecular gas reservoir, which is substantial in high-redshift systems (e.g., Schinnerer et al., 2016;
Jiménez-Andrade† et al., 2018). Carbon monoxide, 12CO, is the second most abundant molecule in
galaxies after H2 (see Carilli &Walter, 2013, for a review). Since 12CO has low excitation requirements
(only ∼ 5K for the first state), it became the primary tracer of molecular gas. Due to ambient radiation
and collisions, this asymmetric molecule is excited and experiences rotational transitions. The emitted
photons have a frequency given by ν = ~J/2πI; where J is the angular momentum quantum number
(corresponding to the upper energy level) and I the moment of inertia of the 12CO molecule. The first
excited state (J = 1→ 0) is observed at ν1→0 = 115.27GHz, while the frequency of photons emitted
during higher-J transitions are multiples of ν1→0 (see Fig. 1.5).

Atomic fine structure lines (FSLs) from the cool interstellar gas can also be detected at FIR/mm
wavelengths. The brightest of them is singly ionized carbon, [CII] at 158 µm (Fig. 1.5; e.g., Croxall
et al., 2017; Jones et al., 2017), which can be excited by collisions with hydrogen molecules, atoms,
and free electrons (e.g., Lagache et al., 2018). Since carbon has an ionization potential (11.3 eV)
below the 13.6 eV for hydrogen, [CII] ions can be present in neutral atomic clouds (e.g., Mamon et al.,
1997). Consequently, [CII] line emission traces both ionized and neutral gas. Even faint FSLs (like
[CI] and [NII]) have been detected in high-redshift galaxies (Carilli & Walter, 2013; Harrington†
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et al., 2018, 2019); which is partially due to the advent of large sub-mm/mm interferometer telescopes
like the NOrthern Extended Millimeter Array (NOEMA) and the Atacama Large Millimeter Array
(ALMA). In this Ph.D. dissertation, in particular, we have used 12CO and [CII] line observations
from such observing facilities to derive spectroscopic redshift estimates and probe the conditions for
star formation in three z ∼ 4.6 galaxies, whichwere initially identified via the SMGs selection technique.

1.3 Towards a consistent picture of galaxy evolution

Thanks to the wealth of observations provided by large scale surveys like COSMOS, and predictions
from cosmological simulations, we can quantitatively assess the evolution of galaxies throughout
cosmic time. This section is devoted to introducing fundamental galaxy scaling relations on which
the modern view on galaxy evolution has been built. In brief, the emerging consensus establishes
that the star formation history of the Universe is coupled, to first order, to the cosmic density of cold
gas through a “universal”, redshift-independent star formation law. As a corollary, galaxies steadily
form stars and grow as they accrete gas from the cosmic web until their gas reservoir is depleted
and/or occasional mergers drastically enhance their SFE and SFR. AGN- and/or star formation-driven
outflows can subsequently suppress the production of stars, leading to the formation of quenched
“dead” galaxies.

1.3.1 The cosmic star formation history of the Universe

A fundamental step to characterize the main drivers of galaxy evolution consists in tracing the stellar
birthrate of the Universe over cosmic time, which is known as the cosmic SFH. Specifically, this
is parametrized through the redshift evolution of the cosmic star formation rate density (SFRD),
i.e. SFR per comoving volume. The cosmic SFH can be inferred by determining the luminosity
function, φ(L, z), that describes the number density (per volume) of galaxies of a specific luminosity,
L, and redshift. Integrating the luminosity function over the whole range of luminosities leads to the
luminosity density, ρ(z). Since the UV and/or FIR luminosity densities account for the energy released
during the production of stars, they can be converted into SFRD, ψ(z), using suitable calibrations (Sect.
1.2.2; see Madau & Dickinson, 2014, for a review). Deep surveys have revealed a consistent trend of
ψ(z) (e.g., Magnelli et al., 2009, 2011; Cucciati et al., 2012; Gruppioni et al., 2013; Magnelli et al.,
2013). A rising phase over 2 . z . 8, likely driven by the increasing number density of halos that are
able to host SFGs, followed by a gradual decline to the present day (see Fig. 1.7) that can be explained
by a decreasing gas accretion rate onto dark matter halos (e.g., Tacchella et al., 2013). According to
Madau & Dickinson (2014, and references therein), the cosmic SFH can be parametrized as:

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M� yr

−1Mpc−3. (1.5)

By integrating ψ(z) over redshift we can predict the stellar mass density (SMD) of the Universe at a
given redshift (ρ?(z), see Fig. 1.7). The latter can be independently constrained from observations
of the galaxy stellar mass function (Grazian et al., 2015; Davidzon et al., 2017), which provides an
alternative approach to explore the cosmic SFH (e.g., Behroozi et al., 2013). The comparison between
the observed SFRD and that inferred from the SMD is highly debated (e.g., Yu & Wang, 2016), yet
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brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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Figure 11
The evolution of the stellar mass density. The data points with symbols are given in Table 2. The solid line
shows the global stellar mass density obtained by integrating the best-fit instantaneous star-formation rate
density ψ(z) (Equations 2 and 15) with a return fraction R = 0.27.

When needed, we have scaled from a Chabrier IMF to a Salpeter IMF by multiplying the
stellar masses by a factor of 1.64 (Figure 4). At high redshift, authors often extrapolate their
SMFs beyond the observed range by fitting a Schechter function. Stellar mass completeness at
any given redshift is rarely as well defined as luminosity completeness, given the broad range of
M/L values that galaxies can exhibit. Unlike the LFs used for the SFRD calculations where we have
tried to impose a consistent faint luminosity limit (relative to L∗) for integration, in most cases we
have simply accepted whatever low-mass limits or integral values that the various authors reported.
Many authors found that the characteristic mass M ∗ appears to change little for 0 < z < 3 (e.g.,
Fontana et al. 2006, Ilbert et al. 2013) and is roughly 1011 M⊙ (Salpeter). Therefore, a low-mass
integration limit similar to that which we used for the LFs (Lmin = 0.03 L∗) would correspond
to M min ≈ 109.5 M⊙ in that redshift range. A common but by no means universal low-mass
integration limit used in the literature is 108 M ⊙. Generally, SMFs have flatter low-mass slopes
than do UVLFs (and sometimes IRLFs), so the lower-mass limit makes less difference to the
SMDs than it does to the SFRDs.

Our model predicts an SMD that is somewhat high (∼0.2 dex on average, or 60%) compared
with many, but not all, of the data at 0 < z ! 3. At 0.2 < z < 2, our model matches the SMD
measurements for the Spitzer IRAC-selected sample of Arnouts et al. (2007), but several other
modern measurements in this redshift range from COSMOS (Pozzetti et al. 2010, Ilbert et al.
2013, Muzzin et al. 2013) fall below our curve. Carried down to z = 0, our model is somewhat
high compared with several, but not all (Gallazzi et al. 2008), local estimates of the SMD (e.g.,
Cole et al. 2001, Baldry et al. 2008, Li & White 2009).

Several previous analyses (Hopkins & Beacom 2006, but see the erratum; Hopkins & Beacom
2008; Wilkins et al. 2008a) have found that the instantaneous SFH overpredicts the SMD by
larger factors, up to 0.6 dex at redshift 3. We find little evidence for such significant discrepancies,
although there does appear to be a net offset over a broad redshift range. Although smaller, a ∼60%
effect should not be disregarded. One can imagine several possible causes for this discrepancy; we
consider several of them here.

SFRs may be overestimated, particularly at high redshift during the peak era of galaxy growth.
For UV-based measurements, a likely culprit may be the luminosity-weighted dust corrections,
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Figure 1.7: Left panel: Redshift evolution of the cosmic SFRD inferred from UV (black, magenta, blue and
green symbols) and FIR (red and orange symbols) rest-frame measurements (Madau & Dickinson, 2014, and
references therein). The solid black curve shows the best-fit SFRD given by Equation 1.5. Right panel: Redshift
evolution of the stellar mass density (SMD; Madau & Dickinson, 2014). The solid black line shows the SMD
obtained by integrating the best-fit SFRD (Equation 1.5).

there seems to be a consensus wherein most (75%) of the stellar mass observed today was built after
the SFRD peak at z ∼ 2 (see Fig. 1.7).

Interestingly, the redshift evolution of the SFRD resembles the accretion history of SMBHs (e.g.,
Shankar et al., 2009; Delvecchio et al., 2014, see Fig. 1.8). This has been constrained from the
luminosity function of AGN (from infrared, optical, and/or X-ray observations) by assuming that the
accretion rate onto a SMBH is directly proportional to the bolometric luminosity of the AGN (e.g.,
Hopkins et al., 2007). This finding strengthens the idea of a coeval growth of SMBHs and their host
galaxies (see Kormendy & Ho, 2013, for a review), as also inferred from the correlation between the
velocity dispersion of stars in the bulge and the mass of the SMBH (e.g., Gültekin et al., 2009).

Since cold gas constitutes the fuel for star formation (e.g., Carilli & Walter, 2013), determining the
redshift evolution of the cosmic gas density, ρ(H2), is paramount to investigate how the gas reservoir
of galaxies regulates the cosmic SFRD. To this end, recent efforts have been made to constrain the
12CO luminosity density (per unit volume) out to z ∼ 7 (Decarli et al., 2016; Riechers et al., 2019),
which is converted into molecular gas mass density via the 12CO→H2 conversion factor (αCO; e.g.,
Papadopoulos et al., 2012b). Alternatively, the redshift evolution of the cold gas density has been
inferred from dust-based interstellar medium (ISM) mass estimates (Scoville et al., 2017, Magnelli et
al. in prep.), 12CO line intensity mapping (Keating et al., 2016), and predictions from semi-analytical
(Obreschkow et al., 2009; Lagos et al., 2011; Popping et al., 2014) and empirical (Sargent et al.,
2014) models. Despite the large uncertainties of current estimates, they all suggest that ρ(H2) peaks
at z ∼ 2 − 3 and decreases at lower/higher redshifts (see Fig. 1.8), following the overall shape of
the cosmic SFRD (and accretion history of SMBHs). At all epochs, star formation (and black hole)
activity thus appears to be regulated by the availability of molecular gas reservoirs in galaxies.
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COLDZ: CO LUMINOSITY FUNCTION AND COLD GAS HISTORY OF THE UNIVERSE 9

Figure 5. VLA COLDz measurements of the cold gas history of the universe (green boxes), i.e., the co-moving cosmic mass density of cold
molecular gas as a function of redshift, showing that the gas density evolves. Vertical sizes indicate the uncertainties in each bin. In the
z'2–3 bin, the smaller solid box shows the constraints from both fields combined, and the larger dashed box shows the constraints from the
COSMOS field only (both after merging the two purity methods), as an illustration of the impact of field-to-field variations. Assumptions for the
measurement and uncertainties in the z=4.90–6.70 bin are the same as in Fig. 4. For reference, the gray point shows the measurement obtained
when only including independently confirmed candidates, which is fully consistent with the measurement obtained from the complete statistical
analysis. Empty green and orange boxes show the constraints from the same surveys as in Fig. 2, where different boxes correspond to estimates
obtained in different CO transitions (Walter et al. 2014; Decarli et al. 2016a). The black point shows constraints at z=0 (Saintonge et al. 2017).
Left: Dashed lines show model predictions (Obreschkow et al. 2009; Lagos et al. 2011; Popping et al. 2014a,b). The gray shaded range shows
empirical predictions based on an inversion of the Mgas–SFR relation (e.g., Sargent et al. 2012, 2014; scaled to ↵CO=3.6 M� (K km s�1 pc2)�1

from its original effective value of ⇠4.4 M� (K km s�1 pc2)�1). The mangenta range shows estimates based on galaxy stellar mass functions
using the dust-based interstellar medium mass scaling method as described by Scoville et al. (2017). None of the measurements are extrapolated
to account for the faint end of the molecular gas mass function that remained inaccessible to each survey. The red bar indicates the constraint
obtained from intensity mapping by Keating et al. (2016). No uncertainties are shown for this measurement, since they are dominated by model
assumptions rather than statistical measurement errors. Right: Same data, but also showing the total star-formation rate density, multiplied by
equivalent gas depletion timescales of 0.1, 0.5, and 1.0 Gyr, for reference. Lighter shaded regions correspond to star-formation rate estimates
based on ultraviolet stellar light measurements, with “corrections” for estimated losses due to dust extinction of the ultraviolet light applied.
Darker shaded regions correspond to star-formation rate estimates based on direct measurements of the dust-obscured stellar light at infrared
wavelengths (Bouwens et al. 2016, including infrared-bright sources from Magnelli et al. 2013; see, e.g., Madau & Dickinson 2014 for further
details on uncertainties of the star-formation rate density measurements).

Table 3. Cold gas density evolution measurements from COLDz.

Redshift range Lower limit Median Upper limit

(5th percentile) (50th percentile) (95th percentile)

107 M� Mpc�3 107 M� Mpc�3 107 M� Mpc�3

1.95–2.85 1.1 2.7 5.6

1.95–2.72 0.95a 3.5a 10.9a

2.03–2.85 0.30b 1.9b 7.3b

4.90–6.70 0.14 0.47 1.1

4.0c

aMeasurement for the COSMOS field alone, after merging both purity methods.
bMeasurement for the GOODS-North field alone, after merging both purity methods. These data alone do not fully sample the “knee” of the

CO luminosity function.
cLess constraining upper limit obtained when making the (unlikely) assumption that all CO(J=1!0) candidates not yet independently

confirmed could, in principle, be CO(J=2!1) emitters.

Since some of these earlier candidates may be spurious, and
given the limited statistics of the current surveys and the lim-
ited magnitude of the effect, additional data are required to
further investigate the relevance of potential selection effects
due to CO excitation. In particular, Decarli et al. (2016b) find
that some confirmed sources in the ASPECS-Pilot survey ap-
pear to show comparatively low CO excitation, opposite to
what would be expected in the case of a CO excitation-based
selection bias. The full, extended ASPECS survey data ex-

pected from an ongoing ALMA Large Program will further
constrain the contribution of cosmic variance to the observed
effect.

4.1.2. Cold Gas Density of the Universe

The constraints on the evolution of the cold gas density
with redshift resulting from the improved CO luminosity
function measurements provided by COLDz are consistent
with those from previous surveys within the relative uncer-
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Figure 15
Comparison of the best-fit star-formation history (thick solid curve) with the massive black hole accretion
history from X-ray [red curve (Shankar et al. 2009); light green shading (Aird et al. 2010)] and infrared (light
blue shading) (Delvecchio et al. 2014) data. The shading indicates the ±1σ uncertainty range on the total
bolometric luminosity density. The radiative efficiency has been set to ϵ = 0.1. The comoving rates of black
hole accretion have been scaled up by a factor of 3,300 to facilitate visual comparison to the star-formation
history.

large-scale galactic outflows and quenching star formation (Di Matteo et al. 2005), or just modifies
gas dynamics in the galactic nucleus (Debuhr et al. 2010).

Here, we consider a different perspective on the link between the assembly of the stellar
component of galaxies and the growth of their central black holes. The cosmic mass accretion
history of massive black holes can be inferred using Soltan’s argument (Soltan 1982), which relates
the quasar bolometric luminosity density to the rate at which mass accumulates into black holes,

ρ̇BH(z) = 1 − ϵ

ϵc 2

∫
Lφ(L, z)dL, (21)

where ϵ is the efficiency of conversion of rest-mass energy into radiation. In practice, bolometric
luminosities are typically derived from observations of the AGN emission at X-ray, optical or IR
wavelengths, scaled by a bolometric correction. In Figure 15, several recent determinations of
the massive black hole mass growth rate are compared with the cosmic SFRD (Equation 15). Also
shown is the accretion history derived from the hard X-ray LF of Aird et al. (2010), assuming a
radiative efficiency ϵ = 0.1 and a constant bolometric correction of 40 for the observed 2–10 KeV
X-ray luminosities. This accretion rate peaks at lower redshift than does the SFRD and declines
more rapidly from z ≈ 1 to 0. However, several authors have discussed the need for luminosity-
dependent bolometric corrections, which in turn can affect the derived accretion history (e.g.,
Marconi et al. 2004, Hopkins et al. 2007, Shankar et al. 2009). Moreover, although the hard X-ray
LF includes unobscured as well as moderately obscured sources that may not be identified as AGN
at optical wavelengths, it can miss Compton thick AGN, which may be identified in other ways,
particularly using IR data. Delvecchio et al. (2014) have used deep Herschel and Spitzer survey
data in GOODS-S and COSMOS to identify AGN by SED fitting. This is a potentially powerful
method but depends on reliable decomposition of the IR emission from AGN and star formation.

Black hole mass growth rates derived from the bolometric AGN LFs of Shankar et al. (2009)
and Delvecchio et al. (2014) are also shown in Figure 15. These more closely track the cosmic
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Figure 5. VLA COLDz measurements of the cold gas history of the universe (green boxes), i.e., the co-moving cosmic mass density of cold
molecular gas as a function of redshift, showing that the gas density evolves. Vertical sizes indicate the uncertainties in each bin. In the
z'2–3 bin, the smaller solid box shows the constraints from both fields combined, and the larger dashed box shows the constraints from the
COSMOS field only (both after merging the two purity methods), as an illustration of the impact of field-to-field variations. Assumptions for the
measurement and uncertainties in the z=4.90–6.70 bin are the same as in Fig. 4. For reference, the gray point shows the measurement obtained
when only including independently confirmed candidates, which is fully consistent with the measurement obtained from the complete statistical
analysis. Empty green and orange boxes show the constraints from the same surveys as in Fig. 2, where different boxes correspond to estimates
obtained in different CO transitions (Walter et al. 2014; Decarli et al. 2016a). The black point shows constraints at z=0 (Saintonge et al. 2017).
Left: Dashed lines show model predictions (Obreschkow et al. 2009; Lagos et al. 2011; Popping et al. 2014a,b). The gray shaded range shows
empirical predictions based on an inversion of the Mgas–SFR relation (e.g., Sargent et al. 2012, 2014; scaled to ↵CO=3.6 M� (K km s�1 pc2)�1

from its original effective value of ⇠4.4 M� (K km s�1 pc2)�1). The mangenta range shows estimates based on galaxy stellar mass functions
using the dust-based interstellar medium mass scaling method as described by Scoville et al. (2017). None of the measurements are extrapolated
to account for the faint end of the molecular gas mass function that remained inaccessible to each survey. The red bar indicates the constraint
obtained from intensity mapping by Keating et al. (2016). No uncertainties are shown for this measurement, since they are dominated by model
assumptions rather than statistical measurement errors. Right: Same data, but also showing the total star-formation rate density, multiplied by
equivalent gas depletion timescales of 0.1, 0.5, and 1.0 Gyr, for reference. Lighter shaded regions correspond to star-formation rate estimates
based on ultraviolet stellar light measurements, with “corrections” for estimated losses due to dust extinction of the ultraviolet light applied.
Darker shaded regions correspond to star-formation rate estimates based on direct measurements of the dust-obscured stellar light at infrared
wavelengths (Bouwens et al. 2016, including infrared-bright sources from Magnelli et al. 2013; see, e.g., Madau & Dickinson 2014 for further
details on uncertainties of the star-formation rate density measurements).

Table 3. Cold gas density evolution measurements from COLDz.

Redshift range Lower limit Median Upper limit

(5th percentile) (50th percentile) (95th percentile)

107 M� Mpc�3 107 M� Mpc�3 107 M� Mpc�3

1.95–2.85 1.1 2.7 5.6

1.95–2.72 0.95a 3.5a 10.9a

2.03–2.85 0.30b 1.9b 7.3b

4.90–6.70 0.14 0.47 1.1

4.0c

aMeasurement for the COSMOS field alone, after merging both purity methods.
bMeasurement for the GOODS-North field alone, after merging both purity methods. These data alone do not fully sample the “knee” of the

CO luminosity function.
cLess constraining upper limit obtained when making the (unlikely) assumption that all CO(J=1!0) candidates not yet independently

confirmed could, in principle, be CO(J=2!1) emitters.

Since some of these earlier candidates may be spurious, and
given the limited statistics of the current surveys and the lim-
ited magnitude of the effect, additional data are required to
further investigate the relevance of potential selection effects
due to CO excitation. In particular, Decarli et al. (2016b) find
that some confirmed sources in the ASPECS-Pilot survey ap-
pear to show comparatively low CO excitation, opposite to
what would be expected in the case of a CO excitation-based
selection bias. The full, extended ASPECS survey data ex-

pected from an ongoing ALMA Large Program will further
constrain the contribution of cosmic variance to the observed
effect.

4.1.2. Cold Gas Density of the Universe

The constraints on the evolution of the cold gas density
with redshift resulting from the improved CO luminosity
function measurements provided by COLDz are consistent
with those from previous surveys within the relative uncer-
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Figure 15
Comparison of the best-fit star-formation history (thick solid curve) with the massive black hole accretion
history from X-ray [red curve (Shankar et al. 2009); light green shading (Aird et al. 2010)] and infrared (light
blue shading) (Delvecchio et al. 2014) data. The shading indicates the ±1σ uncertainty range on the total
bolometric luminosity density. The radiative efficiency has been set to ϵ = 0.1. The comoving rates of black
hole accretion have been scaled up by a factor of 3,300 to facilitate visual comparison to the star-formation
history.

large-scale galactic outflows and quenching star formation (Di Matteo et al. 2005), or just modifies
gas dynamics in the galactic nucleus (Debuhr et al. 2010).

Here, we consider a different perspective on the link between the assembly of the stellar
component of galaxies and the growth of their central black holes. The cosmic mass accretion
history of massive black holes can be inferred using Soltan’s argument (Soltan 1982), which relates
the quasar bolometric luminosity density to the rate at which mass accumulates into black holes,

ρ̇BH(z) = 1 − ϵ

ϵc 2

∫
Lφ(L, z)dL, (21)

where ϵ is the efficiency of conversion of rest-mass energy into radiation. In practice, bolometric
luminosities are typically derived from observations of the AGN emission at X-ray, optical or IR
wavelengths, scaled by a bolometric correction. In Figure 15, several recent determinations of
the massive black hole mass growth rate are compared with the cosmic SFRD (Equation 15). Also
shown is the accretion history derived from the hard X-ray LF of Aird et al. (2010), assuming a
radiative efficiency ϵ = 0.1 and a constant bolometric correction of 40 for the observed 2–10 KeV
X-ray luminosities. This accretion rate peaks at lower redshift than does the SFRD and declines
more rapidly from z ≈ 1 to 0. However, several authors have discussed the need for luminosity-
dependent bolometric corrections, which in turn can affect the derived accretion history (e.g.,
Marconi et al. 2004, Hopkins et al. 2007, Shankar et al. 2009). Moreover, although the hard X-ray
LF includes unobscured as well as moderately obscured sources that may not be identified as AGN
at optical wavelengths, it can miss Compton thick AGN, which may be identified in other ways,
particularly using IR data. Delvecchio et al. (2014) have used deep Herschel and Spitzer survey
data in GOODS-S and COSMOS to identify AGN by SED fitting. This is a potentially powerful
method but depends on reliable decomposition of the IR emission from AGN and star formation.

Black hole mass growth rates derived from the bolometric AGN LFs of Shankar et al. (2009)
and Delvecchio et al. (2014) are also shown in Figure 15. These more closely track the cosmic
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COLDZ: CO LUMINOSITY FUNCTION AND COLD GAS HISTORY OF THE UNIVERSE 9

Figure 5. VLA COLDz measurements of the cold gas history of the universe (green boxes), i.e., the co-moving cosmic mass density of cold
molecular gas as a function of redshift, showing that the gas density evolves. Vertical sizes indicate the uncertainties in each bin. In the
z'2–3 bin, the smaller solid box shows the constraints from both fields combined, and the larger dashed box shows the constraints from the
COSMOS field only (both after merging the two purity methods), as an illustration of the impact of field-to-field variations. Assumptions for the
measurement and uncertainties in the z=4.90–6.70 bin are the same as in Fig. 4. For reference, the gray point shows the measurement obtained
when only including independently confirmed candidates, which is fully consistent with the measurement obtained from the complete statistical
analysis. Empty green and orange boxes show the constraints from the same surveys as in Fig. 2, where different boxes correspond to estimates
obtained in different CO transitions (Walter et al. 2014; Decarli et al. 2016a). The black point shows constraints at z=0 (Saintonge et al. 2017).
Left: Dashed lines show model predictions (Obreschkow et al. 2009; Lagos et al. 2011; Popping et al. 2014a,b). The gray shaded range shows
empirical predictions based on an inversion of the Mgas–SFR relation (e.g., Sargent et al. 2012, 2014; scaled to ↵CO=3.6 M� (K km s�1 pc2)�1

from its original effective value of ⇠4.4 M� (K km s�1 pc2)�1). The mangenta range shows estimates based on galaxy stellar mass functions
using the dust-based interstellar medium mass scaling method as described by Scoville et al. (2017). None of the measurements are extrapolated
to account for the faint end of the molecular gas mass function that remained inaccessible to each survey. The red bar indicates the constraint
obtained from intensity mapping by Keating et al. (2016). No uncertainties are shown for this measurement, since they are dominated by model
assumptions rather than statistical measurement errors. Right: Same data, but also showing the total star-formation rate density, multiplied by
equivalent gas depletion timescales of 0.1, 0.5, and 1.0 Gyr, for reference. Lighter shaded regions correspond to star-formation rate estimates
based on ultraviolet stellar light measurements, with “corrections” for estimated losses due to dust extinction of the ultraviolet light applied.
Darker shaded regions correspond to star-formation rate estimates based on direct measurements of the dust-obscured stellar light at infrared
wavelengths (Bouwens et al. 2016, including infrared-bright sources from Magnelli et al. 2013; see, e.g., Madau & Dickinson 2014 for further
details on uncertainties of the star-formation rate density measurements).

Table 3. Cold gas density evolution measurements from COLDz.

Redshift range Lower limit Median Upper limit

(5th percentile) (50th percentile) (95th percentile)

107 M� Mpc�3 107 M� Mpc�3 107 M� Mpc�3

1.95–2.85 1.1 2.7 5.6

1.95–2.72 0.95a 3.5a 10.9a

2.03–2.85 0.30b 1.9b 7.3b

4.90–6.70 0.14 0.47 1.1

4.0c

aMeasurement for the COSMOS field alone, after merging both purity methods.
bMeasurement for the GOODS-North field alone, after merging both purity methods. These data alone do not fully sample the “knee” of the

CO luminosity function.
cLess constraining upper limit obtained when making the (unlikely) assumption that all CO(J=1!0) candidates not yet independently

confirmed could, in principle, be CO(J=2!1) emitters.

Since some of these earlier candidates may be spurious, and
given the limited statistics of the current surveys and the lim-
ited magnitude of the effect, additional data are required to
further investigate the relevance of potential selection effects
due to CO excitation. In particular, Decarli et al. (2016b) find
that some confirmed sources in the ASPECS-Pilot survey ap-
pear to show comparatively low CO excitation, opposite to
what would be expected in the case of a CO excitation-based
selection bias. The full, extended ASPECS survey data ex-

pected from an ongoing ALMA Large Program will further
constrain the contribution of cosmic variance to the observed
effect.

4.1.2. Cold Gas Density of the Universe

The constraints on the evolution of the cold gas density
with redshift resulting from the improved CO luminosity
function measurements provided by COLDz are consistent
with those from previous surveys within the relative uncer-

AA52CH10-Madau ARI 4 August 2014 10:30

0 1 2 3 4 5 6

0 2 4 6 8 10 12
–0.4

–0.8

–1.2

–1.6

–2

–2.4

Redshift

Lookback time (Gyr)

lo
g 
ψ 

 (M
    

ye
ar

–1
 M

pc
–3

)

Figure 15
Comparison of the best-fit star-formation history (thick solid curve) with the massive black hole accretion
history from X-ray [red curve (Shankar et al. 2009); light green shading (Aird et al. 2010)] and infrared (light
blue shading) (Delvecchio et al. 2014) data. The shading indicates the ±1σ uncertainty range on the total
bolometric luminosity density. The radiative efficiency has been set to ϵ = 0.1. The comoving rates of black
hole accretion have been scaled up by a factor of 3,300 to facilitate visual comparison to the star-formation
history.

large-scale galactic outflows and quenching star formation (Di Matteo et al. 2005), or just modifies
gas dynamics in the galactic nucleus (Debuhr et al. 2010).

Here, we consider a different perspective on the link between the assembly of the stellar
component of galaxies and the growth of their central black holes. The cosmic mass accretion
history of massive black holes can be inferred using Soltan’s argument (Soltan 1982), which relates
the quasar bolometric luminosity density to the rate at which mass accumulates into black holes,

ρ̇BH(z) = 1 − ϵ

ϵc 2

∫
Lφ(L, z)dL, (21)

where ϵ is the efficiency of conversion of rest-mass energy into radiation. In practice, bolometric
luminosities are typically derived from observations of the AGN emission at X-ray, optical or IR
wavelengths, scaled by a bolometric correction. In Figure 15, several recent determinations of
the massive black hole mass growth rate are compared with the cosmic SFRD (Equation 15). Also
shown is the accretion history derived from the hard X-ray LF of Aird et al. (2010), assuming a
radiative efficiency ϵ = 0.1 and a constant bolometric correction of 40 for the observed 2–10 KeV
X-ray luminosities. This accretion rate peaks at lower redshift than does the SFRD and declines
more rapidly from z ≈ 1 to 0. However, several authors have discussed the need for luminosity-
dependent bolometric corrections, which in turn can affect the derived accretion history (e.g.,
Marconi et al. 2004, Hopkins et al. 2007, Shankar et al. 2009). Moreover, although the hard X-ray
LF includes unobscured as well as moderately obscured sources that may not be identified as AGN
at optical wavelengths, it can miss Compton thick AGN, which may be identified in other ways,
particularly using IR data. Delvecchio et al. (2014) have used deep Herschel and Spitzer survey
data in GOODS-S and COSMOS to identify AGN by SED fitting. This is a potentially powerful
method but depends on reliable decomposition of the IR emission from AGN and star formation.

Black hole mass growth rates derived from the bolometric AGN LFs of Shankar et al. (2009)
and Delvecchio et al. (2014) are also shown in Figure 15. These more closely track the cosmic
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SFRD

Figure 1.8: Left panel: SFRD in comparison with the accretion history of SMBHs (scaled up by a factor of
3300) from X-ray (Shankar et al., 2009; Aird et al., 2010) and infrared (Delvecchio et al., 2014) data. Image
adapted from Madau & Dickinson (2014). Right panel: Co-moving cosmic mass density of cold molecular gas
as a function of redshift derived from 12CO line observations (green/red boxes, Decarli et al., 2016; Riechers
et al., 2019), dust continuum (magenta region Scoville et al., 2017), intensity mapping of 12CO line emission
(red solid line, Keating et al., 2016), expectations from the Mgas−SFR relation (grey region, Sargent et al.,
2014) and predictions from semi-analytical models (Obreschkow et al., 2009; Lagos et al., 2011; Popping et al.,
2014). Image adapted from Riechers et al. (2019).

1.3.2 The global “star formation law” of galaxies

The apparent co-evolution between the ρ(H2) and SFRD suggests a relatively redshift-independent
star formation efficiency of galaxies, which is parametrized by the ratio between their stellar birthrate
and gas content. Specifically, since the production of stars is the result of gravitational collapse of
molecular gas clouds, it is expected that the SFR volume density, ρSFR, relates to the volume density
of cold gas, ρgas, (Schmidt, 1959): ρSFR = AρNgas, where N is the power index and A is assumed to
be constant. Determining SFR and gas volume densities is not practical for extragalactic systems,
consequently, one has to assume a constant disk scale height and measure surface densities. By using
this approximation, Kennicutt (1998b) concluded that nearby spiral and starburst galaxies satisfy
the relation ΣSFR ∝ Σ1.4±0.2

gas , which is usually referred as the Kennicutt-Schmidt (KS) relation (see
Fig. 1.9). This empirical scaling relation appears to be valid out to z ∼ 3 (e.g., Daddi et al., 2010;
Genzel et al., 2010; Freundlich et al., 2013; Sargent et al., 2014; Schinnerer et al., 2016). Above
Σgas ∼ 102 M�pc

−2, star-forming disks and starburst galaxies seem to occupy two distinct regimes of
the KS relation (see Fig. 1.9): while the former follows the classical KS relation, the latter forms
stars at a rate that is one order of magnitude higher than expected from their gas surface density
(e.g., Daddi et al., 2010; Genzel et al., 2010). It thus appears that there are two different regimes of
star formation (Sargent et al., 2014). First, a long-lasting mode in which the production of stars in
galaxies is mainly regulated by smooth gas accretion from the IGM (e.g., Dekel et al., 2009a; Kereš
& Hernquist, 2009). Second, a more efficient mode of star formation driving short-lived starburst
episodes as observed in merger-driven Ultra-Luminous Infrared Galaxies (ULIRGs; e.g., Genzel et al.,
2001) and most SMGs at z ∼ 2 (e.g., Engel et al., 2010). The exact physical mechanisms driving the
apparent dichotomy of the KS relation, e.g., gas dynamics and fraction of dense gas, are still largely
debated (e.g., Bouché et al., 2007; Krumholz & Thompson, 2007; Genzel et al., 2010; Narayanan

16



1.3 Towards a consistent picture of galaxy evolution

L120 DADDI ET AL. Vol. 714

Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
are THINGS spirals from Bigiel et al. (2008). The lower solid line is a fit to
local spirals and z = 1.5 BzK galaxies (Equation (2), slope of 1.42), and the
upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
(2003) IMF.
(A color version of this figure is available in the online journal.)

measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.42 × log Σgas/[M⊙ pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M⊙ yr−1 and ΣSFR ! 1 M⊙
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M⊙ yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-

Figure 3. Same as Figure 2, but with the gas surface densities divided by the
dynamical time. The best-fitting relation is given in Equation (3) and has a slope
of 1.14.
(A color version of this figure is available in the online journal.)

tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M⊙ yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M⊙ yr−1] = 1.42×log(MH2/τdyn)/[M⊙ yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%
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measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.42 × log Σgas/[M⊙ pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M⊙ yr−1 and ΣSFR ! 1 M⊙
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M⊙ yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-
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tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M⊙ yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M⊙ yr−1] = 1.42×log(MH2/τdyn)/[M⊙ yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%

The lesser role of starbursts for star formation at z = 2 3

Figure 1. Stellar mass – Star Formation Rate relation at 1.5 < z < 2.5. We use four main samples: the ”shallow” PACS-COSMOS sources
(red filled circles), the deeper PACS-GOODS South (cyan squares), the BzK-GOODS sample (black filled circles) and the BzK-COSMOS
sources (black dots). The solid black line indicates the main sequence (MS) for star-forming galaxies at z ∼ 2 defined by Daddi et al.
(2007), while the dotted and dashed lines mark the loci 10 and 4 times above the MS (along the SFR axis), respectively. The star indicates
the PACS source detected by Aztec at 1.1mm in the COSMOS field. In the smaller inset, we show the same information as in the main
panel, however here the stellar mass is presented as a function of the SSFR.

by the BzK-selected sample with UV-based SFRs. Still,
the PACS SFR-selection cut is visible at ∼ 60 M⊙/yr,
and most BzK galaxies remain undetected below this
limit.

The PACS-GOODS sample also allows to populate the
region with excess SFRs above the MS, something harder
to do with UV-based SFRs due to obscuration. The com-
bination of such datasets is clearly ideal to obtain a sta-
tistical census of high-SFR galaxies as well as high SSFR
(see the insert of Fig. 1). Indeed, half of PACS-detected
sources over the COSMOS field, either do not have a BzK
counterpart, or their SFR is a factor ∼ 4 or more higher
than their UV-based SFR. We interpret this as evidence
that most of the SF activity in these galaxies is heavily
dust-obscured in the UV.

In order to investigate the frequency and relative role
of galaxies on and off the MS, we have derived the num-

ber density distribution of galaxies in four stellar mass
bins as a function of their SSFR (see Fig. 2). We assume
no redshift incompleteness for the BzK galaxies over the
1.5 < z < 2.5 range (see, e.g., McCracken et al. 2010),
whereas for PACS galaxies the flux limits imply different
SFR limits as a function of redshifts. Therefore, 1/Vmax

corrections were computed with the same templates used
to derive the IR luminosities. This procedure implicitly
assumes no strong evolution of the number density of
the population in the probed redshift range. This is con-
firmed by the average V/Vmax being 0.504 ± 0.023 and
0.56 ± 0.05, for the COSMOS- and GOODS-PACS sam-
ples, respectively. The SSFR distributions from the four
samples agree within the errors (Poisson) in the regions
of overlap, providing an important cross-check of the so-
lidity of our approach.

In absence of a clear bimodality in Fig. 1, the distri-

A&A 573, A45 (2015)

Fig. 2. Number density of sources in the SFR–M∗ plane. Shading is independent for each stellar mass bin, i.e. the darkest colour indicates the
highest number density of sources in the stellar mass bin and not the highest number density of sources in the entire SFR–M∗ plane. Short-dashed
lines on a white background show the second-order polynomial functions used here to describe the MS of star formation (Magnelli et al. 2014).
Dotted lines represent the MS and its redshift evolution as found in Elbaz et al. (2011). The red triple-dot-dashed lines represent the MS and its
redshift evolution as found in Rodighiero et al. (2010).

To verify that the clustering properties of our stacked sam-
ples have no significant effect on our stacked FIR flux densities,
we used simulations from Magnelli et al. (2014). Briefly, sim-
ulated Herschel flux densities of all sources in our final sample
were estimated using the MS template of Elbaz et al. (2011),
given their observed redshifts and SFRs. Simulated Herschel
maps with real clustering properties were then produced using
the observed positions and simulated Herschel flux densities of
each sources of our fields. Whenever we stacked a given galaxy
population on the real Herschel images, we also stacked at the
same positions the simulated images and thus obtained a simu-
lated stacked flux density (S simu

stack). Then we compared the S simu
stack

with the expected mean flux density of this simulated popula-
tion, i.e. S expected

stack . If ABS((S simu
stack−S expected

stack )/S expected
stack ) > 0.5, then

the real stacked flux densities were identified as being poten-
tially affected by clustering. This 0.5 value was empirically de-
fined as being the threshold above which the effect of clustering
would not be captured within the flux uncertainties of our typical
S /N ∼ 4 stacked flux densities. The largest clustering effects are
observed at low flux densities and in the SPIRE 500 µm band,
as expected. More details on these simulations can be found in
Sect. 3.2.2 of Magnelli et al. (2014).

From the mean Herschel flux densities of each galaxy popu-
lation we inferred their rest-frame FIR luminosities (i.e. LFIR,
where LFIR is the integrated luminosity between 42 µm and
122 µm) and dust temperatures (i.e. Tdust) by fitting the avail-
able FIR photometry using the DH SED template library and a
standard χ2 minimisation method. From the integration of the
best-fitting DH SED template, we infer LFIR to within ∼0.1 dex,

even in cases with only one FIR detection, because Herschel ob-
servations probe the peak of the FIR emission of galaxies (Elbaz
et al. 2011; Nordon et al. 2012). Naturally, we compared these
LFIR estimates to the obscured SFR (i.e. SFRIR) expected from
our ladder of SFR indicators. We reject SFR–M∗– z bins in which
these two independent SFRIR estimates are not consistent within
0.3 dex. Such discrepancies are only observed in few SFR–M∗–
z bins with stacked FIR flux densities with low significance,
S /N ∼ 3.

From the best-fitting DH SED template we also estimated
Tdust using the pairing between dust temperature and DH tem-
plates established in Magnelli et al. (2014). The reliability of
these dust temperature estimates depends on the number of
FIR data points available and on whether those data points en-
compass the peak of the FIR emission. As in Magnelli et al.
(2014), we considered as reliable only the dust temperatures in-
ferred from at least three FIR data points encompassing the peak
of the FIR emission and with χ2

reduced < 3.

3.2. Determination of the radio properties through stacking

To estimate the radio properties (i.e. S 1.4 GHz and S 610 MHz) of
a given galaxy population, we stacked their VLA 1.4 GHz and
GMRT 610 MHz observations. This stacking analysis is very
similar to that employed for the Herschel observations. However,
the Herschel data are very homogeneous among fields, except
for the noise level, whereas the radio data differ between fields
in properties such as beam shape. Hence, one cannot stack to-
gether sources regardless of their position on the sky. Instead,
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Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
are THINGS spirals from Bigiel et al. (2008). The lower solid line is a fit to
local spirals and z = 1.5 BzK galaxies (Equation (2), slope of 1.42), and the
upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
(2003) IMF.
(A color version of this figure is available in the online journal.)

measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.42 × log Σgas/[M⊙ pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M⊙ yr−1 and ΣSFR ! 1 M⊙
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M⊙ yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-

Figure 3. Same as Figure 2, but with the gas surface densities divided by the
dynamical time. The best-fitting relation is given in Equation (3) and has a slope
of 1.14.
(A color version of this figure is available in the online journal.)

tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M⊙ yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M⊙ yr−1] = 1.42×log(MH2/τdyn)/[M⊙ yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%

The lesser role of starbursts for star formation at z = 2 3

Figure 1. Stellar mass – Star Formation Rate relation at 1.5 < z < 2.5. We use four main samples: the ”shallow” PACS-COSMOS sources
(red filled circles), the deeper PACS-GOODS South (cyan squares), the BzK-GOODS sample (black filled circles) and the BzK-COSMOS
sources (black dots). The solid black line indicates the main sequence (MS) for star-forming galaxies at z ∼ 2 defined by Daddi et al.
(2007), while the dotted and dashed lines mark the loci 10 and 4 times above the MS (along the SFR axis), respectively. The star indicates
the PACS source detected by Aztec at 1.1mm in the COSMOS field. In the smaller inset, we show the same information as in the main
panel, however here the stellar mass is presented as a function of the SSFR.

by the BzK-selected sample with UV-based SFRs. Still,
the PACS SFR-selection cut is visible at ∼ 60 M⊙/yr,
and most BzK galaxies remain undetected below this
limit.

The PACS-GOODS sample also allows to populate the
region with excess SFRs above the MS, something harder
to do with UV-based SFRs due to obscuration. The com-
bination of such datasets is clearly ideal to obtain a sta-
tistical census of high-SFR galaxies as well as high SSFR
(see the insert of Fig. 1). Indeed, half of PACS-detected
sources over the COSMOS field, either do not have a BzK
counterpart, or their SFR is a factor ∼ 4 or more higher
than their UV-based SFR. We interpret this as evidence
that most of the SF activity in these galaxies is heavily
dust-obscured in the UV.

In order to investigate the frequency and relative role
of galaxies on and off the MS, we have derived the num-

ber density distribution of galaxies in four stellar mass
bins as a function of their SSFR (see Fig. 2). We assume
no redshift incompleteness for the BzK galaxies over the
1.5 < z < 2.5 range (see, e.g., McCracken et al. 2010),
whereas for PACS galaxies the flux limits imply different
SFR limits as a function of redshifts. Therefore, 1/Vmax

corrections were computed with the same templates used
to derive the IR luminosities. This procedure implicitly
assumes no strong evolution of the number density of
the population in the probed redshift range. This is con-
firmed by the average V/Vmax being 0.504 ± 0.023 and
0.56 ± 0.05, for the COSMOS- and GOODS-PACS sam-
ples, respectively. The SSFR distributions from the four
samples agree within the errors (Poisson) in the regions
of overlap, providing an important cross-check of the so-
lidity of our approach.

In absence of a clear bimodality in Fig. 1, the distri-

Figure 1.9: Left panel: The Kennicutt-Schmidt relation inferred from z ∼ 1.5 disk galaxies (red/brown symbols),
SMGs (empty blue/green squares), local Ultra-Luminous Infrared Galaxies (ULIRGs) (black crosses) and spiral
galaxies (black triangles). The colored contours corresponds to local spirals from Bigiel et al. (2008). While the
solid line is a fit to local spirals and z ∼ 1.5 disk galaxies (with N = 1.42), the dashed line illustrate the same
relation but shifted up by 0.9 dex to fit local ULIRGs and z ∼ 2 SMGs. Image adapted from Daddi et al. (2010).
Right panel: Distribution of SFGs, over the redshift range 0.8 < z < 1.2, in the SFR-M? plane Magnelli et al.
(2015). The darkest colour indicates the highest number density of sources per stellar mass bin. The lines show
the Main Sequence (MS) of SFGs reported by Magnelli et al. (2014, dashed line), Elbaz et al. (2011, dotted
line) and Rodighiero et al. (2010, red line).

et al., 2012). It is also unclear whether this dichotomy remains out to the epoch of massive galaxy
assembly (z > 3). Determining the mechanisms at the origin of this dichotomy, and whether this
remains out to the highest redshifts, is thus one fundamental topic addressed in this Ph.D. thesis.

1.3.3 The Main Sequence of SFGs

From a cosmological perspective, the synchronous redshift evolution of ρ(H2) and SFRD (Sect. 1.3.1)
already indicates that the secular mode of star formation, and not the starbursting one, dominates the
cosmic stellar birthrate of the Universe. This appears to be verified by the fact that most SFGs, of
a given stellar mass and redshift, form stars at a rate that varies within only a factor 2. Such SFGs
define a tight correlation in the SFR–M? plane known as the MS of SFGs (see Fig. 1.9; e.g., Speagle
et al., 2014), whose normalization4 approximately follows the redshift evolution of the gas fraction
(µgas = Mgas/M?) in galaxies (see Fig. 1.10; e.g., Schinnerer et al., 2016; Tacconi et al., 2018).
Therefore, during the MS phase, the stellar birthrate seems to be coupled to the cosmological gas
accretion through an apparent redshift-independent KS relation of normal SFGs (e.g., Sargent et al.,
2014; Speagle et al., 2014), as opposed to the starburst KS law mentioned in the previous section.

4 Equivalent to the specific star formation rate (SSFR) of galaxies on the MS (SSFRMS ≡ SFRMS/M?)
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selection criteria in different studies may produce discrepant
results. Sources located below the MS of star-forming galaxies,
i.e., with SFR lower than the median galaxy, will bias the gas
fraction toward lower values. It also underlines the importance
of a good (or at least consistent) determination of the SFR
when comparing different surveys, or in other words the strong
relation between Mgas and SFR strongly affects the interpreta-
tion of mgas. Our objects closest to the MS (color-coded dark
green to black) typically lie closest to the expected value of
m » 2gas , but they still show a significant scatter, suggesting
that the intrinsic gas fraction for galaxies on the MS has a wide
distribution. (Note that some of the scatter is also due to the fact
that our galaxies sample a range of stellar masses with different
average gas fractions; see Figure 4.) Larger samples are
required to confirm this behavior.

Comparison of the gas depletion time tdepl. of our ~z 3.2
sample to the 2-SFM model trend (Sargent et al. 2014) and
literature values for larger samples is presented in Figure 3(b).
The median direct and compensated values of our z=3.2
sample of ( )á ñ = -

+t Gyr 0.68depl. 0.08
0.07 and ( )á ñ =t Gyrdepl. comp

-
+0.67 0.08

0.07 (uncertainties are 1σ error on median) are fully
consistent with the trends and values of Genzel et al. (2015)
and Bethermin et al. (2015) which also follow the trend
predicted by the 2-SFM model. According to data and model,
tdepl. may approach a plateau of »t 600 Myrdepl. for MS
galaxies at .z 3. Again, the mean values of the MS galaxies
from Scoville et al. (2016) are fully consistent with the other
data, with the exception of the =z 4.4 data which tends toward

values lower than predicted by the 2-SFM model, but still
consistent within the expected scatter.
Our objects show no clear trend with specific SFR (as

expected from Section 3.2.1) over almost two orders of
magnitude at z≈3.2. An exception are the objects that lie
more than 2.5×above the MS that all exhibit depletion times
of 300Myr and less. It is interesting to note that our scatter is
similar to that from the IR stacking analysis by Bethermin et al.
(2015). This suggests that in addition to potential sample
selection biases (fraction of starburst-like sources), a large
intrinsic scatter could contribute to variations between different
studies.

3.2.3. Trends with Stellar Mass

The gas fraction mgas is slightly anti-correlated with stellar
mass �M for our z=3.2 sample as shown in Figure 4. Our
galaxies agree well with the general predicted trend by the
2-SFM model (Sargent et al. 2014), but they reveal an
apparently steeper slope of ( )�m Mgas that is likely an artifact
created by our detection limit (see the long-dashed diagonal
line in Figure 4).
At fixed stellar mass, galaxies with high gas fractions are on

average expected to correspond to MS galaxies well above the
mean MS locus according to the 2-SFM framework (see the
colored band in the background of Figure 4). In Figure 4 we
have colored our ALMA detections according to the actual
sSFR-offset with respect to the MS. While there is an overall,
broad agreement between expected and actual location of our
data in Figure 4 (in the sense that high-sSFR galaxies lie above

Figure 3. Redshift evolution of the (a) gas fraction �m = M Mgas gas (left) and (b) depletion time tdep (right). Our sample is color-coded according to the distance from
the main sequence of star-forming galaxies with redder (greener) colors indicating objects below (above) the main sequence (see color bar in the top right) separated
into star-forming galaxies (circles) and candidate AGN hosts (diamonds). The typical error bar of our objects marked by an “e” is indicated in the top right corner of
each panel. The median values of our z=3.2 sample are shown by large black triangles, while the median values compensated for the offset of our sample from the
main sequence are given by the large black star symbols. The median trend predicted by the 2-SFM model for main-sequence galaxies (Sargent et al. 2014) is shown
by the solid gray line, the dashed lines indicate the expected gas fraction (depletion time) for galaxies lying 1σ above or below the star-forming main sequence.
Galaxies within 2σ of the average main-sequence locus are predicted to lie within the light gray band. Note that for low-z galaxies the contribution of atomic (H I) gas
is not included in Mgas. In addition, the average gas fraction derived from CO line observations (black open circles) and from stacked dust SEDs (black diamonds) at
lower redshifts from the compilation by Genzel et al. (2015) is shown together with recent results using stacked dust SEDs in the COSMOS field (dark gray triangles,
Bethermin et al. 2015) and sub-millimeter continuum measurements (black filled circles, Scoville et al. 2016).
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Fig. 2. Specific star formation rate (sSFR, in Gyr�1) as a function of
redshift. The various points represent measurements from the literature
at M? ⇠ 1010 M�; see the references in the legend at the bottom right.
We note that we have specifically shown the determinations from (Stark
et al. 2013) with their uncertainties (red squares) because there is some
controversy as to whether or not there is any evolution in the sSFR with
increasing redshift beyond z = 2. Since the slope of the sSFR�M? rela-
tion is approximately zero, the rate at which the sSFR evolves is largely
independent of M?, except at the highest masses. The lines represent
the best-fit relation from Elbaz et al. (2011) over the redshift range 0 to
2 (blue line) and a simple scenario, sSFR (z) = (1 + z)3/tH0 (where tH0
is the Hubble time at z = 0, red line), and the blue squares are the es-
timates for our hypothesis relating the turbulence to the star formation
intensity (see text for details). The blue shaded region represents the
scatter in the observed sSFR values (±0.3 dex). This rendition of the
evolution of the sSFR is inspired by a similar plot in Weinmann et al.
(2011).

the Hubble time, tH0 (Mo et al. 1998) and in fact, that is what
sets the zero point for the relation shown in Fig. 2, namely,
sSFR(z) = (1 + z)3/tH0, a relation indistinguishable from that of
Elbaz et al. (2011). This scaling comes from cosmological con-
siderations, namely, the change of the structure of dark matter
halos (increasing virial radii, masses, etc.) and the overall growth
of galaxies. Thus to explain the observed relation requires no
free parameters. Moreover, within the context of gas accretion
and mass return, one could argue that the scaling we adopted for
the generalized Schmidt law analysis is also constrained within
the context of our simple hypothesis, although based on param-
eters estimated for the ISM of galaxies and through comparison
with measurements of the sSFR, gas mass surface densities and
gas fractions.

We can extend this analysis further. Equation (1) is also a
simple relation between the star formation intensity and the stel-
lar and gas mass surface densities, which was obtained by mul-
tiplying both sides of the equation by the disk surface area to
yield a relation between the SFR and M? (see Appendix A).
Since sSFR(z) evolves as (1 + z)3, this implies that ⌃SFR would
also evolve as (1 + z)3 in the context of our model. An evolu-
tion of the star formation intensity as (1 + z)3 is shown in Fig. 3,
whose zero-point was chosen based on the relation between the
disk scale length of local disk galaxies (Fathi et al. 2010) and

Fig. 3. Star formation intensity (⌃SFR, in M� yr�1 kpc�2) as a function
of redshift. The evolution of the generalized Schmidt law (black line)
compared to the evolution of abudance-matched star-forming galaxies
(i.e., galaxies with co-moving number densities like that of MW mass
galaxies in the local Universe) for several types of size evolution (re =
3.6(M?/5.0 ⇥ 1010)0.27 – solid red line; re = 3.6(1. + z)�0.55 – upper
red dashed line; re = 3.6 kpc – lower dashed red line; see van Dokkum
et al. 2013, for details). We also show the evolution of the star formation
intensity for high redshift galaxies with an sSFR = 2 Gyr�1, a stellar
mass of 5 ⇥ 109 M�, and a size evolution, re = 2.5((1 + z)/3)�1.2 kpc
(blue line and shaded region representing a scatter of ±0.3 dex; see
Oesch et al. 2010; Mosleh et al. 2012). The evolution of the stellar mass
surface density, ⌃? (M� kpc�2; right hand ordinate) of MW-like galaxies
(black dashed line) is a factor of about 3 but includes the growth of the
bulge as well as the disk (van Dokkum et al. 2013). We also indicate
(dotted line) the star formation intensity threshold for local starburst
galaxies to drive winds and indicated the possible range of thresholds
from local and distant galaxies (Lehnert & Heckman 1996; Heckman
2003; Le Tiran et al. 2011b; Newman et al. 2012a).

star formation rates of galaxies with stellar masses similar to the
MW (Elbaz et al. 2007; Lara-López et al. 2013). We compare
this to the evolution a function of redshift of the star forma-
tion intensity of MW-like galaxies selected through abundance
matching by van Dokkum et al. (2013), who characterized the
size evolution of these MW-like galaxies as a function of red-
shift and of stellar mass, as shown in Fig. 3 together with, for
completeness, a constant size evolution with re = 3.6 kpc (the fi-
nal average size of their sample). The results of our model are in
approximate agreement with these observations. Also in Fig. 3
we show the stellar mass surface density evolution of MW-like
galaxies (van Dokkum et al. 2013). It only evolves by about a
factor of 3 but includes the growth of the bulge so the evolution
in the e↵ective mass surface density of the disk would be lower.
A small increase in the total stellar mass surface density is im-
portant within the context of our model because there is also a
dependence on ⌃? and finding little or no evolution in the stellar
mass surface density (Barden et al. 2005) suggests that the evo-
lution in ⌃SFR, and hence the sSFR, is mostly due to the changing
gas surface densities and gas fractions.

To begin to understand why there is a change in the evolu-
tion of the sSFR above and below z ⇠ 2, we show the evolution
of the star formation intensity for galaxies above z ⇠ 2 assum-
ing the size evolution for a galaxy with M? ⇠ 5 ⇥ 109 M� and
sSFR = 2 Gyr�1 (approximately the mean sSFR of z >⇠ 2 galax-
ies). The generalized Schmidt law appears to over predict the star
formation intensities, suggesting some other regulatory mech-
anism comes into play. Moreover, the star formation intensi-
ties are above the threshold determined for starburst galaxies in
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Figure 1.10: Left panel: Redshift evolution of the gas fraction of SFGs (Schinnerer et al., 2016). The solid gray
line shows the prediction from a redshift-independent star formation law (calibrated for z < 2.5 MS galaxies)
relating SFR and Mgas (Sargent et al., 2014). The dashed gray lines (shaded region) illustrates the gas fraction
of galaxies lying 1σ (2σ) above or below the MS. The data points represents measurements of gas fraction
derived from 12CO line and dust continuum measurements. The large symbols correspond to z ∼ 3 LBGs,
where the redder (greener) colors indicate objects below (above) the MS. Right panel: SSFR of galaxies with
log(M?/M�) ∼ 10 as a function of redshift (Lehnert et al., 2015). The blue shaded region shows the scatter
(±0.3 dex) of SSFR measurements collected from the literature. The blue solid line is the best-fit observed
relation from (Elbaz et al., 2011) over 0 < z < 2, while the blue line and black diamonds are theoretical
expectations.

As cosmic time increases, the cosmological gas accretion rate declines (Fig. 1.3) and hence the gas
reservoirs of MS galaxies are no sufficiently replenished (e.g., Tacchella et al., 2015). Consequently,
the SFR gradually decreases over several Gyr as SFGs slowly exhaust their remaining gas (e.g.,
Schawinski et al., 2014) – consistent with the drop of the SFRD below z ∼ 2 (Fig. 1.7).

The well constrained parametrization of theMS, out to z ∼ 4−5 (e.g., Schreiber et al., 2015; Pearson
et al., 2018), provides a remarkable framework to identify the population of “normal” SFGs at different
cosmic epochs. Since MS galaxies constitute the majority of the SFGs population, and hence dominate
the cosmic SFRD, probing their properties has become essential to unveil the primary mechanisms
regulating the stellar mass assembly and growth of galaxies across cosmic time. The MS paradigm can
also be used to identify galaxies undergoing a more rapid/passive evolution than “normal” SFGs. There
is a small fraction (< 10%) of SFGs that exhibit high SSFR and, consequently, lie above the MS (see
Fig. 1.9, e.g., Schreiber et al., 2015). Their properties are –in general– consistent with the starburst
mode of star formation and seems to follow the second and more active branch of the KS relation (e.g.,
Daddi et al., 2010; Genzel et al., 2010; Sargent et al., 2014). Despite their enhanced star formation
activity, SFGs above the MS modestly contribute to the cosmic SFRD (Rodighiero et al., 2011; Sargent
et al., 2012), which is partially due to the short-lived nature of starburst that exhaust their large gas
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reservoirs within megayear (Myr) time-scales (e.g., Tacconi et al., 2018). The physical mechanisms
driving starbursts , e.g., mergers and/or shocks due to high gas flow rates (e.g., Hayward et al., 2011;
Wang et al., 2018), are still debated. Addressing this open question is another subject of this Ph.D. thesis.

Beyond the population of galaxies on and above the MS, there are galaxies harboring low/negligible
star formation activity that lie significantly below the MS of SFGs (Fig. 1.9). They are known as red
sequence galaxies and have been identified at even z ∼ 4 (Kubo et al., 2019). A formation scenario, yet
to be validated, involves vigorous starburst episodes triggered by gas-rich mergers that are followed by
a rapid quenching of star formation (e.g., Toft et al., 2014; Gómez-Guijarro† et al., 2018a), possibly via
AGN and/or stellar feedback (e.g., McGee et al., 2014; Spilker et al., 2018). Obtaining observational
evidence of quenching at high redshift is also part of this Ph.D. thesis work.

1.4 Aims and structure of this thesis

A MS of SFGs and has been widely reported over recent years (e.g., Speagle et al., 2014; Pearson
et al., 2018, Sect. 1.3.3). The origin of this correlation, and its evolution with cosmic time, is likely
coupled to the accretion history of cold gas onto galaxies through the apparent redshift-independent
KS relation (at least up to z ∼ 3; e.g., Sargent et al., 2014; Schinnerer et al., 2016, Sect. 1.3.2) – which
relates the production of stars with the gas content of galaxies (Schmidt, 1959; Kennicutt, 1998b). This
paradigm of galaxy evolution still lacks a comprehensive understanding of the mechanisms driving the
transition of distant galaxies from the MS to a starburst and/or quenched phase (Fig. 1.11). Therefore,
in the present Ph.D. dissertation we focus on two aspects of such an open issue. First, we probe the
overall extent of star formation activity in SFGs to identify signatures of the cold gas accretion and
merger mode of star formation. We verify if the structure of galaxies on the MS meets expectations
for the cold gas accretion mode of star formation; correspondingly, we also explore if the properties
of starbursts (i.e., SFGs above the MS) are consistent with a merger-driven scenario. By probing a
wide redshift range (0.35 < z < 2.25, Chapter 2), we investigate how this dichotomy evolves with
cosmic time. We examine, in particular, if this dichotomy remains out to the epoch of massive galaxy
assembly (z ∼ 4.5, Chapter 3) where the existence of a MS of SFGs is tentatively confirmed. Second,
we characterize the signatures of large scale galactic outflows at z ∼ 4.5 and evaluate their impact in
quenching bursts of star formation, allowing us to better constrain the evolutionary link between z & 4
starbursts and quenched galaxies on the red sequence at z ∼ 2 (Chapter 4). All these relevant aspects
of galaxy evolution are addressed through the following experiments (see Fig. 1.11).

• In Chapter 2, we use observations from the Karl G. Jansky Very Large Array (JVLA) to carry
out the first systematic study of the radio continuum size evolution of 3184 SFGs over the
redshift range 0.35 < z < 2.25. We contrast the size distribution of galaxies on and above the
MS to trace the signatures of the cold gas accretion and merger mode of star formation. By
comparing the size of the stellar (optical/UV) and star-forming (radio continuum) component in
galaxies, we also get insights into where star formation preferentially occurs in galaxies over
cosmic time – since the peak and the subsequent decline of the cosmic SFRD (Fig. 1.11).

• In Chapter 3, we use deep 12CO and [CII] line observations from the JVLA, NOEMA, and
ALMA telescopes to investigate the structure and gas content of AzTEC/C159 and AzTEC2:
two star-forming disk galaxies at z ∼ 4.6. This is one of the first observational studies that
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(a) (b)

Figure 1. Star formation rate as a function of stellar mass for star-forming galaxies. Open circles indicate the UV+IR SFRs from a stacking analysis, with a second-order
polynomial fit above the mass completeness limits (solid vertical lines). Open squares signify measurements below the mass-completeness limits. The running medians
for individually detected objects in MIPS 24 µm imaging with S/N > 3 (shown as a gray-scale density plot in the Panel (a), left) are indicated with filled circles in the
right panel and are color-coded by redshift. The number of star-forming galaxies with S/N > 3 detections in the 24 µm imaging and those with S/N < 3 are indicated
in the bottom right of each panel. The star formation sequence for star-forming galaxies is curved, with a constant slope of unity at log(M⋆/M⊙) < 10 (solid black
line in Panel (b) is linear), whereas the slope at the massive end flattens with α = 0.3–0.6 from z = 0.5 to z = 2.5. We show the SDSS curve (gray dotted line in Panel
(b)) from Brinchmann et al. (2004) as it is one of the few measurements that goes to very low mass, but it is based on another SFR indicator.
(A color version of this figure is available in the online journal.)

Wuyts et al. 2007; Williams et al. 2009; Bundy et al. 2010;
Cardamone et al. 2010; Whitaker et al. 2011; Brammer et al.
2011; Patel et al. 2012); quiescent galaxies have strong Balmer/
4000 Å breaks, characterized by red rest-frame U–V colors
and relatively blue rest-frame V–J colors. Following the two-
color separations defined in Whitaker et al. (2012a), we select
58,973 star-forming galaxies at 0.5 < z < 2.5 from the 3D-
HST v4.0 catalogs.14 Of these, 39,106 star-forming galaxies are
above the mass-completeness limits (Tal et al. 2014). Among
the UVJ-selected star-forming galaxies with masses above the
completeness limits, 22,253 have S/N > 1 MIPS 24 µm
detections (amongst which 9,015 have S/N > 3) and 35,916 are
undetected in MIPS 24 µm photometry (S/N < 1).15 The full
sample of star-forming galaxies are considered in the stacking
analysis. Although we have not removed sources with X-ray
detections in the following analysis, we estimate the contribution
of active galactic nuclei (AGNs) to the median 24 µm flux
densities in Section 4.2.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, log Ψ as a
function of log M⋆, in four redshifts bins from z = 0.5 to
z = 2.5. We use a single SFR indicator, the UV+IR SFRs
described in Section 2.4, probing over two decades in stellar
mass. The gray scale represents the density of points for star-
forming galaxies selected in Section 2.5 with S/N > 3 MIPS

14 Essentially identical to the publicly released catalogs available through
http://3dhst.research.yale.edu/Data.html, with the same catalog identifications
and photometry.
15 Even though the SFR is dominated by the IR contribution, the limiting
factor here is the depth of the Spitzer/MIPS 24 µm imaging.

24 µm detections, totaling 9015 star-forming galaxies over the
full redshift range. Mass completeness limits are indicated by
vertical lines. The GOODS-N and GOODS-S fields have deeper
MIPS imaging (3σ limit of ∼10 µJy) and HST/WFC3 JF125W

and HF160W imaging (5σ ∼ 26.9 mag), whereas the other three
fields have shallower MIPS imaging (3σ limits of ∼20 µJy) and
HST/WFC3 JF125W and HF160W imaging (5σ ∼ 26.3 mag).
The mass completeness limits in Figure 1 correspond to the
90% completeness limits derived by Tal et al. (2014), calculated
by comparing object detection in the CANDELS/deep with a
re-combined subset of the exposures that reach the depth of
the CANDELS/wide fields. Although the mass completeness
in the deeper GOODS-N and GOODS-S fields will extend to
lower stellar masses, we adopt the more conservative limits for
the shallower HST/WFC3 imaging.

First, we look at the measurements for individual galaxies.
The running median of the individual UV+IR measurements
of the SFR are indicated with solid circles when the data are
complete both in stellar mass and SFR (above the shallower
data 3σ MIPS 24 µm detection limit).16 We consider all MIPS
photometry in the median for the individual UV+IR SFRs
measurements (filled circles), even those galaxies intrinsically
faint in the IR. Only 1% of the star-forming galaxies above the
20 µJy limit in each redshift bin have 24 µm photometry with
S/N < 1.

To leverage the additional decade lower in stellar mass
that the CANDELS HST/WFC3 imaging enables us to probe

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the filled circles
representing individual measurements are limited by the 3σ 24 µm
completeness limits (horizontal dotted line, ∼20 µJy), which therefore makes
it appear as though the higher redshift sample extends to lower completeness
limits due to the strongly evolving normalization.
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Figure 8
(a) SFR densities in the FUV (uncorrected for dust attenuation) and in the FIR. The data points with symbols are given in Table 1. All
UV and IR luminosities have been converted to instantaneous SFR densities using the factors KFUV = 1.15 × 10−28 and KIR = 4.5 ×
10−44 (cgs units) valid for a Salpeter IMF. (b) Mean dust attenuation in magnitudes as a function of redshift. Most of the data points
shown are based on UV spectral slopes or stellar population model fitting. The symbol shapes and colors correspond to the data sets
cited in Table 1, with the addition of Salim et al. (2007) (cyan pentagon). Two versions of the attenuation factors are shown for
UV-selected galaxies at 2 < z < 7 (Reddy & Steidel 2009, Bouwens et al. 2012a) (offset slightly in the redshift axis for clarity): one
integrated over the observed population (open symbols), the other extrapolated down to LFUV = 0 (filled symbols). Data points from
Burgarella et al. (2013) (olive green dots) are calculated by comparing the integrated FIR and FUV luminosity densities in redshift bins,
rather than from the UV slopes or UV-optical spectral energy distributions. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF,
initial mass function; IR, infrared; SFR, star-formation rate.

samples. The local FIRLF has not been drastically revised since the final IRAS analyses (Sanders
et al. 2003, Takeuchi et al. 2003); additional AKARI data did not drastically change earlier results
(Goto et al. 2011a,b; Sedgwick et al. 2011). The biggest remaining uncertainties pertain to the
faint-end slope, where measurements vary significantly from α = −1.2 to −1.8 (or, somewhat
implausibly, even −2.0) (e.g., Goto et al. 2011b). Analysis of the widest-area FIR surveys from
Herschel, such as H-ATLAS (570 deg2) (Eales et al. 2010), may help with this. The present un-
certainties lead to a difference of a factor of at least 2 to 3 in the local FIR luminosity density.
Nevertheless, as previously noted, in today’s relatively “dead” epoch of cosmic star formation, a
significant fraction of the FIR emission from ordinary spiral galaxies may arise from dust heated
by intermediate-age and older stellar populations, not newly formed OB stars. Hence, it is not
necessarily the best measure of the SFR. At higher redshifts, when the cosmic-specific SFR was
much larger, new star formation should dominate dust heating, making the IR emission a more
robust global tracer.

Local measurements of the SMD have relied mainly on purely optical data (e.g., SDSS pho-
tometry and spectroscopy) or on relatively shallow NIR data from 2MASS. There may still be
concerns about missing light, surface brightness biases, etc., in the 2MASS data (e.g., Bell et al.
2003), and deeper very-wide-field NIR data would be helpful. All-sky MIR data from WISE may
be valuable and have been used by Moustakas et al. (2013), but without extensive analysis specifi-
cally focused on this topic. Deeper NIR data covering a significant fraction of the sky, either from
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(a) (b)

Figure 1. Star formation rate as a function of stellar mass for star-forming galaxies. Open circles indicate the UV+IR SFRs from a stacking analysis, with a second-order
polynomial fit above the mass completeness limits (solid vertical lines). Open squares signify measurements below the mass-completeness limits. The running medians
for individually detected objects in MIPS 24 µm imaging with S/N > 3 (shown as a gray-scale density plot in the Panel (a), left) are indicated with filled circles in the
right panel and are color-coded by redshift. The number of star-forming galaxies with S/N > 3 detections in the 24 µm imaging and those with S/N < 3 are indicated
in the bottom right of each panel. The star formation sequence for star-forming galaxies is curved, with a constant slope of unity at log(M⋆/M⊙) < 10 (solid black
line in Panel (b) is linear), whereas the slope at the massive end flattens with α = 0.3–0.6 from z = 0.5 to z = 2.5. We show the SDSS curve (gray dotted line in Panel
(b)) from Brinchmann et al. (2004) as it is one of the few measurements that goes to very low mass, but it is based on another SFR indicator.
(A color version of this figure is available in the online journal.)

Wuyts et al. 2007; Williams et al. 2009; Bundy et al. 2010;
Cardamone et al. 2010; Whitaker et al. 2011; Brammer et al.
2011; Patel et al. 2012); quiescent galaxies have strong Balmer/
4000 Å breaks, characterized by red rest-frame U–V colors
and relatively blue rest-frame V–J colors. Following the two-
color separations defined in Whitaker et al. (2012a), we select
58,973 star-forming galaxies at 0.5 < z < 2.5 from the 3D-
HST v4.0 catalogs.14 Of these, 39,106 star-forming galaxies are
above the mass-completeness limits (Tal et al. 2014). Among
the UVJ-selected star-forming galaxies with masses above the
completeness limits, 22,253 have S/N > 1 MIPS 24 µm
detections (amongst which 9,015 have S/N > 3) and 35,916 are
undetected in MIPS 24 µm photometry (S/N < 1).15 The full
sample of star-forming galaxies are considered in the stacking
analysis. Although we have not removed sources with X-ray
detections in the following analysis, we estimate the contribution
of active galactic nuclei (AGNs) to the median 24 µm flux
densities in Section 4.2.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, log Ψ as a
function of log M⋆, in four redshifts bins from z = 0.5 to
z = 2.5. We use a single SFR indicator, the UV+IR SFRs
described in Section 2.4, probing over two decades in stellar
mass. The gray scale represents the density of points for star-
forming galaxies selected in Section 2.5 with S/N > 3 MIPS

14 Essentially identical to the publicly released catalogs available through
http://3dhst.research.yale.edu/Data.html, with the same catalog identifications
and photometry.
15 Even though the SFR is dominated by the IR contribution, the limiting
factor here is the depth of the Spitzer/MIPS 24 µm imaging.

24 µm detections, totaling 9015 star-forming galaxies over the
full redshift range. Mass completeness limits are indicated by
vertical lines. The GOODS-N and GOODS-S fields have deeper
MIPS imaging (3σ limit of ∼10 µJy) and HST/WFC3 JF125W

and HF160W imaging (5σ ∼ 26.9 mag), whereas the other three
fields have shallower MIPS imaging (3σ limits of ∼20 µJy) and
HST/WFC3 JF125W and HF160W imaging (5σ ∼ 26.3 mag).
The mass completeness limits in Figure 1 correspond to the
90% completeness limits derived by Tal et al. (2014), calculated
by comparing object detection in the CANDELS/deep with a
re-combined subset of the exposures that reach the depth of
the CANDELS/wide fields. Although the mass completeness
in the deeper GOODS-N and GOODS-S fields will extend to
lower stellar masses, we adopt the more conservative limits for
the shallower HST/WFC3 imaging.

First, we look at the measurements for individual galaxies.
The running median of the individual UV+IR measurements
of the SFR are indicated with solid circles when the data are
complete both in stellar mass and SFR (above the shallower
data 3σ MIPS 24 µm detection limit).16 We consider all MIPS
photometry in the median for the individual UV+IR SFRs
measurements (filled circles), even those galaxies intrinsically
faint in the IR. Only 1% of the star-forming galaxies above the
20 µJy limit in each redshift bin have 24 µm photometry with
S/N < 1.

To leverage the additional decade lower in stellar mass
that the CANDELS HST/WFC3 imaging enables us to probe

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the filled circles
representing individual measurements are limited by the 3σ 24 µm
completeness limits (horizontal dotted line, ∼20 µJy), which therefore makes
it appear as though the higher redshift sample extends to lower completeness
limits due to the strongly evolving normalization.
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Figure 8
(a) SFR densities in the FUV (uncorrected for dust attenuation) and in the FIR. The data points with symbols are given in Table 1. All
UV and IR luminosities have been converted to instantaneous SFR densities using the factors KFUV = 1.15 × 10−28 and KIR = 4.5 ×
10−44 (cgs units) valid for a Salpeter IMF. (b) Mean dust attenuation in magnitudes as a function of redshift. Most of the data points
shown are based on UV spectral slopes or stellar population model fitting. The symbol shapes and colors correspond to the data sets
cited in Table 1, with the addition of Salim et al. (2007) (cyan pentagon). Two versions of the attenuation factors are shown for
UV-selected galaxies at 2 < z < 7 (Reddy & Steidel 2009, Bouwens et al. 2012a) (offset slightly in the redshift axis for clarity): one
integrated over the observed population (open symbols), the other extrapolated down to LFUV = 0 (filled symbols). Data points from
Burgarella et al. (2013) (olive green dots) are calculated by comparing the integrated FIR and FUV luminosity densities in redshift bins,
rather than from the UV slopes or UV-optical spectral energy distributions. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF,
initial mass function; IR, infrared; SFR, star-formation rate.

samples. The local FIRLF has not been drastically revised since the final IRAS analyses (Sanders
et al. 2003, Takeuchi et al. 2003); additional AKARI data did not drastically change earlier results
(Goto et al. 2011a,b; Sedgwick et al. 2011). The biggest remaining uncertainties pertain to the
faint-end slope, where measurements vary significantly from α = −1.2 to −1.8 (or, somewhat
implausibly, even −2.0) (e.g., Goto et al. 2011b). Analysis of the widest-area FIR surveys from
Herschel, such as H-ATLAS (570 deg2) (Eales et al. 2010), may help with this. The present un-
certainties lead to a difference of a factor of at least 2 to 3 in the local FIR luminosity density.
Nevertheless, as previously noted, in today’s relatively “dead” epoch of cosmic star formation, a
significant fraction of the FIR emission from ordinary spiral galaxies may arise from dust heated
by intermediate-age and older stellar populations, not newly formed OB stars. Hence, it is not
necessarily the best measure of the SFR. At higher redshifts, when the cosmic-specific SFR was
much larger, new star formation should dominate dust heating, making the IR emission a more
robust global tracer.

Local measurements of the SMD have relied mainly on purely optical data (e.g., SDSS pho-
tometry and spectroscopy) or on relatively shallow NIR data from 2MASS. There may still be
concerns about missing light, surface brightness biases, etc., in the 2MASS data (e.g., Bell et al.
2003), and deeper very-wide-field NIR data would be helpful. All-sky MIR data from WISE may
be valuable and have been used by Moustakas et al. (2013), but without extensive analysis specifi-
cally focused on this topic. Deeper NIR data covering a significant fraction of the sky, either from
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(a) (b)

Figure 1. Star formation rate as a function of stellar mass for star-forming galaxies. Open circles indicate the UV+IR SFRs from a stacking analysis, with a second-order
polynomial fit above the mass completeness limits (solid vertical lines). Open squares signify measurements below the mass-completeness limits. The running medians
for individually detected objects in MIPS 24 µm imaging with S/N > 3 (shown as a gray-scale density plot in the Panel (a), left) are indicated with filled circles in the
right panel and are color-coded by redshift. The number of star-forming galaxies with S/N > 3 detections in the 24 µm imaging and those with S/N < 3 are indicated
in the bottom right of each panel. The star formation sequence for star-forming galaxies is curved, with a constant slope of unity at log(M⋆/M⊙) < 10 (solid black
line in Panel (b) is linear), whereas the slope at the massive end flattens with α = 0.3–0.6 from z = 0.5 to z = 2.5. We show the SDSS curve (gray dotted line in Panel
(b)) from Brinchmann et al. (2004) as it is one of the few measurements that goes to very low mass, but it is based on another SFR indicator.
(A color version of this figure is available in the online journal.)

Wuyts et al. 2007; Williams et al. 2009; Bundy et al. 2010;
Cardamone et al. 2010; Whitaker et al. 2011; Brammer et al.
2011; Patel et al. 2012); quiescent galaxies have strong Balmer/
4000 Å breaks, characterized by red rest-frame U–V colors
and relatively blue rest-frame V–J colors. Following the two-
color separations defined in Whitaker et al. (2012a), we select
58,973 star-forming galaxies at 0.5 < z < 2.5 from the 3D-
HST v4.0 catalogs.14 Of these, 39,106 star-forming galaxies are
above the mass-completeness limits (Tal et al. 2014). Among
the UVJ-selected star-forming galaxies with masses above the
completeness limits, 22,253 have S/N > 1 MIPS 24 µm
detections (amongst which 9,015 have S/N > 3) and 35,916 are
undetected in MIPS 24 µm photometry (S/N < 1).15 The full
sample of star-forming galaxies are considered in the stacking
analysis. Although we have not removed sources with X-ray
detections in the following analysis, we estimate the contribution
of active galactic nuclei (AGNs) to the median 24 µm flux
densities in Section 4.2.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, log Ψ as a
function of log M⋆, in four redshifts bins from z = 0.5 to
z = 2.5. We use a single SFR indicator, the UV+IR SFRs
described in Section 2.4, probing over two decades in stellar
mass. The gray scale represents the density of points for star-
forming galaxies selected in Section 2.5 with S/N > 3 MIPS

14 Essentially identical to the publicly released catalogs available through
http://3dhst.research.yale.edu/Data.html, with the same catalog identifications
and photometry.
15 Even though the SFR is dominated by the IR contribution, the limiting
factor here is the depth of the Spitzer/MIPS 24 µm imaging.

24 µm detections, totaling 9015 star-forming galaxies over the
full redshift range. Mass completeness limits are indicated by
vertical lines. The GOODS-N and GOODS-S fields have deeper
MIPS imaging (3σ limit of ∼10 µJy) and HST/WFC3 JF125W

and HF160W imaging (5σ ∼ 26.9 mag), whereas the other three
fields have shallower MIPS imaging (3σ limits of ∼20 µJy) and
HST/WFC3 JF125W and HF160W imaging (5σ ∼ 26.3 mag).
The mass completeness limits in Figure 1 correspond to the
90% completeness limits derived by Tal et al. (2014), calculated
by comparing object detection in the CANDELS/deep with a
re-combined subset of the exposures that reach the depth of
the CANDELS/wide fields. Although the mass completeness
in the deeper GOODS-N and GOODS-S fields will extend to
lower stellar masses, we adopt the more conservative limits for
the shallower HST/WFC3 imaging.

First, we look at the measurements for individual galaxies.
The running median of the individual UV+IR measurements
of the SFR are indicated with solid circles when the data are
complete both in stellar mass and SFR (above the shallower
data 3σ MIPS 24 µm detection limit).16 We consider all MIPS
photometry in the median for the individual UV+IR SFRs
measurements (filled circles), even those galaxies intrinsically
faint in the IR. Only 1% of the star-forming galaxies above the
20 µJy limit in each redshift bin have 24 µm photometry with
S/N < 1.

To leverage the additional decade lower in stellar mass
that the CANDELS HST/WFC3 imaging enables us to probe

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the filled circles
representing individual measurements are limited by the 3σ 24 µm
completeness limits (horizontal dotted line, ∼20 µJy), which therefore makes
it appear as though the higher redshift sample extends to lower completeness
limits due to the strongly evolving normalization.
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Figure 8
(a) SFR densities in the FUV (uncorrected for dust attenuation) and in the FIR. The data points with symbols are given in Table 1. All
UV and IR luminosities have been converted to instantaneous SFR densities using the factors KFUV = 1.15 × 10−28 and KIR = 4.5 ×
10−44 (cgs units) valid for a Salpeter IMF. (b) Mean dust attenuation in magnitudes as a function of redshift. Most of the data points
shown are based on UV spectral slopes or stellar population model fitting. The symbol shapes and colors correspond to the data sets
cited in Table 1, with the addition of Salim et al. (2007) (cyan pentagon). Two versions of the attenuation factors are shown for
UV-selected galaxies at 2 < z < 7 (Reddy & Steidel 2009, Bouwens et al. 2012a) (offset slightly in the redshift axis for clarity): one
integrated over the observed population (open symbols), the other extrapolated down to LFUV = 0 (filled symbols). Data points from
Burgarella et al. (2013) (olive green dots) are calculated by comparing the integrated FIR and FUV luminosity densities in redshift bins,
rather than from the UV slopes or UV-optical spectral energy distributions. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF,
initial mass function; IR, infrared; SFR, star-formation rate.

samples. The local FIRLF has not been drastically revised since the final IRAS analyses (Sanders
et al. 2003, Takeuchi et al. 2003); additional AKARI data did not drastically change earlier results
(Goto et al. 2011a,b; Sedgwick et al. 2011). The biggest remaining uncertainties pertain to the
faint-end slope, where measurements vary significantly from α = −1.2 to −1.8 (or, somewhat
implausibly, even −2.0) (e.g., Goto et al. 2011b). Analysis of the widest-area FIR surveys from
Herschel, such as H-ATLAS (570 deg2) (Eales et al. 2010), may help with this. The present un-
certainties lead to a difference of a factor of at least 2 to 3 in the local FIR luminosity density.
Nevertheless, as previously noted, in today’s relatively “dead” epoch of cosmic star formation, a
significant fraction of the FIR emission from ordinary spiral galaxies may arise from dust heated
by intermediate-age and older stellar populations, not newly formed OB stars. Hence, it is not
necessarily the best measure of the SFR. At higher redshifts, when the cosmic-specific SFR was
much larger, new star formation should dominate dust heating, making the IR emission a more
robust global tracer.

Local measurements of the SMD have relied mainly on purely optical data (e.g., SDSS pho-
tometry and spectroscopy) or on relatively shallow NIR data from 2MASS. There may still be
concerns about missing light, surface brightness biases, etc., in the 2MASS data (e.g., Bell et al.
2003), and deeper very-wide-field NIR data would be helpful. All-sky MIR data from WISE may
be valuable and have been used by Moustakas et al. (2013), but without extensive analysis specifi-
cally focused on this topic. Deeper NIR data covering a significant fraction of the sky, either from
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Figure 1.11: Left panel: The cosmic epochs of the Universe explored in this PhD thesis. In Chapter 2, we
explore the star formation processes of SFGs on and above the MS over the redshift range 0.35 < z < 2.25,
which encompasses the peak and decline of the cosmic SFRD. In Chapters 3 and 4, we study the conditions for
galaxy assembly at z ∼ 4.5. Right panel: Evolutionary phases of galaxies probed in this work. In Chapter 2 and
3, we investigate the physical mechanisms that trigger starburst episodes, while in Chapter 4 we study signatures
of negative feedback that might quench star formation.

explore the mechanisms of gas fueling and consumption in disk galaxies prior the peak of the
cosmic SFRD (i.e., z > 2). We discuss the implications of our findings within the context of
the cold gas accretion and merger mode of star formation. Specifically, we examine whether
the dichotomy between the properties of secular disks (on/close to the MS) and merger-driven
starbursts remains during the relatively unexplored z > 4 regime.

• In Chapter 4, we employ Subaru and Keck optical data to characterize the extended, likely
expanding, Lyα halo surrounding J1000+0234−S: a satellite SFG neighboring a massive, dust-
enshrouded SMG at z = 4.5, J1000+0234−N. We investigate the ability of star formation-driven
winds in suppressing the production of stars in low-mass galaxies in the early Universe. We
then evaluate the scenario in which “dry merges” at z > 2, between massive galaxies and their
minor companions like J1000+0234−S, lead to the red sequence of massive quenched galaxies
at z ∼ 2 (Fig. 1.11).

By integrating the results derived from these research projects, in Chapter 5, we draw a more
coherent and deeper understanding on the processes that regulate star formation –and thus growth
of galaxies– throughout cosmic time. In Chapter 5, we also identify future research directions to
complement and extend the evolutionary scenario for massive galaxies proposed in this Ph.D. thesis.
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CHAPTER 2

Radio continuum size evolution of SFGs over
0.35 < z < 2.25

To better constrain the physical mechanisms driving star formation, we present the first systematic
study of the radio continuum size evolution of star-forming galaxies (SFGs) over the redshift
range 0.35 < z < 2.25. We use the VLA COSMOS 3GHz map (noise rms = 2.3 µJy beam−1,
θbeam = 0.75 arcsec) to construct a mass-complete sample of 3184 radio-selected SFGs that reside
on and above the main sequence (MS) of SFGs. We constrain the overall extent of star formation
activity in galaxies by applying a 2D Gaussian model to their radio continuum emission. Extensive
Monte Carlo simulations are used to validate the robustness of our measurements and characterize the
selection function. We find no clear dependence between the radio size and stellar mass, M?, of SFGs
with 10.5 . log(M?/M�) . 11.5. Our analysis suggests that MS galaxies are preferentially extended,
while SFGs above the MS are always compact. The median effective radius of SFGs on (above) the
MS of Reff = 1.5 ± 0.2 (1.0 ± 0.2) kpc remains nearly constant with cosmic time; a parametrization of
the form Reff ∝ (1 + z)α yields a shallow slope of only α = −0.26 ± 0.08 (0.12 ± 0.14) for SFGs on
(above) the MS. The size of the stellar component of galaxies is larger than the extent of the radio
continuum emission by a factor ∼2 (1.3) at z = 0.5 (2), indicating star formation is enhanced at small
radii. The galactic-averaged star formation rate surface density (ΣSFR) scales with the distance to the
MS, except for a fraction of MS galaxies (. 10%) that harbor starburst-like ΣSFR. These “hidden”
starbursts might have experienced a compaction phase due to disk instability and/or a merger-driven
burst of star formation, which may or may not significantly offset a galaxy from the MS. We thus
propose to use ΣSFR and distance to the MS in conjunction to better identify the galaxy population
undergoing a starbursting phase.

This chapter is a reproduction of the article of the same title that was published in Astronomy
& Astrophysics under the reference:

Jiménez-Andrade, E. F., Magnelli, B., Karim, A., et al., 2019, A&A, 625, A114.

The manuscript is reproduced under the non-exclusive right of re-publication granted by
Astronomy & Astrophysics to the authors of the article.
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Chapter 2 Radio continuum size evolution of SFGs over 0.35 < z < 2.25

2.1 Introduction

Most galaxies follow a tight correlation in the star formation rate (SFR) – stellar mass (M?) plane
known as the main sequence (MS) of star-forming galaxies (SFGs; e.g., Brinchmann et al., 2004;
Noeske et al., 2007; Elbaz et al., 2007; Salim et al., 2007; Daddi et al., 2007; Pannella et al., 2009;
Magdis et al., 2010; Peng et al., 2010; González et al., 2010; Rodighiero et al., 2011; Karim et al.,
2011; Wuyts et al., 2011; Bouwens et al., 2012; Whitaker et al., 2012, 2014; Rodighiero et al., 2014;
Pannella et al., 2015; Renzini & Peng, 2015; Schreiber et al., 2015, 2017). This relation holds over ∼
90% of the cosmic history of the Universe (e.g., Stark et al., 2013; González et al., 2014; Steinhardt
et al., 2014; Salmon et al., 2015) and has a slope and normalization that increase with redshift, while
its dispersion of only 0.3 dex remains nearly constant throughout cosmic time (see Speagle et al., 2014;
Pearson et al., 2018, and references therein).

Although most galaxies have an implied SFR that scatters within a factor two around the MS,
some do show a significantly higher SFR. Those objects also exhibit a higher gas content, shorter gas
depletion times (e.g., Genzel et al., 2015; Schinnerer et al., 2016; Tacconi et al., 2013, 2018), and
higher dust temperatures (e.g., Magnelli et al., 2014). Likewise, the stellar-light radial distribution is
different in these two galaxy populations; while MS galaxies are closely approximated by exponential
disks (e.g., Bremer et al., 2018), those above (and below) it exhibit a higher central mass concentration
(e.g., Wuyts et al., 2011). Based on this dichotomy and the parametrization of the MS over cosmic
time, a scenario has been proposed to explain the evolutionary path of galaxies along the MS. Since the
normalization of the MS, the gas fraction of galaxies, and cosmic molecular gas density decrease from
z ∼ 2.5 to 0 at a similar pace (e.g., Speagle et al., 2014; Decarli et al., 2016; Tacconi et al., 2018), it is
thought that MS galaxies evolved through a steady mode of star formation, possibly regulated by the
accretion of cool gas from the intergalactic medium (e.g., Dekel et al., 2009a; Kereš et al., 2009; Davé
et al., 2010; Hodge et al., 2012; Romano-Díaz et al., 2014, 2017; Feng et al., 2015; Anglés-Alcázar
et al., 2017). From theoretical predictions, the scatter of the MS could thus be explained as the result
of a fluctuating gas inflow rate that is different in each galaxy (e.g., Tacchella et al., 2016; Mitra
et al., 2017). In this context, a galaxy enhances its SFR and moves towards the upper envelope of
the MS due to gas compaction. As the gas is depleted, the SFR decreases and the galaxy falls below
the MS. As long as a SFG is replenished with fresh gas within a timescale shorter than its depletion
time, it will be confined within the MS (Tacchella et al., 2016). On the other hand, the enhanced star
formation efficiency of galaxies above the MS has been linked to mergers (e.g., Walter et al., 2009;
Narayanan et al., 2010; Hayward et al., 2011; Alaghband-Zadeh et al., 2012; Riechers et al., 2013,
2014) and instability episodes in gas-rich disks (particularly at high redshift; e.g., Davé et al., 2010;
Hodge et al., 2012; Wang et al., 2018).

A crucial parameter for verifying these scenarios is the size of a galaxy. Recent studies have
explored the structural properties of SFGs by mapping their stellar component (e.g., van der Wel
et al., 2014; Shibuya et al., 2015; Mowla et al., 2018). However, the size of the overall star-forming
component has been poorly explored. This is partially due to observationally expensive high-resolution
infrared (IR)/radio observations, which have been limited to relatively small samples of SFGs (e.g.,
Rujopakarn et al., 2016; Miettinen et al., 2017a; Murphy et al., 2017; Elbaz et al., 2018). While
large and representative samples of SFGs can be obtained from ultraviolet (UV)/optical observations,
they are affected by dust extinction, rendering size measurement difficult (e.g., Elbaz et al., 2011;
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2.1 Introduction

Nelson et al., 2016a). To better understand the mechanisms that regulate star formation in galaxies we
need a statistically significant, mass-complete sample of radio-selected SFGs over cosmic time, and a
dust-unbiased measure of the size of the star formation activity in galaxies.

The centimeter wavelength radio emission has been established as a proxy for the massive SFR
in galaxies, both locally and at high redshift (e.g., Bell, 2003; Garn et al., 2009). Empirically, this
is evidenced by a strong correlation between the radio flux density and the far-infrared (FIR) flux
(e.g., Helou et al., 1985; Yun et al., 2001; Murphy et al., 2006a,b; Murphy, 2009; Murphy et al.,
2012; Sargent et al., 2010; Magnelli et al., 2015; Delhaize et al., 2017). This can be understood in
that the stellar UV radiation is mostly absorbed by dust that re-emits this energy in the FIR. On the
other hand, supernova explosions of the same massive stars give rise to relativistic electrons emitting
radio synchrotron radiation (Helou & Bicay, 1993). This radio emission is not affected by extinction,
and with radio interferometers it can be imaged over wide fields at a resolution much better than is
currently possible at FIR or submillimeter wavelengths.

The reliability of synchrotron emission as a star formation tracer has motivated the VLA COSMOS
3GHz imaging survey (Smolčić et al., 2017a). This has reached an unprecedented resolution and
sensitivity (θbeam = 0.75 arcsec, noise rms = 2.3 µJy beam−1) over the two square degrees of the
COSMOS field, enabling size measurements for a large number of radio sources in the µJy regime
(Bondi† et al., 2018). Over the redshift range explored here, this survey allows us to sample the
rest-frame frequency range 4 . ν . 10 GHz, which is dominated by the steep-spectrum of synchrotron
radiation of SFGs (e.g., Murphy, 2009). In combination with reliable photometric redshifts and
stellar mass content measurements accumulated in the COSMOS 2015 catalog (Laigle et al., 2016),
we are able to study the radio size evolution over 0.35 < z < 2.25 of a mass-complete sample of
radio-selected SFGs.

Here, we report how the radio continuum size of a SFG relates to its stellar mass, size of its stellar
component, and distance to the MS

∆ log(SSFR)MS = log[SSFRgalaxy/SSFRMS(M?, z)], (2.1)

where SSFR=SFR/M? is the specific SFR of a galaxy. In particular, by exploring the relation between
the galactic-averaged star formation surface density (ΣSFR) and ∆ log(SSFR)MS, our aim is to verify
whether galaxies harboring intense star formation activity experience a compaction phase, as predicted
by cosmological simulations (e.g., Tacchella et al., 2016) and observed in small samples of SFGs
(e.g., Rujopakarn et al., 2016; Elbaz et al., 2018).

This paper is structured as follows. In Sect. 2.2 we present the VLA COSMOS 3GHz map
and the COSMOS2015 catalog, both used to identify the SFGs studied in this work. The sample
selection and the methodology to test the robustness of our measurements are given in Sect. 2.3.
In Sect. 2.4, we present the relations of radio size−stellar mass, radio size−∆ log(SSFR)MS, and
ΣSFR − ∆ log(SSFR)MS, as well as the redshift evolution of the radio continuum size of SFGs with
10.5 . log(M?/M�) . 11.5. The results are discussed in Sect. 2.5, while a summary is given in Sect.
2.6. Throughout, we assume a cosmology of h0 = 0.7, ΩM = 0.3, and ΩΛ = 0.7.
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Chapter 2 Radio continuum size evolution of SFGs over 0.35 < z < 2.25

2.2 Data

2.2.1 VLA COSMOS 3GHz Large Project

The VLA COSMOS 3 GHz survey (Smolčić et al., 2017a) consists of 384 hr of observations (A
array – 324 h, C array – 60h) with the Karl G. Jansky Very Large Array. A total of 192 individual
pointings (half-power beamwidth=15 arcmin) were performed to achieve a uniform rms over the
two square degrees COSMOS field. Data calibration was performed with AIPSLite (Bourke et al.,
2014). The imaging was done via the multiscale multifrequency synthesis (MSMF) algorithm in
CASA, using a robust parameter of 0.5 to obtain the best possible combination between resolution
and sensitivity. Given the large data volume of the observations, joint deconvolution of the 192
pointings was not practical. Therefore, each pointing was imaged individually using a circular restored
beam with a full width at half maximum (FWHM) of 0.75 arcsec. The final mosaic was produced
using a noise-weighted mean of all the individually imaged pointings, reaching a median rms of
2.3 µJy beam−1.

2.2.2 COSMOS2015 catalog

The COSMOS2015 catalog includes photometric redshifts and stellar masses for more than half a
million galaxies over the two square degrees of the COSMOS field (Laigle et al., 2016). This near-IR-
selected catalog combines extensive deep photometric information from the YJHKs images of the
UltraVISTA (McCracken et al., 2012) DR2 survey, Y-band images from Subaru/Hyper-Suprime-Cam
(Miyazaki et al., 2012), and infrared data from the Spitzer Large Area Survey (SPLASH) within the
Hyper-Suprime-Cam Spitzer legacy program.

Photometric redshifts were derived with LePhare (Arnouts et al., 2002; Ilbert, O. et al., 2006)
using a set of 31 templates of spiral and elliptical galaxies from Polletta et al. (2007), and 12 templates
of young blue SFGs using the Bruzual & Charlot (2003) models. Through a comparison with
spectroscopic redshift samples in the COSMOS field, Laigle et al. (2016) derived a photometric
redshift precision of σ∆z /(1 + zs) = 0.007 and a small catastrophic failure fraction of η = 0.5% for
zs < 3.

Stellar masses were also derived with LePhare using a library of synthetic spectra from the
Stellar Population Synthesis model of Bruzual & Charlot (2003). A Chabrier (2003) initial mass
function, an exponentially declining and delayed star formation history (SFH) and solar/half-solar
metallicities were considered. The stellar masses used here correspond to the median of the inferred
probability distribution function. A 90% completeness limit of 108.5 (1010)M� was achieved up to
z = 0.35 (2.25).

2.3 Data analysis

We measure the size and flux density of radio sources directly from the VLA COSMOS 3GHz mosaic,
i.e., in the image plane, and further revise those estimates using extensive Monte Carlo simulations.
While these sizes and fluxes could also be estimated in the uv-plane, this is impractical due to the
large data volume of the VLA COSMOS 3 GHz survey.
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2.3 Data analysis

2.3.1 Source extraction

The advent of large radio astronomical surveys has stimulated the development of robust source
extraction algorithms such as blobcat (Hales et al., 2012) and PyBDSF (Mohan & Rafferty, 2015).
Here, we use PyBDSF as it provides parametric information of the source morphology such as the
deconvolved major axis FWHM (θM), that is,

θM =

((
θobsM

)2
− (

θbeam
)2

) 1
2

, (2.2)

where θbeam is the FWHM of the synthesized beam of the VLA COSMOS 3GHz map (0.75 arcsec)
and θobsM the observed/convolved major axis FWHM.

The PyBDSF algorithm characterizes the radio source properties as follows. First, it identifies
peaks of emission above a given threshold (thresh_pix) that are surrounded by contiguous pixels,
i.e., islands, with emission greater than a minimum value (thresh_isl). Second, it fits multiple
Gaussians to each island depending on the number of the peaks identified within it. Finally, Gaussians
are grouped into sources if (a) their centers are separated by a distance less than half of the sum of their
FWHMs and (b) all the pixels on the line joining their centers have a value greater than thresh_isl.
The total flux of the sources is estimated by adding those from the individual Gaussians, while the
central position and source size are determined via moment analysis. The error of each fitted parameter
is computed using the formulae in Condon (1997).

We runPyBDSF over theVLACOSMOS3GHzmosaic adoptingthresh_pix=5σ, thresh_isl=3σ,
and a minimum number of pixels in an island (minpix_isl) of 9 pixels (as in Smolčić et al. (2017a)).
By selecting sources within the inner two square degrees of the COSMOS field, where the rms remains
homogeneous, we find 10078 sources. Within the same area, there are 10689 sources in the catalog
presented by Smolčić et al. (2017a), of which 9223 are also retrieved by PyBDSF. In the subsequent
analysis, we use these matched sources to enhance the pureness of our radio source catalog.

2.3.2 AGN rejection

To identify galaxies in which the radio continuum emission is associated with an active galactic
nucleus (AGN), and not star formation, we rely on the results from Smolčić et al. (2017b). They
characterized the host galaxy of radio sources in the VLA COSMOS 3GHz map by identifying their
optical/near-IR/mid-IR counterparts from the i-band selected catalog (optical; Capak et al., 2007),
the COSMOS2015 catalog (near-IR; Laigle et al., 2016), and the Spitzer COSMOS (S-COSMOS)
Infrared Array Camera (3.6 µm-selected, IRAC ; Sanders et al., 2007). Based on this multiwavelength
counterpart association, a sample of AGN and SFGs was assembled.

AGN host galaxies were identified as such, and excluded from our sample, if the following criteria
were met:

• the intrinsic [0.5–8] keV X-ray luminosity is greater than LX = 1042ergs−1 (e.g., Szokoly et al.,
2004);
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Chapter 2 Radio continuum size evolution of SFGs over 0.35 < z < 2.25

• the flux throughout the four IRAC bands (3.6, 4.5, 5.8, and 8) displays a monotonic rise and
follows the criterion proposed by Donley et al. (2012);

• an AGN component significantly improves the fitting of their optical to millimeter spectral
energy distribution (SED, as in Da Cunha et al., 2008; Berta et al., 2013; Delvecchio et al.,
2014; Delvecchio et al., 2017);

• MNUV − Mr , i.e., rest-frame near-ultraviolet (NUV) minus r+ band, is greater than 3.5 (Ilbert
et al., 2010);

• the observed radio emission L1.4GHz exceeds that expected from the host galaxy SFRIR (estimated
via IR SED fitting, Delvecchio et al., 2017).

Excluding AGN hosts through all these criteria yields a highly clean sample of SFGs. Within the
redshift range probed in this work (0.35 < z < 2.25), we find that 4216 galaxies match with our
catalog of 9223 radio sources and have available stellar mass estimates in the COSMOS2015 catalog.
While most of them (3248, i.e., 77%) are classified as SFGs, 968 galaxies (23%) exhibit one or more
of the above-mentioned signatures of AGN activity. Since comparing the radio size evolution of
AGN and SFGs is beyond the scope of this work, we refer the reader to Bondi† et al. (2018) who
presented a similar analysis using the VLA COSMOS 3GHz map and following the same AGN-SFGs
classification scheme used here.

We note that out of the 3248 radio-selected SFGs, 64 (2%) of them are fitted with multiple Gaussians
by PyBDSF, suggesting a more complex and/or extended morphology. Since modeling such systems
in our Monte Carlo simulations (Sect. 2.3.3) is challenging, we exclude them from the analysis.
We verified, however, that none of the relations/results reported thereafter are affected, within the
uncertainty, by the inclusion of these multicomponent sources. Our final sample, therefore, comprises
3184 radio-selected SFGs over the redshift range 0.35 < z < 2.25, in which a mass-complete sample
of log(M?/M�) & 10.5 SFGs can be assembled (Sect. 2.3.5).

2.3.3 Accuracies and limitations of our size and flux density measurements

In this section, we describe theMonte Carlo (MC) simulations used to characterize the biases associated
with size and flux determination of SFGs in the sample. This approach is based on the injection of
mock sources, following a realistic flux and size distribution, into noise maps that accurately represent
the original dataset (e.g., Casey et al., 2014, Sect. 3.2). After retrieving these sources from the maps
with PyBDSF, we compare the input and output properties and hence address these particular questions:
(a) what are the minimum/maximum source sizes we can detect in the VLA COSMOS 3GHz mosaic
at a given flux density? and (b) how reliable are our measurements for a given intrinsic flux density
and FWHM?

These MC simulations require a mock sample that follows the intrinsic, yet unknown, flux density
(Sint) and angular size (θM) distributions of SFGs. For this purpose, we use previous constraints on
the µJy radio source population as presented in Smolčić et al. (2017a). First, we approximate the
observed flux density distribution of this mock sample with a single power-law model (N ∝ S−0.8

int ).
Second, we assume that their angular size is linked to their total flux density (Windhorst et al., 1990;
Richards, 2000) as θmedian [arcsec] = 1.8S0.6

int [mJy] (Bondi et al., 2003; Smolčić et al., 2017a).
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Figure 2.1: Completeness in the θinM vs Sin
int plane as inferred from extensive MC simulations. The completeness

given by the color scale represents the fraction of sources recovered by PyBDSF (resolved and unresolved) over
the original number of mock sources. The blue points show the position of resolved SFGs in the VLA COSMOS
3GHz map studied in this work. White contours represent a completeness levels of 5, 25, 50 and 75%.

The input sample comprises ∼ 7 × 105 sources modeled with a single Gaussian component. We
explore the parameter space where θinM ranges from 0.03−12 arcsec (with ellipticity e = 0.25,0.5,0.75,1
and random position angle) and 10−5 Jy < Sint < 10−1.5 Jy, which is the observed range of retrieved
VLA-COSMOS 3GHz galaxies (see Fig. 2.1). These mock galaxies were convolved with the
synthesized beam and randomly injected into the mosaic in purely noise dominated regions, i.e., those
areas where no original source is found within 36 × 36 arcsec2. They were subsequently retrieved
with PyBDSF using the same parameters described in Sect. 2.3.1 and cross-matched with the input
mock catalog (within a circle of 1 arcsec radius). The ratio of the number of successfully retrieved
mock sources to the original mock sources injected in the map, in each [Sin

int, θ
in
M] bin, represents the

completeness (see Fig. 2.1)

Selection function, maximum recovered size

To constrain the maximum detectable size of a galaxy as a function of redshift, stellar mass, and
∆ log(SSFR)MS, we explore the angular size of mock sources that were resolved by PyBDSF. The
completeness levels in the θinM versus Sin

int plane (Fig. 2.1) reveal that the maximum recovered
deconvolved FWHM (θmax

M ), for sources within 10−5 Jy < Sin
int < 10−3 Jy, strongly depends on Sin

int; i.e.,
a higher flux density increases the possibility of detecting extended sources1. Thus, at a given redshift,
1 Not all bins at the bright/compact end exhibit a 100% completeness. We attribute this result to the minimum number of
pixels in an island (minpix_isl=9) used to retrieve the radio sources with PyBDSF. Negative noise fluctuations might
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Figure 2.2: Left panel: Fraction of mock sources retrieved by PyBDSF as unresolved in the θinM − Sin
int plane

showing the ratio of the number of unresolved sources per bin to the total number of unresolved sources in the
entire parameter space. Right panel: Cumulative size distribution of mock sources retrieved as unresolved,
which represent 29% of the total number of sources injected in our MC simulations. Around 90% of them lie
below θbeam = 0.75 arcsec (blue line), hence we use this value as the upper limit for the size of unresolved SFGs
in the VLA COSMOS 3GHz map.

faint galaxies are preferentially detected if they are compact, while bright starbursting systems are
detected even if they are extended. This selection function (i.e., completeness level of 10%) is further
discussed in Sects. 2.4.1 and 2.4.2.

Upper limit for the size of unresolved sources

A total of 665 SFGs (21%) from our sample are unresolved (θoutM = 0 arcsec) by PyBDSF. In order to
assign an upper limit to their intrinsic angular size (θinM < θlim), we explore the input size of mock
sources retrieved as unresolved in the MC simulations. In Fig. 2.2, we plot their distribution in the
θinM − Sin

int plane. Most of the sources retrieved as unresolved by PyBDSF are, as expected, at the faint
and compact end of the parameter space tested here. Based on their angular size distribution (Fig. 2.2,
right panel), we find that around 90% of them satisfy the condition: θinM ≤ θbeam (blue line). We thus
define θbeam = 0.75 arcsec as the upper limit for the size of the 665 unresolved SFGs in our sample.

hinder the detection of islands of emission above this threshold. Certainly, we verified that using minpix_isl=6 yields a
higher completeness at the bright/compact end. Even so, we adopted minpix_isl=9 to be consistent with the original
VLA COSMOS 3GHz catalog (Smolčić et al., 2017a).
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2.3 Data analysis

Figure 2.3: Systematic errors and uncertainties for the FWHM (left two panels) and flux density (right two
panels) of mock sources in the θoutM − Sout

int plane covered by 2519 resolved SFGs studied in this work. Contour
levels showing the distribution of these sources are at 1, 5, 50, 250 sources per bin. Positive (negative) values
of µi jθ and µi j

S
indicate that the measured quantity is overestimated (underestimated). Values of σi j

θ and/or
σ
i j
S

higher (lower) than 1 suggest that the uncertainty of the measured parameter is being underestimated
(overestimated).

How reliable are the retrieved FWHM and flux density?

It is well known that noise fluctuations boost the flux of faint sources detected in sensitivity-limited
astronomical surveys (e.g., Hogg & Turner, 1998; Coppin et al., 2005; Casey et al., 2014). It is
expected that a similar effect takes place when determining the size of faint and compact sources.
Therefore, in a pioneering effort, we use the MC simulations to correct both the FWHM and flux
density (and associated uncertainties) provided by PyBDSF. We proceeded as follows:

1. We create a catalog containing all mock sources retrieved by PyBDSF. Hence, it contains
information about the input (Sin

int, θ
in
M) and output parameters (Sout

int , θ
out
M ).

2. All the sources in the catalog are binned in the Sout
int − θoutM plane (as shown in Fig. 2.1). For all

objects in each bin, we estimate rθ ≡ (θoutM − θinM)/σθ and/or rS ≡ (Sout
M − Sin

M)/σS , where σθ and
σS are the uncertainties provided by PyBDSF.

3. We derive the mean (µ) and standard deviation (σ) of the rθ and rS distributions (Fig. 2.3).
While the value of µ quantifies systematic biases (e.g., “flux boosting”), σ evaluates whether
the uncertainties given by PyBDSF are under- or overestimated.

In the ideal case where the measured properties and uncertainties are an appropriate description
of the input mock sources, the mean (µ) and standard deviation (σ) of the distribution should
be 0 and 1, respectively. Nevertheless, for both FWHM and flux density, µ is generally greater
than zero (Fig. 2.3), meaning that PyBDSF tends to overestimate the size and flux density of
mock sources. The value of σ is also heterogeneous across the θoutM − Sout

int plane (Fig. 2.3); σi j
θ

and/or σi j
S
higher (lower) than 1 suggests that the uncertainty provided by PyPDSF is being

underestimated (overestimated).
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Figure 2.4: Distribution of sigma deviations for the FWHM (left panel) and integrated flux density (right panel)
of all mock sources. The distribution that is produced from the corrected quantities is shown in black, while in
gray that obtained from the measured quantities given by PyBDSF. A single-component Gaussian fit is shown in
red. For both corrected distributions, we find the best fitting parameters of µ = 0 and σ = 1 (blue solid and
dashed lines), which indicates that the corrected flux density and FWHM (and associated uncertainties) are a
proper description of the mock sources. Blue solid (dashed) lines illustrate the locus of µ = 0 (σ = 1).

4. Under the condition that all rθ and rS distributions should have a mean of zero and dispersion of
1, the corrected source properties (θ’ outM , S’ out

int ) and associated uncertainties (σ′θ, σ′S) are given
by

θ’ outM = θoutM − µi jθ × σθ,
S’ out
int = Sout

int − µi jS × σS,

}
(2.3)

and
σ′θ = σ

i j
θ × σθ,

σ′S = σ
i j
S
× σS,

}
, (2.4)

where µi jθ , µ
i j
S
, σ

i j
θ , and σ

i j
S
are the mean and standard deviations of the rθ and rS distributions

in each bin; here i = 1...m and j = 1...n, with m and n the numbers of columns and rows used
to grid the θoutM − Sout

int plane.

5. After applying our corrections to all mock resolved sources, we retrieve the distribution of
rθ and rS . By fitting a single-Gaussian component, we find µ = 0.0 and σ = 1.0 for both
distributions (Fig. 2.4). This assures that the corrected flux densities and FWHM, as well as
their associated uncertainties, are a good description of the input mock sources.

It should be noted that for a small fraction of mock sources, our corrected FWHM is still
being underestimated; this gives rise to a wing in the rθ distribution (Fig. 2.4). We verified
that these outliers are mainly located at the extended and bright end of the θoutM − Sout

int plane
(θoutM > 0.75 arcsec and Sout

int > 0.1mJy) where less than 1% of SFGs in our final sample reside
(see Fig. 2.1).
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2.3 Data analysis

Figure 2.5: Comparison between observed and corrected source parameters of SFGs in the sample. Left panels:
FWHM of 2519 resolved sources before and after correction, color-coded by number counts and median flux
density. The red solid (dashed) lines show the 50th (16th, 84th) percentile of the FWHM values prior correction,
using a 0.05 dex bin width along the x-axis. The dotted blue lines illustrate the FWHM of the synthesized beam
(0.75 arcsec), while the 1:1 relation is shown by the blue dashed line. Right panels: Flux density of 3184 SFGs
(resolved and unresolved) before and after correction, color-coded by number counts and median FWHM. The
red solid (dashed) lines show the 50th (16th, 84th) percentile of the flux density values prior correction, using a
0.1 dex bin width along the x-axis. The 1:1 relation is shown by the blue dashed line.

6. To correct the measured flux density of unresolved sources, we compare the input and output
flux density of mock sources retrieved as unresolved by PyBDSF (see Fig. 2.14). We then derive
flux boosting factors as a function of S/N; at S/N = 5 the flux density is overestimated by 17%,
while at S/N> 7 the effect of flux boosting is negligible.

7. We verified that the corrections and the completeness do not strongly depend on the input
angular size and flux density distribution used in the MC simulations. A uniform distribution
(equal number of sources per bin in the θinM − Sin

int plane) yields correction factors that are
consistent with those obtained from a realistic input distribution.

After validating our method, we then derived the corrected flux density and size of SFGs in our
sample. In Fig. 2.5, we compare the flux and FWHM before and after revision in order to illustrate
the effect of our corrections. Both flux and size measurements appear to be overestimated for faint
radio sources. This result is expected as positive noise fluctuations enhance the flux density on
a pixel-by-pixel basis and, consequently, the amplitude and variance of a 2D Gaussian model are
magnified. This phenomenon translates into a flux boosting factor of ∼ 20% at the faint end (see right
panel of Fig. 2.5), which is comparable with the uncertainty on the flux density of a 5σ radio source
detection. On the other hand, “size boosting” seems to be ubiquitous for faint and compact sources
that have a deconvolved FWHM smaller than the size of the synthesized beam (see left panel of Fig.
2.5). This can be attributed to the large uncertainties associated with the deconvolution process of
slightly resolved and faint radio sources.
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Chapter 2 Radio continuum size evolution of SFGs over 0.35 < z < 2.25

As a consistency test, we compare our corrected flux density measurements with those reported by
Smolčić et al. (2017b), which were derived following a non-parametric approach with blobcat. By
considering both resolved and unresolved sources (see Fig. 2.15), we found that the two quantities are,
on average, consistent.

2.3.4 From flux and size measurements to SFR and effective size estimates

We estimate the total SFR by adding the estimates from the infrared (SFRIR) and uncorrected UV
emission (SFRUV), allowing us to account for the dust obscured and unobscured star formation activity.
We use the Kennicutt (1998a) calibration and the infrared-radio correlation (e.g., Magnelli et al.,
2015; Delhaize et al., 2017) to derive SFRIR as

SFRIR [M� yr−1] = fIMF10−2410qIR L1.4GHz [WHz−1], (2.5)

where fIMF = 1.72 for a Salpeter initial mass function (IMF) and qIR is parametrized as a function of
redshift (for SFGs only) as qIR = (2.83± 0.02) × (1+ z)−0.15±0.01 (Delhaize et al., 2017). The value of
L1.4GHz, on the other hand, can be derived from the observer-frame 3GHz fluxes (Sν3GHz

[WHz−1 m−2])
through

L1.4GHz =
4πDL(z)2
(1 + z)1−α

(
1.4
3

)−α
S3GHz, (2.6)

where DL is the luminosity distance in meters and α is the spectral index of the synchrotron power law
(Sν ∝ ν−α) of 0.8 (Condon, 1992).

We also use the near-UV (NUV) emission of galaxies from the COSMOS2015 catalog (Laigle et al.,
2016) to estimate SFRUV as follows (Kennicutt & Evans, 2011):

SFRUV = 10−43.17LNUV [erg s−1]. (2.7)

Finally, to compare our radio continuum size estimates with those derived from the optical/UV, we
convert our θM measurements into effective radius (Reff), i.e., the radius enclosing half of the total flux
density. To this end, we assume that most of our galaxies are star-forming disks with an exponentially
declining surface brightness distribution. This is consistent with the average Sérsic index of n ∼ 1 for
MS galaxies (e.g., Nelson et al., 2016b) and luminous sub-mm selected galaxies (SMGs; Hodge
et al., 2016), preferentially located above the MS. Under this assumption, Murphy et al. (2017) have
analytically proven that for slightly resolved radio sources (with Reff . θbeam) θM and Reff can be
related by

θM ≈ 2.430Reff. (2.8)

2.3.5 Final sample

We distributed the 3184 SFGs in our sample in five redshift bins following those presented by Laigle
et al. (2016): (0.35, 0.65], (0.65, 0.9], (0.9, 1.35], (1.35, 1.7], and (1.75, 2.25]. This allows us to
directly use the stellar mass completeness limits (per redshift bin) of the COSMOS2015 catalog, and
hence assemble a mass-complete sample of radio-selected SFGs in the COSMOS field. The number
of SFGs per redshift bin is nearly homogeneous (with a median of ∼ 650 sources). Given the small
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Fig. 6. Upper panels: 3184 SFGs in the SFR �M? � z plane. Color scale shows the number of sources per bin. Solid/dashed black lines show the
position of the MS of SFGs and its associated dispersion given by Schreiber et al. (2015). Vertical red solid lines show the mass-limit above which
we consistently probe SFGs on and above the MS. Middle and lower panels: median size and star formation surface density, respectively, of 3184
SFGs in the sample. We use 1000 MC realizations to include the values for unresolved sources, which are drawn from the distributions described
in Sects. 4.2 and 4.4.

ods agree well and reveal a trend where SFGs with higher
� log(SSFR)MS values are compact; in particular at lower red-
shifts where this tendency is more pronounced. The median
size of z ⇠ 0.5 (z ⇠ 2) MS galaxies is 4 (2) times larger
than those with � log(SSFR)MS > 0.9 (see Table C.2). Note
that although SFGs on the MS are preferentially extended
(median Re↵ ⇠ 1.5 ± 0.2 kpc), some can be as compact as galax-
ies with elevated � log(SSFR)MS.

To verify that our selection function does not bias these
trends, we estimate the maximum recoverable size as a func-
tion of � log(SSFR)MS. At a given redshift bin and for each
� log(SSFR)MS, we infer the SFR of a galaxy with M? = Mlim

?
evaluated at the central redshift of the bin. We then convert this

SFR into flux density and associate it to a maximum recover-
able size using our completeness in the ✓in

M � S in
int plane (Sect.

3.3.1). As inferred from Fig. 8, while the selection function does
not a↵ect the size distribution of SFGs above the MS, it does
hamper the detection of extended SFGs on and below the MS.
We emphasize that retrieving these missing systems would only
strengthen the anti-correlation between the median size of SFGs
and � log(SSFR)MS.

The size dichotomy of SFGs on and above the MS is consis-
tent with the results of Elbaz et al. (2011) and Rujopakarn et al.
(2016). They did not report, however, that compact galaxies can
be “hidden” within the MS (Fig. 8), which is in agreement with
recent high-resolution ALMA observations of z ⇠ 2 SFGs (e.g.,
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Figure 2.6: Upper panels: Sample of 3184 SFGs in the SFR − M? − z plane, color-coded for the number of
sources per bin. Shown are the positions of the MS of SFGs (black lines) and the associated dispersion (dashed
black lines) given by Schreiber et al. (2015). Vertical red lines show the mass limit above which we consistently
probe SFGs on and above the MS.Middle and lower panels: Median size and star formation surface density,
respectively, of the 3184 SFGs in the sample. We use 1000 MC realizations to include the values for unresolved
sources, which are drawn from the distributions described in Sects. 2.4.2 and 2.4.4.
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E.F. Jiménez-Andrade et al.: Radio continuum size evolution of SFGs

Fig. 7. Upper panels: 3184 SFGs in the Re↵ �M? � z plane. The blue solid line shows the maximum size, corresponding to the 10% completeness
level, that can be observed for a galaxy with � log(SSFR) = 0 evaluated at the central redshift value per bin. Blue dashed lines show the mass-limit
above which we consistently probe SFGs on and above the MS. Black arrows show the upper limits for the size of unresolved sources. Lower
panels: density distribution per stellar mass bin (0.5 dex width) of SFGs in the Re↵ �M? � z plane. Contour levels are at the 10, 20, 30, 40, 50, 60,
70, 80 and 90th percentile. The median size derived via the KM estimator is shown by the dark magenta circles, the error bars correspond to the
16th and 86th percentile of the distribution.

Fig. 8. Upper panels: SFGs with M? > Mlim
? in the size�� log(SSFR) � z plane. The blue solid line shows the maximum size, corresponding

to the 10% completeness level, that can be observed for a galaxy with M? = Mlim
? evaluated at the central redshift value per bin. Black arrows

show the upper limits for the size of unresolved sources. Lower panels: density distribution per � log(SSFR) bin (0.5 dex width) of SFGs in the
size�� log(SSFR) � z plane. Contour levels are at the 10, 20, 30, 40, 50, 60, 70, 80 and 90th percentile. The median size derived via the KM
estimator is shown by the dark magenta circles, the error bars correspond to the 16th and 86th percentile of the distribution.

Elbaz et al. 2018, Lang et al. in prep.). The latter is related to the
stacking approach followed by Elbaz et al. (2011), that can only
provide median quantities and the small sample of Rujopakarn
et al. (2016) that might be a↵ected by incompleteness.

In general, these findings support the emerging consensus
where the global star-forming region of SFGs on the MS is pref-

erentially but not exclusively extended, while SFGs above the
MS are always more compact systems.
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Figure 2.7: Upper panels: Sample of 3184 SFGs in the Reff − M? − z plane. The blue solid line shows
the maximum size, corresponding to the 10% completeness level, that can be observed for a galaxy with
∆ log(SSFR) = 0 evaluated at the central redshift value per bin. Blue dashed lines show the mass limit above
which we consistently probe SFGs on and above the MS. Black arrows show the upper limits for the size
of unresolved sources. Lower panels: Density distribution per stellar mass bin (0.5 dex width) of SFGs in
the Reff − M? − z plane. Contour levels are at the 10, 20, 30, 40, 50, 60, 70, 80, and 90th percentiles. The
median size derived via the Kaplan–Meier (KM) estimator is shown by the dark magenta circles, the error bars
correspond to the 16th and 86th percentiles of the distribution.

comoving volume probed by COSMOS at low redshift and the selection function that restricts our
parameter space to compact starburst galaxies, we are not able to explore the size evolution of SFGs in
the redshift regime below z = 0.35.

In Fig. 2.6, we present the sample of 3184 SFGs in the SFR−M? − z plane. The bulk of the
radio-selected SFGs is consistent with the position and dispersion of the MS of SFGs, as given
by Schreiber et al. (2015). At the low-mass end, however, our radio detection limit biases our
sample towards the starburst population. Since we aim to statistically analyze the size distribution of
SFGs on and above the MS, we need to focus on the high-mass end. For this purpose, we define a
mass-limit (M lim

? ) for each redshift bin, above which we are able to consistently probe both SFGs on
(−0.3 ≤ ∆ log(SSFR)MS ≤ 0.3) and above the MS (∆ log(SSFR)MS > 0.3). By considering systems
with M? > M lim

? we are also able to assemble a mass-complete sample of radio-selected SFGs, given
that in all redshift bins M lim

? is higher than the stellar mass completeness limit of the COSMOS2015
catalog.

2.4 Results

In this section, we explore the dependence of the radio continuum size (Reff) on the stellar mass,
distance to the MS and redshift. We carefully address these relations while keeping in mind the
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completeness and size biases mentioned in Sec. 2.3.3 and that our analysis is restricted to M? > M lim
? ,

i.e., the part of the parameter space where the sample of SFGs on and above the MS is complete. We
also verified that the trends presented below remain even if we use uncorrected measurements (see
Appendix 2.7.2).

2.4.1 Radio continuum size versus stellar mass

The stellar mass-size relation in galaxies (e.g., Furlong et al., 2017; Allen et al., 2017) is thought to
be linked to the physical processes that regulate galaxy assembly, such as galaxy minor and major
mergers and gas accretion (e.g., Khochfar & Silk, 2006, 2009; Dekel et al., 2009a; Oser et al., 2010;
Gómez-Guijarro† et al., 2018a). Thus, it is a fundamental ingredient to understand galaxy evolution.

Here, we attempt to characterize the stellar mass-radio size relation up to z = 2.25. We thus explore
the scatter of SFGs in the Reff − M? plane by deriving their density distribution per stellar mass bin
(0.5 dex width; Fig. 2.7). We use 10,000 Monte Carlo trial model runs to take into account the
dispersion introduced by the uncertainties and upper limits of Reff for resolved and unresolved sources,
respectively. Based on our MC simulations (Fig. 2.2), the size of unresolved sources can be drawn
from a uniform distribution in log space within the range [0.1,Rlim

eff ] kpc, where Rlim
eff is the upper limit

for the source size. We also derived the median size of SFGs through the KM estimator (Kaplan
& Meier, 1958), which allows us to take into account the upper limits for the size of unresolved
sources. We find that the two methods, MC realizations and KM estimator, yield consistent results
(Fig. 2.7). In all redshift bins, the size distribution of SFGs remains constant over the range of stellar
mass probed here, where the median size differs by less than 25% (see Table 2.1). Qualitatively, this
result is consistent with the shallow slope (αopt/UV) of the stellar mass and optical/UV size relation of
SFGs (αopt/UV ∼ 0.2; e.g., van der Wel et al., 2014; Mowla et al., 2018). Finally, we checked that
this relation remains if we use two separate samples of SFGs: one composed of galaxies on the MS
(−0.3 ≤ ∆ log(SSFR)MS ≤ 0.3) and another above it (∆ log(SSFR)MS > 0.3).

We still have to consider that the last result might be affected by our selection function. As
mentioned in Sect. 2.3.3, galaxies are preferentially detected if they are compact, especially at the
faint end. This could yield a misleading stellar mass–radio size relation, as low-mass SFGs are fainter
than their massive counterparts (due to the MS slope, Fig. 2.6). To quantify this possible bias, we
use the output of our MC simulation to estimate the maximum recoverable size as a function of
stellar mass as follows. At a given redshift bin and for each mass, we infer the SFR of a galaxy with
∆ log(SSFR)MS = 0. Then we convert this SFR into flux density using the central redshift of the bin.
Finally, this flux is associated with a maximum recoverable size using our 10% completeness limit in
the θinM − Sin

int plane (Sect. 2.3.3). As observed in Fig. 2.7, this selection function hinders the detection
of extended SFGs with stellar mass below and near M lim

? ; however, it does not affect the parameter
space above log(M?/M�) = 10.5. Hence, the negligible dependence of the stellar mass on the radio
size of SFGs with log(M?/M�) > 10.5 remains unaffected by our selection.

2.4.2 Radio continuum size of SFGs on and above the main sequence

Since both the size and ∆ log(SSFR)MS of SFGs can be discussed within the context of gas accretion
and merger-driven star formation (e.g., Elbaz et al., 2011, 2018; Lang† et al., 2019), it is essential to
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E.F. Jiménez-Andrade et al.: Radio continuum size evolution of SFGs

Fig. 7. Upper panels: 3184 SFGs in the Re↵ �M? � z plane. The blue solid line shows the maximum size, corresponding to the 10% completeness
level, that can be observed for a galaxy with � log(SSFR) = 0 evaluated at the central redshift value per bin. Blue dashed lines show the mass-limit
above which we consistently probe SFGs on and above the MS. Black arrows show the upper limits for the size of unresolved sources. Lower
panels: density distribution per stellar mass bin (0.5 dex width) of SFGs in the Re↵ �M? � z plane. Contour levels are at the 10, 20, 30, 40, 50, 60,
70, 80 and 90th percentile. The median size derived via the KM estimator is shown by the dark magenta circles, the error bars correspond to the
16th and 86th percentile of the distribution.

Fig. 8. Upper panels: SFGs with M? > Mlim
? in the size�� log(SSFR) � z plane. The blue solid line shows the maximum size, corresponding

to the 10% completeness level, that can be observed for a galaxy with M? = Mlim
? evaluated at the central redshift value per bin. Black arrows

show the upper limits for the size of unresolved sources. Lower panels: density distribution per � log(SSFR) bin (0.5 dex width) of SFGs in the
size�� log(SSFR) � z plane. Contour levels are at the 10, 20, 30, 40, 50, 60, 70, 80 and 90th percentile. The median size derived via the KM
estimator is shown by the dark magenta circles, the error bars correspond to the 16th and 86th percentile of the distribution.

Elbaz et al. 2018, Lang et al. in prep.). The latter is related to the
stacking approach followed by Elbaz et al. (2011), that can only
provide median quantities and the small sample of Rujopakarn
et al. (2016) that might be a↵ected by incompleteness.

In general, these findings support the emerging consensus
where the global star-forming region of SFGs on the MS is pref-

erentially but not exclusively extended, while SFGs above the
MS are always more compact systems.
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Figure 2.8: Upper panels: Star-forming galaxies with M? > M lim
? in the size−∆ log(SSFR) − z plane. The blue

solid line shows the maximum size, corresponding to the 10% completeness level, that can be observed for a
galaxy with M? = M lim

? evaluated at the central redshift value per bin. Black arrows show the upper limits
for the size of unresolved sources. Lower panels: Density distribution per ∆ log(SSFR) bin (0.5 dex width)
of SFGs in the size−∆ log(SSFR) − z plane. Contour levels are at the 10, 20, 30, 40, 50, 60, 70, 80, and 90th
percentiles. The median size derived via the KM estimator is shown by the dark magenta circles, the error bars
correspond to the 16th and 86th percentiles of the distribution.

characterize their interplay in detail. We therefore take advantage of our mass-complete sample of
radio-selected SFGs to systematically explore their size distribution as a function of ∆ log(SSFR)MS
and cosmic time (Fig. 2.8). We recall that we consider SFGs with M? > M lim

? , which is the region of
the parameter space where we can consistently probe galaxies on and above the MS.

Similarly to the previous section, we derive the median size of SFGs per ∆ log(SSFR)MS bin
following a MC approach and using the KM estimator. As observed in Fig. 2.8, the two methods agree
well and reveal a trend where SFGs with higher ∆ log(SSFR)MS values are compact, in particular at
lower redshifts where this tendency is more pronounced. The median size of z ∼ 0.5 (z ∼ 2) MS
galaxies is 4 (2) times larger than those with ∆ log(SSFR)MS > 0.9 (see Table 2.2). We note that
although SFGs on the MS are preferentially extended (median Reff ∼ 1.5 ± 0.2 kpc), some can be as
compact as galaxies with elevated ∆ log(SSFR)MS.

To verify that our selection function does not bias these trends, we estimate the maximum recoverable
size as a function of ∆ log(SSFR)MS. At a given redshift bin and for each ∆ log(SSFR)MS, we infer
the SFR of a galaxy with M? = M lim

? evaluated at the central redshift of the bin. We then convert this
SFR into flux density and associate it to a maximum recoverable size using our completeness in the
θinM − Sin

int plane (Sect. 2.3.3). As inferred from Fig. 2.8, while the selection function does not affect the
size distribution of SFGs above the MS, it does hamper the detection of extended SFGs on and below
the MS. We note that retrieving these missing systems would only strengthen the anti-correlation
between the median size of SFGs and ∆ log(SSFR)MS.
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The size dichotomy of SFGs on and above the MS is consistent with the results of Elbaz et al. (2011)
and Rujopakarn et al. (2016). They did not report, however, that compact galaxies can be “hidden”
within the MS (Fig. 2.8), which is in agreement with recent high-resolution observations of z ∼ 2
SFGs (e.g., Elbaz et al., 2018; Lang† et al., 2019). This effect is related to the stacking approach
followed by Elbaz et al. (2011), which can only provide median quantities, and the small sample of
Rujopakarn et al. (2016), which might be affected by incompleteness.

In general, these findings support the emerging consensus where the global star-forming region of
SFGs on the MS is preferentially but not exclusively extended, while SFGs above the MS are always
more compact systems.

2.4.3 Size of SFGs in different wavelengths and its evolution with redshift

We now explore the radio continuum size evolution of SFGs over the redshift range 0.35 < z < 2.25 to
better constrain the processes regulating the growth of galaxies. In addition, through the comparison of
the size-redshift relation as traced by stellar light, dust, and supernova remnants, we investigate where
and how new stars are formed in galaxies. To this end, we select galaxies from our final sample (Sect.
2.3.5) with log(M?/M�) > 10.5, which is the only mass bin consistently probed across the redshift
range explored here. For all the redshift bins, we then derive the median Reff (via the KM estimator)
of SFGs on and above the MS, i.e., −0.3 ≤ ∆ log(SSFR)MS ≤ 0.3), and (∆ log(SSFR)MS > 0.3),
respectively. As illustrated in Fig. 2.9, the radio continuum size of both SFG populations remains
nearly constant across cosmic time. By using a parametrization of the form Reff ∝ (1 + z)α, we find a
slope of only −0.26 ± 0.08 (0.12 ± 0.14) for SFGs on (above) the MS. As expected from the results in
Sect. 2.4.2, the median size of SFGs on the MS (Reff = 1.5 ± 0.2 kpc) is significantly larger than for
those above it (Reff = 1.0 ± 0.2 kpc).

The size evolution presented here is still influenced by two factors that cannot be characterized with
the available data:

• First, our radio continuum size estimates trace different rest-frame frequencies, from 4GHz
at z = 0.35 to 9.7GHz at z = 2.25. Since higher energy electrons lose energy more rapidly,
their propagation throughout the galaxy is more limited than their low-energy counterparts (e.g.,
Kobayashi et al., 2004); 3 GHz emitting electrons, in particular, are expected to diffuse ∼ 25%
farther into the ISM than those at 10 GHz (Murphy et al., 2017). Thus, the observed radio
continuum synchrotron emission would tend to be more concentrated as the redshift increases.
This phenomenon does not significantly affect the trends presented above as a 25% larger radio
size at z = 2.25 would lead to α ∼ −0.10 (∼ 0.25) for SFGs on (above) the MS.

• Second, given the limited number of resolution elements across the SFGs in the sample,
we cannot assess their radio continuum surface brightness distribution and determine Reff.
Therefore, we converted the deconvolved FWHM to Reff (following Murphy et al., 2017)
assuming that most of our SFGs follow an exponentially declining surface brightness distribution
(with Sérsic index n = 1). Naturally, such a conversion might deviate from the true Reff on a
galaxy-by-galaxy basis, especially for SFGs above the MS that tend to have cuspier light profiles
(e.g., Wuyts et al., 2011). For slightly resolved sources, like the ones presented here, we do not
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Figure 2.9: Radio continuum size (in terms of half-light radius, Reff) of galaxies on and above the MS as a
function of redshift. Only SFGs with log(M?/M�) > 10.5 are included. Filled data points (squares and circles)
show the median size for SFGs (above and on the MS) in the different redshift bins probed in this work. Vertical
bars show the 95% interval confidence of the median, while horizontal bars represent the redshift bin width.
Gray shaded region illustrates the growth curve derived in the UV-optical for UV-luminous SFGs given by
Reff/kpc = (4.78± 0.68)(1+ z)(−0.84±0.11) (Shibuya et al., 2015). Red and blue dotted lines show the linear fit to
parametrize the redshift evolution of the median radio continuum size as Reff/kpc = (2.1± 0.2)(1+ z)(−0.26±0.08)

and Reff/kpc = (0.6 ± 0.4)(1 + z)(0.12±0.14) for SFGs on and above the MS, respectively.

expect major changes in Reff if the Sérsic index is larger than 1. For example, even for 0.2 arcsec
resolution dust-continuum observations, Elbaz et al. (2018) report that R1/2 ≡ 0.5 × FWHM
and Reff are both equally good proxies for the half-light radius, either leaving the index free or
fixed to 1.

Comparison with other radio continuum size estimates

Bondi† et al. (2018) have independently derived the Reff of radio sources detected in the VLACOSMOS
3GHz map (Smolčić et al., 2017a), including AGN and SFGs up to z ∼ 3. They assembled a sample
of SFGs that is complete in L3GHz over 0.8 < z < 3 with median log(M?/M�) = 10.6; no distinction
was made between on and off MS galaxies. For this sample, the size of SFGs marginally increases
with cosmic time, from median ∼ 1.4 kpc at z = 2.1 to Reff ∼ 1.6 kpc at z = 0.8. This is in agreement
with the shallow size evolution of MS galaxies in our sample (which corresponds to ∼ 90% of all
SFGs) with median Reff = 1.5 ± 0.1 kpc, within the same redshift range and comparable stellar mass.
We note that despite the independent methodologies used to measure radio sizes in the µJy regime, and
different selection criteria, our median sizes are consistent. Bondi† et al. (2018) used, in particular, the
original and convolved images (up to a resolution of 2.2 arcsec) of the VLA COSMOS 3GHz mosaic
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and took the flux density provided by blobcat as a prior in their 2D Gaussian fitting procedure. This
flux prior limits the effect of size boosting, leading to comparable size measurement between our
two studies. On the other hand, by using the VLA COSMOS 3GHz map, Miettinen et al. (2017a)
reported a median Reff ∼ 1.9 kpc for 152 SMGs over the redshift range of 1 . z . 6. The discrepancy
of ∼ 35% between the Miettinen et al. value of Reff and that reported here at z = 2.25 and in Bondi†

et al. (2018) is likely driven by the different selection criteria.

The angular size of the µJy radio sources has also been recently explored in different extragalactic
deep fields. At the same frequency, 3GHz, it was found that z ∼ 1 SFGs in the Lockman-Hole have
a median effective radius of ∼ 1.0 kpc (Cotton et al., 2018), which agrees with the median size of
SFGs above the MS derived here (see Fig. 2.9). Murphy et al. (2017) have reported that z ∼ 1.2
GOODS-N SFGs have a median Reff of only ∼ 0.5 kpc at 10GHz. This small size could be associated
with selection effects as the high-resolution 10GHz observations (0.22 arcsec) are sensitive to smaller
angular scales. Additionally, as stated by Murphy et al. (2017), the discrepancy between 3GHz
and 10GHz radio sizes is driven by the frequency-dependent cosmic ray diffusion. This physical
phenomenon could partially explain the large median Reff of 2.3 ± 0.6 kpc at 1.4GHz of z ∼ 1.5 SFGs
(in the Hubble Deep Field; Lindroos et al., 2018), which is ∼ 1.5 times larger than the median size at
3GHz of galaxies in our sample. On the contrary, the larger energy loss rate at higher frequencies
cannot explain the large median Reff of ∼ 2.7 kpc (FWHM ∼ 0.8 arcsec) at 5.5GHz reported for SFGs
at similar redshift (in GOODS-N; Guidetti et al., 2017). Finally, we note that (apart from the frequency
and resolution of the observations) a more general issue about size determination is related to the
surface brightness limit of each survey. As inferred from Fig. 2.1, a lower r.m.s. sensitivity hampers
the maximum detectable angular size, biasing the sample towards more compact radio sources.

Comparison with FIR, optical, and Hα sizes

It has been reported that the FIR size of z ∼ 2 SFGs is, on average, ∼ 1.5 kpc (e.g., Rujopakarn et al.,
2016; Elbaz et al., 2018; Lang† et al., 2019), which is consistent with the median radio size of SFGs
reported here. Extinction-corrected Hα radial profiles tracing the global star-forming region of z ∼ 1.4
SFGs yield a median effective radius of < 1 kpc (with 9.8 < log(M?/M�) < 11; Nelson et al., 2016a),
comparable with the radio continuum sizes of SFGs above the MS. In contrast, the median effective
radius derived from uncorrected Hα emission is 4.2 ± 0.1 kpc for SFGs at z ∼ 1 and similar stellar
mass (Nelson et al., 2012). This disparity is related to the high dust content in massive galaxies; if star
formation is highly obscured at small radii, Hα emission would appear less centrally concentrated,
and the inferred effective radius will thus be larger (e.g., Möllenhoff et al., 2006; Nelson et al., 2016a,b).

In Fig. 2.9, we also present a comparison of the size of SFGs as observed from radio continuum
and optical to UV throughout cosmic time. We use the size evolution derived by Shibuya et al.
(2015) via broadband optical imaging with the Hubble Space Telescope (HST). In this case, we
adopt the median fit obtained for the UV bright galaxies (−24 < MUV < −21) corresponding
to the stellar mass range of 10 < log(M?/M�) < 11, which is consistent with the mass range
of SFGs used in this work. Given that Shibuya et al. (2015) masked star-forming clumps, their
size estimates can be used as a proxy for the stellar mass distribution of galaxies. As revealed
by Fig. 2.9, the overall star-forming region of SFGs (on and above the MS) is more compact
than their stellar component. In particular, at z = 0.5 (2) the optical to UV emission is ∼2 (1.3)
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Fig. 10. Upper panels: SFGs with M? > Mlim
? in the ⌃SFR � � log(SSFR) � z plane. Dashed blue lines show the � log(SSFR) limit of �0.3 above

which our sample of SFGs is complete in terms of distance to the MS. Black arrows show the upper limits for the size of unresolved sources.
Middle panels: density distribution per � log(SSFR) bin (0.4 dex width) of SFGs in the ⌃SFR �� log(SSFR)� z plane. Contour levels are at the 10,
20, 30, 40, 50, 60, 70, 80 and 90th percentile. The median size derived via the KM estimator is shown by the dark magenta circles, the error bars
correspond to the 16th and 86th percentile of the distribution. Lower panels: power-law describing the ⌃SFR � � log(SSFR) relation (dotted black
line). The slope and normalization are given in the lower-right corner. The median size derived via the KM estimator is also shown by the dark
magenta circles. For comparison, we present the compilation of SFGs from Genzel et al. (2010, black filled circles), Tacconi et al. (2013, black
empty squares), Elbaz et al. (2018, red pentagons) and Lang et al. (in prep., orange triangles). Black arrow illustrates the factor to be considered
when comparing ⌃SFR of galaxies in our sample with that reported by Genzel et al. (2010) and Tacconi et al. (2013) (see text for details).

present the sample of SFGs from Elbaz et al. (2018) and Lang
et al. (in prep.). Although z ⇠ 1.5 SFGs also follow a positive
relation between log(⌃SFR) and � log(SSFR)MS, those at z ⇠ 2
are widely scattered. As reported by Elbaz et al. (2018), z ⇠ 2
SFGs with starburst-like ⌃SFR are also found close to/within the
MS. According to our results, there is a fraction of MS galax-
ies for which ⌃SFR is significantly higher than expected from the
log(⌃SFR)�� log(SSFR)MS relation. These high-⌃SFR MS galax-
ies are present at all redshifts and comprise less than 10% of the
MS galaxy population (see contour levels of Fig. 10).

5. Discussion

5.1. The cold gas accretion vs merger mode of star formation

We have revealed that most SFGs (log(M?/M�) > 10.5) follow
a linear relation in the log(⌃SFR) � � log(SSFR)MS plane over
the redshift range 0.35 < z < 2.25. To first order, these results
can be discussed within the context of the Kennicutt-Schmidt
(KS) relation (⌃SFR � ⌃gas; Kennicutt 1998). We therefore use
the scaling relations of Genzel et al. (2015) to derive the typical
molecular gas mass of galaxies at three di↵erent � log(SSFR)MS

bins, namely [�0.3,0.3], [0.3,0.6] and [0.9, 2.0] as in Fig. 10.
Then, we assume that our radio size estimates (Table C.2) also
trace the extent of the molecular gas reservoir; these are sub-
sequently used to approximate the galactic averaged molecular
gas density (⌃mol gas = Mmol gas/2⇡Re↵). This information is com-
bined with the ⌃SFR values presented in Table C.3, allowing us
to approximate the shape of the KS relation (see Fig. 11). It is
reassuring that our data points, covering a wide range in redshift
and � log(SSFR)MS, agree within the uncertainties with the KS
relation presented by Genzel et al. (2010). Moreover, our data
points are consistent with the scenario wherein low and high-
redshift SFGs follow a similar molecular gas–star formation re-
lation (Bouché et al. 2007; Genzel et al. 2010). By considering
SFGs with �0.3 . � log(SSFR)MS . 0.9, we derive a super-
linear slope of 1.3 ± 0.1. If SFGs with � log(SSFR)MS > 0.9
are included, the slope becomes steeper, i.e. 1.5 ± 0.1; which
indicates that SFGs evolve towards a more e�cient regime of
star formation as � log(SSFR)MS increases. This is consistent
with the small size, and hence higher ⌃SFR, of galaxies above
the MS (Fig. 8); which could be the result of gas-rich mergers
(e.g., Moreno et al. 2015; Wellons et al. 2015) and/or violent
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Figure 2.10:Upper panels: Star-forming galaxies with M? > M lim
? in the ΣSFR−∆ log(SSFR)− z plane. Dashed

blue lines show the ∆ log(SSFR) limit of −0.3 above which our sample of SFGs is complete in terms of distance
to the MS. Black arrows show the upper limits for the size of unresolved sources. Middle panels: Density
distribution per ∆ log(SSFR) bin (0.4 dex width) of SFGs in the ΣSFR − ∆ log(SSFR) − z plane. Contour levels
are at the 10, 20, 30, 40, 50, 60, 70, 80, and 90th percentiles. The median size derived via the KM estimator is
shown by the dark magenta circles; the error bars correspond to the 16th and 86th percentiles of the distribution.
Lower panels: Power law describing the ΣSFR − ∆ log(SSFR) relation (dotted black line). The slope and
normalization are given in the lower right corner. The median size derived via the KM estimator is also shown
by the dark magenta circles. For comparison, we present the compilation of SFGs from Genzel et al. (2010,
black filled circles), Tacconi et al. (2013, black empty squares), Elbaz et al. (2018, red pentagons), and Lang†
et al. (2019, orange triangles). The black arrow illustrates the factor to be considered when comparing ΣSFR of
galaxies in our sample with that reported by Genzel et al. (2010) and Tacconi et al. (2013) (see text for details).
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times more extended than the radio continuum. Since these HST-based estimates are not corrected
for extinction, it is likely that (similar to what has been shown for Hα sizes) the optical to UV
effective radius is overestimated. Given that dust extinction becomes substantial in high-redshift
galaxies (e.g., Leslie et al., 2018), we would expect that their optical to UV size is overestimated
by a larger fraction than those galaxies at lower redshifts. Correcting for this effect could alleviate
the discrepancy between the extent of the stellar and star-forming component of galaxies at high redshift.

In summary, radio continuum, FIR, and extinction-corrected Hα emission suggest that star formation
occurs in smaller regions relative to the total stellar component (e.g., Simpson et al., 2015; Rujopakarn
et al., 2016; Fujimoto et al., 2017; Elbaz et al., 2018, Karoumpis et al. in prep.). Here, in particular,
we find that while the radio continuum size remains nearly constant, that inferred from optical to UV
emission increases with cosmic time. In Sect. 2.5.2, we discuss this finding further within the context
of bulge growth.

2.4.4 Cosmic evolution of ΣSFR
From numerical simulations, SFGs are expected to experience a compaction phase while the SFR
increases and they move towards the upper end of the MS (e.g., Tacchella et al., 2016). This scenario
can now be tested through our radio continuum size estimates. We thus derive the galactic-average
SFR surface density, ΣSFR = SFR/2πR2

eff, and use it to evaluate how concentrated the star formation
activity in galaxies is as they evolve across the MS (see Fig. 2.6, 2.10). In calculating ΣSFR we
assume that the total SFR (SFRIR + SFRUV) is confined within the radio continuum-based Reff. This
simplification is valid as the UV-based SFR is considerably low for massive, high-redshift SFGs
(e.g., Buat et al., 2012); therefore, the star formation activity is mainly traced by the radio continuum
(unobscured) emission.

As in Sects. 2.4.1 and 2.4.2, we follow a MC approach to derive the distribution of ΣSFR per
∆ log(SSFR)MS bin (Fig. 2.10); again, only galaxies with M? > M lim

? are included in the analysis. In
this case, the ΣSFR for unresolved sources is drawn from a uniform logarithmic distribution within
the range [ΣSFR(Rlim), ΣSFR(0.1 kpc)]. We verify the reliability of this approach by using the KM
estimator (Table 2.3). At all redshifts and for both methods, there is a positive relation between ΣSFR
and ∆ log(SSFR)MS that can be described with a power law,

log(ΣSFR) = α × ∆ log(SSFR)MS + β, (2.9)

where α and β are the slope and normalization, respectively. We use a least-squares (Levenberg-
Marquardt) algorithm to fit a linear function to ∆ log(SSFR)MS and derive the best-fitting values for
α and β. This procedure is done for each MC realization, while restricting our parameter space to
∆ log(SSFR)MS > −0.3 where our sample is complete. The final values for α and β, shown in Fig.
2.10, correspond to the median (and 16th and 84th percentiles) after executing 1000 MC trial model
runs. While the normalization of the log(ΣSFR) − ∆ log(SSFR)MS relation decreases with redshift,
the value of α reveals that this trend becomes shallower at higher redshift. At z ∼ 2, the difference
between ΣSFR of galaxies on and above the MS is smaller than in the local Universe.
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Spatially resolved studies of local SFGs have also reported more centrally peaked radial profiles
of ΣSFR as the distance to the MS increases (Ellison et al., 2018). It has been found that the FIR
surface density evolves across the MS with a logarithmic slope of 2.6 (Lutz et al., 2016), which
is consistent with the value we derived at z ∼ 0.5 (α = 2.6) using the radio continuum emission.
Likewise, from Hα resolved maps it has been shown that z ∼ 1 SFGs follow this relation with α ∼ 1.1
(Magdis et al., 2016), which is ∼50% lower than that reported in this work. This tendency can also
be inferred from the ΣSFR, M?, and SFR of 1 . z . 3 SFGs reported by Genzel et al. (2010) and
Tacconi et al. (2013). As presented in Fig. 2.10, these SFGs also exhibit higher ΣSFR as the distance
to the MS increases, yet their ΣSFR values appear systematically lower than those reported here. This
could be a consequence of the optical-/UV-/Hα-/CO-based size estimates used by the authors, which
are larger than those obtained from radio continuum emission (Sect. 2.4.3). If we scale their ΣSFR
values by using our Ropt/Rradio ratios, they increase by a factor of ∼ 0.7 (0.4) dex at redshift 1.5 (2),
which would alleviate this observed discrepancy. Finally, in Fig. 2.10 we present the sample of SFGs
from Elbaz et al. (2018) and (Lang† et al., 2019). Although z ∼ 1.5 SFGs also follow a positive
relation between log(ΣSFR) and ∆ log(SSFR)MS, those at z ∼ 2 are widely scattered. As reported by
Elbaz et al. (2018), z ∼ 2 SFGs with starburst-like ΣSFR are also found close to or within the MS.
According to our results, there is a fraction of MS galaxies for which ΣSFR is significantly higher than
expected from the log(ΣSFR) − ∆ log(SSFR)MS relation. These high-ΣSFR MS galaxies are present
at all redshifts and comprise less than 10% of theMS galaxy population (see contour levels of Fig. 2.10).

2.5 Discussion

2.5.1 Cold gas accretion versus merger mode of star formation

We revealed that most SFGs (log(M?/M�) > 10.5) follow a linear relation in the log(ΣSFR) −
∆ log(SSFR)MS plane over the redshift range 0.35 < z < 2.25. To the first order, these results can
be discussed within the context of the Kennicutt-Schmidt (KS) relation (ΣSFR − Σgas; Kennicutt,
1998a). We therefore use the scaling relations of Genzel et al. (2015) to derive the typical molecular
gas mass of galaxies at three different ∆ log(SSFR)MS bins, namely [−0.3,0.3], [0.3,0.6], and [0.9,
2.0] (see Fig. 2.10). Then we assume that our radio size estimates (Table 2.2) also trace the extent
of the molecular gas reservoir; these estimates are subsequently used to approximate the galactic
averaged molecular gas density (Σmol gas = Mmol gas/2πReff). This information is combined with the
ΣSFR values presented in Table 2.3, allowing us to approximate the shape of the KS relation (see Fig.
2.11). It is reassuring that our data points, which cover a wide range in redshift and ∆ log(SSFR)MS,
agree within the uncertainties with the KS relation presented by Genzel et al. (2010). Moreover, our
data points are consistent with the scenario wherein low- and high-redshift SFGs follow a similar
molecular gas–star formation relation (Bouché et al., 2007; Genzel et al., 2010). By considering
SFGs with −0.3 . ∆ log(SSFR)MS . 0.9, we derive a super-linear slope of 1.3 ± 0.1. If SFGs
with ∆ log(SSFR)MS > 0.9 are included, the slope becomes steeper (1.5 ± 0.1),which indicates that
SFGs evolve towards a more efficient regime of star formation as ∆ log(SSFR)MS increases. This is
consistent with the small size, and hence higher ΣSFR, of galaxies above the MS (Fig. 2.8), which
could be the result of gas-rich mergers (e.g., Moreno et al., 2015; Wellons et al., 2015) and/or violent
disk instability (VDI; e.g., Dekel & Burkert, 2014; Tacchella et al., 2016; Wang et al., 2018).
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Figure 2.11: Star formation rate surface density (ΣSFR) as a function of the molecular gas surface density
(Σmol gas). The data points show the locus of the median ΣSFR and Σmol gas of galaxies binned in ∆ log(SSFR)MS
and redshift (see Fig. 2.10). The symbol size increases with redshift, while the color indicates the median
∆ log(SSFR)MS. The solid gray line shows the KS relation reported by Genzel et al. (2010), adapted for a Salpeter
IMF. The dotted black line illustrates the best linear fit to all the data points; the dashed thin line shows the best
linear fit when we exclude SFGs with ∆ log(SSFR)MS > 0.9. Error bars represent the 16th and 84th percentiles
of the inferred ΣSFR and Σmol gas distributions. The molecular gas mass has been approximated by using the
prescription of Genzel et al. (2015, see Table 4), where Mmol gas = Mmol gas(z,SSFR,M? = 1010.5±0.5 M�).

Beyond the broad picture of galaxy evolution discussed above, we also reported the discovery of
MS galaxies harboring starburst-like ΣSFR conditions (Fig. 2.10). This result echoes, in particular,
that of Elbaz et al. (2018), who reported the presence of hidden starbursts within the MS at z ∼ 2.
Then the fundamental question arises: what is the physical mechanism responsible for high-ΣSFR MS
galaxies? First, these systems could be a result of large cold gas reservoirs distributed over small
disk radii (Wang et al., 2018) that, due to disk instability episodes (e.g., Dekel & Burkert, 2014),
yield high ΣSFR. If the gas replenishment occurs when a galaxy lies at the lower envelope of the MS
(i.e., ∆ log(SSFR)MS ∼ −0.3), the SFR enhancement might not suffice to bring the galaxy above the
MS. Second, high-ΣSFR MS galaxies could be explained in the context of merger-driven bursts of star
formation where, depending on the gas content, mergers could not significantly increase the SFR and
offset the galaxy from the MS. (e.g., Fensch et al., 2017; Wang et al., 2018). This is in agreement with
the observational evidence of merging activity in galaxies on and above the MS (e.g., Kartaltepe et al.,
2012; Ellison et al., 2018; Calabrò et al., 2018; Wang et al., 2018; Cibinel et al., 2018, Karteltepe priv.
communication).
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Figure 2.12: Distribution of SFGs along ∆ log(SSFR)MS (black solid line). In this illustrative case, we separate
the main sequence (red line) and starburst (blue) contribution using ΣlimSFR ≡ Mdn[ΣSFR(∆ log(SSFR)MS = 0.7)]
for SFGs with log(M?/M�) > 10.5. The red and blue shaded regions show the scatter (16th and 84th percentiles)
introduced by the uncertainties and upper limits of our measurements. The gray region indicates the parameter
space where our sample is not complete.

In light of these findings, ΣSFR arises as a remarkable proxy for identifying starburst galaxies,
where star formation is triggered by either mergers or VDI that lead to high ΣSFR. As an illustrative
case, here we evaluate ΣlimSFR ≡ Mdn[ΣSFR(∆ log(SSFR)MS = 0.7)]2 at each redshift bin (Sect. 2.4.4),
and adopt it as a threshold to identify starbursting systems. Under this definition, it is possible to
decompose the bimodal distribution of SFGs along ∆ log(SSFR)MS (e.g., Sargent et al., 2012) into
main sequence (< ΣlimSFR) and starburst (> ΣlimSFR) contribution (see Fig. 2.12). The first, and more
dominant, distribution is centered at ∆ log(SSFR)MS = 0 and represents the population of galaxies
forming stars through a secular mode of star formation (e.g., Dekel et al., 2009a; Sellwood, 2014).
The distribution of non-merger-induced and merger-induced starbursts exhibits an enhanced tail at
high ∆ log(SSFR)MS and, consequently, its median lies at ∆ log(SSFR)MS > 0. We note that this
ΣlimSFR-based scheme brings the galaxy-pair and merger rate in better agreement with the fraction
of high-redshift starbursts (see Fig. 2.13), given that a ∆ log(SSFR)MS-based definition misses the
merger-induced starbursts hidden within the MS (Elbaz et al., 2018; Cibinel et al., 2018).

2.5.2 Is the centrally concentrated star formation in galaxies evidence of bulge
growth?

The finding of compact radio continuum emission of SFGs on and above the MS further support
the evidence of star formation enhancement at small radii (e.g., Simpson et al., 2015; Rujopakarn
et al., 2016; Nelson et al., 2016a; Fujimoto et al., 2017; Elbaz et al., 2018). Interestingly, while the
extent of the stellar component increases with cosmic time, the overall region where most stars are
formed remains nearly constant (see Fig. 2.9). This might indicate that fresh star-forming gas is
constantly fueled towards the center of galaxies, either due to VDI, minor or major mergers, and/or
tidal interactions (e.g., Larson, 2003; Rupke et al., 2010; Sillero et al., 2017; Ellison et al., 2018;
Muñoz-Elgueta et al., 2018). Regardless of the dominant mechanism driving the formation of stars
in galaxies (on and above the MS), violent and secular galaxy evolutionary channels lead to the
2 We use this threshold as the number of z ∼ 0.35 starbursts, which is consistent with that derived from the standard
∆ log(SSFR)MS-based definition (see Fig. 2.13). A different threshold in ΣSFR also yields a larger starburst fraction at
high redshift.
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Figure 2.13: Redshift evolution of the starburst fraction from the mass-complete sample of radio-selected SFGs
used in this work. We adopt two definitions of a starburst galaxy, a) systems with ∆ log(SSFR) > 0.39 and b)
ΣSFR > Σ

lim
SFR (see Sect. 2.5.1), in both cases log(M?/M�) > 10.5. For comparison, we present the starburst

fraction for log(M?/M�) > 10.5 and ∆ log(SSFR) > 0.39 UV-/FIR-selected SFGs from Schreiber et al. (2015).
The redshift evolution of the observed galaxy pair fraction is shown by the magenta shaded region (Kartaltepe
et al., 2007). The gray region shows the major merger fraction predicted by Hopkins et al. (2010).

formation of a bulge (e.g., Kormendy & Kennicutt, 2004; Fisher, 2006; Hopkins et al., 2009; Brooks
& Christensen, 2016; Tonini et al., 2016). Ultimately, the presence of a dominant bulge could stabilize
the gas disk against gravitational instabilities, and thus prevent the formation of stars (e.g., Lang et al.,
2014, and references therein).

In this context, we hypothesize that the centrally concentrated star formation activity of most SFGs
in the sample might reflect the growth of the bulge, which might precede the quenching of the galaxy
from the inside out (e.g., Ellison et al., 2018). At this late evolutionary stage the bulge of massive
galaxies is fully quenched, while star formation activity still takes place at large radii (e.g., Tacchella
et al., 2015; Rowlands et al., 2018). Spatially resolved studies of low- and high-mass SFGs at high
redshift are needed to verify such a scenario, and will allow us to understand how star formation, and
hence stellar mass, is distributed in galaxies across cosmic time.

2.6 Summary

We presented the first systematic study of the radio continuum size evolution of SFGs over 0.35 < z <
2.25. We used a mass-complete sample of 3184 radio-selected SFGs, detected in the VLA COSMOS
3GHz map (Smolčić et al., 2017a), and performed extensive Monte Carlo simulations to characterize
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our selection function and validate the robustness of our measurements. We found the following:

• The radio continuum size shows no clear dependence on the stellar mass of SFGs with
10.5 . log(M?/M�) . 11.5, which is the mass range where our sample is not affected by our
selection function;

• MS galaxies are preferentially (but not exclusively) extended, while SFGs above theMS are more
compact systems; the median size of SFGs on (above) the MS is Reff = 1.5± 0.2 (1.0± 0.2) kpc.
Using the parametrization of the form Reff ∝ (1 + z)α, we found that the median size remains
nearly constantwith cosmic time, withα = −0.26±0.08 (0.12±0.14) for SFGs on (above) theMS;

• The median radio size of SFGs is smaller (by a factor 1.3 − 2) than that inferred from optical to
UV emission that traces their stellar component (Shibuya et al., 2015). Overall, these results
are consistent with compact radio continuum, FIR, and extinction-corrected Hα emission
(. 1.5 kpc; e.g., Nelson et al., 2016a; Rujopakarn et al., 2016; Murphy et al., 2017; Cotton
et al., 2018; Elbaz et al., 2018; Lindroos et al., 2018);

• Most SFGs follow a linear relation in the log(ΣSFR) − ∆ log(SSFR)MS plane, consistent with
previous studies of SFGs in the local Universe (Lutz et al., 2016) and at z ∼ 1 (Magdis et al.,
2016). While its normalization increases with redshift, its slope becomes steeper at lower
redshifts (from α = 1.5 at z ∼ 2 to 2.6 at z ∼ 0.5);

• There is a fraction (. 10%) of MS galaxies harboring starburst-like ΣSFR, consistent with recent
evidence of hidden starbursts within the MS at z ∼ 2 (Elbaz et al., 2018).

Overall, our results suggest that SFGs with enhanced star formation undergo a compaction phase.
These systems could be explained in the context of disk instability and/or merger-driven burst of star
formation that, depending on the gas content, offset the galaxy from the MS in different proportions
(e.g., Fensch et al., 2017; Wang et al., 2018). Since using ∆ log(SSFR) alone prevents us from
identifying those starburst galaxies hidden within the MS, we recommend using ΣSFR as well to better
identify starbursting systems. Having constraints on ΣSFR is the first step towards the characterization
of the KS relation at high redshift. Exploring in detail the gas content and optical morphology of
SFGs in our sample is the subject of an upcoming manuscript.
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2.7 Appendix

2.7.1 Flux boosting
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Figure 2.14: Flux boosting for unresolved sources as a function of S/N estimated from MC simulations. The
solid and dashed red lines show the 50th percentile, and the 14th and 84th percentiles of the distribution as a
function of S/N. The vertical blue dashed line indicates our detection threshold (S/N=5).

10 100 1000

10

100

1000

S
in

t
[µ

J
y
]−

S
+

17

1 3 10 >30

Counts

10 100 1000

Sint [µJy]− PyBDSF corrected                                             

<0.75 1.0 1.5 >2.5

θM [arcsec]

Figure 2.15: Comparison between the flux density of 3184 SFGs in the sample (resolved and unresolved) derived
from PyBDSF (corrected) and those reported by Smolčić et al. (2017a). The solid and dashed red lines show the
50th percentile, and 14th and 84th percentiles of the distribution as a function of the flux density reported in this
study.

2.7.2 Size evolution of SFGs using uncorrected FWHM and flux density

The extensive Monte Carlo simulations performed in this work indicate that the FWHM and flux
density are being overestimated for most of the radio sources in the sample (see Fig. 2.5). Using
these values, however, does not systematically affect the trends and relations presented in this work,
as initially inferred from Fig. 2.16. First, this approach also leads to a flat relation between the
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median radio size and stellar mass of SFGs (Fig. 2.17). Second, we find a similar radio size and
ΣSFR dichotomy between SFGs on and above the MS (Figs. 2.16 and 2.18). Using uncorrected
measurements leads to a smaller fraction of MS galaxies with starburst-like ΣSFR (Fig. 2.19), given
that the size of faint MS galaxies is overestimated and, consequently, ΣSFR becomes smaller. We note
that regardless of the use of corrected or uncorrected values, the fraction of starburst-like ΣSFR systems
remains unclear, due to the presence of MS galaxies that are unresolved in the VLA COSMOS 3GHz
map.
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Appendix B: Size evolution of SFGs using non-corrected FWHM and flux density

The extensive Monte Carlo simulations performed in this work indicate that the FWHM and flux density are being overestimated
for most of the radio sources in the sample (see Fig. 5). Using these values, however, does not systematically a↵ect the trends and
relations presented in this work – as initially inferred from Fig. B.1. First, this approach also leads to a flat relation between the
median radio size and stellar mass of SFGs (Fig. B.2). Second, we find a similar radio size/⌃SFR dichotomy between SFGs on and
above the MS (Fig. B.1 and B.3). Using non-corrected measurements does lead to a smaller fraction of MS galaxies with starburst-
like ⌃SFR (Fig. B.4), given that the size of faint MS galaxies is overestimated and, consequently, ⌃SFR becomes smaller. We note
that regardless the use of corrected or non-corrected values, the fraction of starburst-like ⌃SFR systems remains unclear due to the
presence of MS galaxies that are unresolved in the VLA COSMOS 3GHz map.

Fig. B.1. Upper panels: 3184 SFGs in the SFR�M?� z plane. The color scale shows the number of sources per bin. Solid/dashed black lines show
the position of the MS of SFGs and its associated dispersion given by Schreiber et al. (2015). Vertical red solid lines show the mass-limit above
which we consistently probe SFGs on and above the MS. Middle and lower panels: median size and star formation surface density, respectively,
of 3184 SFGs in the sample. We use 1000 MC realizations to include the values for unresolved sources, which are drawn from the distributions
described in Sects. 4.2 and 4.4.
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Figure 2.16: Upper panels: Sample of 3184 SFGs in the SFR − M? − z plane color-coded for the number of
sources per bin. Solid and dashed black lines show the position of the MS of SFGs and the associated dispersion
given by Schreiber et al. (2015). Vertical red solid lines show the mass-limit above which we consistently
probe SFGs on and above the MS.Middle and lower panels: Median size and star formation surface density,
respectively, of the 3184 SFGs in the sample. We use 1000 MC realizations to include the values for unresolved
sources, which are drawn from the distributions described in Sects. 2.4.2 and 2.4.4.
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E.F. Jiménez-Andrade et al.: Radio continuum size evolution of SFGs

Fig. B.2. 3184 SFGs in the Re↵ � M? � z plane. The blue solid line shows the maximum size, corresponding to the 10% completeness level, that
can be observed for a galaxy with � log(SSFR) = 0 evaluated at the central redshift value per bin. Blue dashed lines show the mass-limit above
which we consistently probe SFGs on and above the MS. Black arrows show the upper limits for the size of unresolved sources. Lower panels:
density distribution per stellar mass bin (0.5 dex width) of SFGs in the Re↵ � M? � z plane. Contour levels are at the 10, 20, 30, 40, 50, 60, 70, 80
and 90th percentile. The median size derived via the KM estimator is shown by the dark magenta circles, the error bars correspond to the 16th and
86th percentile of the distribution.

Fig. B.3. Upper panels: SFGs with M? > Mlim
? in the size�� log(SSFR) � z plane. The blue solid line shows the maximum size, corresponding

to the 10% completeness level, that can be observed for a galaxy with M? = Mlim
? evaluated at the central redshift value per bin. Black arrows

show the upper limits for the size of unresolved sources. Lower panels: density distribution per � log(SSFR) bin (0.5 dex width) of SFGs in the
size�� log(SSFR) � z plane. Contour levels are at the 10, 20, 30, 40, 50, 60, 70, 80 and 90th percentile. The median size derived via the KM
estimator is shown by the dark magenta circles, the error bars correspond to the 16th and 86th percentile of the distribution.
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Figure 2.17: Sample of 3184 SFGs in the Reff − M? − z plane. The blue solid line shows the maximum size,
corresponding to the 10% completeness level, that can be observed for a galaxy with ∆ log(SSFR) = 0 evaluated
at the central redshift value per bin. Blue dashed lines show the mass-limit above which we consistently probe
SFGs on and above the MS. Black arrows show the upper limits for the size of unresolved sources. Lower panels:
Density distribution per stellar mass bin (0.5 dex width) of SFGs in the Reff − M? − z plane. Contour levels are
at the 10, 20, 30, 40, 50, 60, 70, 80, and 90th percentiles. The median size derived via the KM estimator is
shown by the dark magenta circles; the error bars correspond to the 16th and 86th percentiles of the distribution.

E.F. Jiménez-Andrade et al.: Radio continuum size evolution of SFGs

Fig. B.2. 3184 SFGs in the Re↵ � M? � z plane. The blue solid line shows the maximum size, corresponding to the 10% completeness level, that
can be observed for a galaxy with � log(SSFR) = 0 evaluated at the central redshift value per bin. Blue dashed lines show the mass-limit above
which we consistently probe SFGs on and above the MS. Black arrows show the upper limits for the size of unresolved sources. Lower panels:
density distribution per stellar mass bin (0.5 dex width) of SFGs in the Re↵ � M? � z plane. Contour levels are at the 10, 20, 30, 40, 50, 60, 70, 80
and 90th percentile. The median size derived via the KM estimator is shown by the dark magenta circles, the error bars correspond to the 16th and
86th percentile of the distribution.

Fig. B.3. Upper panels: SFGs with M? > Mlim
? in the size�� log(SSFR) � z plane. The blue solid line shows the maximum size, corresponding

to the 10% completeness level, that can be observed for a galaxy with M? = Mlim
? evaluated at the central redshift value per bin. Black arrows

show the upper limits for the size of unresolved sources. Lower panels: density distribution per � log(SSFR) bin (0.5 dex width) of SFGs in the
size�� log(SSFR) � z plane. Contour levels are at the 10, 20, 30, 40, 50, 60, 70, 80 and 90th percentile. The median size derived via the KM
estimator is shown by the dark magenta circles, the error bars correspond to the 16th and 86th percentile of the distribution.
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Figure 2.18: Upper panels: Star-forming galaxies with M? > M lim
? in the size−∆ log(SSFR) − z plane. The

blue solid line shows the maximum size, corresponding to the 10% completeness level, that can be observed for
a galaxy with M? = M lim

? evaluated at the central redshift value per bin. Black arrows show the upper limits
for the size of unresolved sources. Lower panels: Density distribution per ∆ log(SSFR) bin (0.5 dex width)
of SFGs in the size−∆ log(SSFR) − z plane. Contour levels are at the 10, 20, 30, 40, 50, 60, 70, 80, and 90th
percentiles. The median size derived via the KM estimator is shown by the dark magenta circles; the error bars
correspond to the 16th and 86th percentiles of the distribution.
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Fig. B.4. Upper panels: SFGs with M? > Mlim
? in the ⌃SFR � � log(SSFR) � z plane. Dashed blue lines show the � log(SSFR) limit of �0.3 above

which our sample of SFGs is complete in terms of distance to the MS. Black arrows show the lower limits for the size of unresolved sources.
Middle panels: density distribution per � log(SSFR) bin (0.4 dex width) of SFGs in the ⌃SFR �� log(SSFR)� z plane. Contour levels are at the 10,
20, 30, 40, 50, 60, 70, 80 and 90th percentile. The median size derived via the KM estimator is shown by the dark magenta circles, the error bars
correspond to the 16th and 86th percentile of the distribution. Lower panels: power-law describing the ⌃SFR � � log(SSFR) relation (dotted black
line). The slope and normalization are given in the lower-right corner. The median size derived via the KM estimator is also shown by the dark
magenta circles. For comparison, we present the compilation of SFGs from Genzel et al. (2010, black filled circles), Tacconi et al. (2013, black
empty squares), Elbaz et al. (2018, red pentagons) and Lang et al. (in prep., orange triangles). Black arrow illustrates the factor to be considered
when comparing ⌃SFR of galaxies in our sample with that reported by Genzel et al. (2010) and Tacconi et al. (2013).
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Figure 2.19: Upper panels: Star-forming galaxies with M? > M lim
? in the ΣSFR − ∆ log(SSFR) − z plane.

Dashed blue lines show the ∆ log(SSFR) limit of −0.3 above which our sample of SFGs is complete in terms
of distance to the MS. Black arrows show the lower limits for the size of unresolved sources. Middle panels:
Density distribution per ∆ log(SSFR) bin (0.4 dex width) of SFGs in the ΣSFR −∆ log(SSFR) − z plane. Contour
levels are at the 10, 20, 30, 40, 50, 60, 70, 80, and 90th percentiles. The median size derived via the KM
estimator is shown by the dark magenta circles; the error bars correspond to the 16th and 86th percentiles of the
distribution. Lower panels: Power law describing the ΣSFR − ∆ log(SSFR) relation (dotted black line). The
slope and normalization are given in the lower right corner. The median size derived via the KM estimator is
also shown by the dark magenta circles. For comparison, we present the compilation of SFGs from Genzel et al.
(2010, black filled circles), Tacconi et al. (2013, black empty squares), Elbaz et al. (2018, red pentagons), and
Lang† et al. (2019, orange triangles). Black arrow illustrates the factor to be considered when comparing ΣSFR
of galaxies in our sample with that reported by Genzel et al. (2010) and Tacconi et al. (2013).
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2.7.3 Tables

Table 2.1: Radio continuum size as a function of the stellar mass of SFGs

log(M?/M�) [dex] 0.35 < z < 0.65 0.65 < z < 0.95 0.95 < z < 1.30 1.30 < z < 1.75 1.75 < z < 2.25

[10.0,10.5] 1.5+1.2
−0.8 1.5+1.4

−0.9 . . . a . . . . . .

[10.5,11.0] 1.8+1.6
−1.1 1.5+1.4

−0.7 1.4+1.6
−0.7 1.3+1.2

−0.8 1.2+1.4
−0.5

[11.0,11.5] 1.5+1.4
−0.6 1.3+1.4

−0.8 1.7+1.4
−0.9 1.2+2.2

−0.5 1.5+1.2
−0.8

The effective radius is given in kpc. The uncertainties correspond to the 16th and 84th percentiles of the size dis-
tribution per stellar mass bin. aNo values are given for the mass bins that are strongly affected by incompleteness.

Table 2.2: Radio continuum size as a function of distance to the MS of SFGs

∆ log(SSFR)MS [dex] 0.35 < z < 0.65 0.65 < z < 0.95 0.95 < z < 1.30 1.30 < z < 1.75 1.75 < z < 2.25

[−0.3,0.3] 1.7+1.3
−1.0 1.5+1.3

−0.8 1.4+1.5
−0.8 1.5+1.2

−0.9 1.5+1.2
−0.7

[0.3,0.9] 1.0+2.0
−0.7 1.0+2.0

−0.6 1.3+1.7
−0.7 0.9+0.6

−0.5 0.9+1.0
−0.3

> 0.9a 0.4+0.8
−0.1 0.4+0.1

−0.2 0.5+0.1
−0.2 0.7+0.2

−0.2 0.8+0.1
−0.3

The effective radius is given in kpc. The uncertainties correspond to the 16th and 84th percentiles of the size distribution
per ∆ log(SSFR)MS bin. The minimum stellar mass probed throughout the different redshift bins is log(M lim

? /M�) =
9.9,10.2,10.5,10.5, and 10.7. aThe highest ∆ log(SSFR)MS bin is centered at ∆ log(SSFR)MS = 1.2,1.05,1.05,1.45,1.45.

Table 2.3: Star formation surface density (ΣSFR) as a function of distance to the MS of SFGs

∆ log(SSFR)MS [dex] 0.35 < z < 0.65 0.65 < z < 0.95 0.95 < z < 1.30 1.30 < z < 1.75 1.75 < z < 2.25

[−0.3,0.3] 0.8+2.9
−0.6 1.7+7.0

−1.2 4+15
−3 8+27

−6 12+29
−9

[0.3,0.9] 5+31
−4 15+123

−14 14+49
−12 63+194

−50 96+135
−66

> 0.9a 412+900
−380 1140+190

−900 1435+100
−1200 690+610

−250 2860+100
−970

ΣSFR is given in M� yr
−1 kpc−2. The uncertainties correspond to the 16th and 84th percentiles of the ΣSFR distribution

per ∆ log(SSFR)MS bin. The minimum stellar mass probed throughout the different redshift bins is log(M lim
? /M�) =

10.0,10.2,10.5,10.5, and 10.7. aThe highest ∆ log(SSFR)MS bin is centered at ∆ log(SSFR)MS = 1.2,1.05,1.05,1.45,1.45.
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CHAPTER 3

The conditions for star formation in massive disk
galaxies 1.3Gyr after the Bing Bang

We combine 12CO(2→1), 12CO(5→4), and [CII] line observations from the NOEMA, ALMA, and
VLA telescopes to unveil the conditions for star formation in AzTEC/C159 and AzTEC2-A: two
SMGs at z ∼ 4.6 that exhibit vigorous star formation activities. Based on their IR luminosity, we infer
a SFR of the order of 1500 M� yr

−1 for AzTEC2-A, and half of it for AzTEC/C159. Similarly, 12CO
line measurements indicate that AzTEC2-A harbors a molecular gas reservoir (MH2

∼ 3 × 1011 M�)
that is two times that of AzTEC/C159. These properties suggest that the enhanced stellar birthrate of
these galaxies is explained by the combination of a vast gas reservoir and –to some extent– enhanced
star formation efficiency (≡ SFR/MH2

), similarly to those observed in merger-driven starbursts and
SMGs at z ∼ 2. Nevertheless, the CO→H2 conversion factor, star formation surface density and/or
gas depletion time scale suggest that AzTEC/C159 and AzTEC2-A are forming stars through a secular
mode of star formation, as observed in star-forming disks at lower redshifts. Certainly, high-resolution
[CII] line observations have uncovered a rotating [CII] disk in AzTEC/C159 (previously reported in
the literature) and AzTEC2-A (this work). The implications of these findings are multi-fold. First,
this study demonstrates that the SMG population at z & 3 is rather heterogeneous, including gas-rich
mergers and secular disk galaxies. Second, consistent with numerical simulations, our results indicate
that the enhanced gas supply from cosmological filaments at high redshift can build and maintain
an unstable gas-rich disk, which breaks into giant clumps that form stars nearly as efficiently as in
merger-driven systems. Third, our analysis strengthens the emerging scenario whereby merging
activity mildly enhance the –already intense– production of stars in early galaxies. Thus, at z & 4,
there is only a subtle difference between the integrated/global properties of star formation in massive,
secular disk galaxies and merger-driven starbursts.
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Section 3.2 is a reproduction from the article “Molecular gas in AzTEC/C159: a star-forming
disk galaxy 1.3 Gyr after the Big Bang”, which was published in Astronomy & Astrophysics
under the reference:

Jiménez-Andrade, E. F., Magnelli, B., Karim, A., et al., 2018, A&A, 615, A25.

Section 3.2 is reproduced under the non-exclusive right of re-publication granted by Astronomy
& Astrophysics to the authors of the article.

Section 3.3 is part of a forthcoming manuscript, which is being prepared in collaboration with
J. Zavala, B. Magnelli, C. Casey, D. Liu, E. Romano-Díaz, A. Karim, and F. Bertoldi.

3.1 Introduction

As discussed in Chapter 1, and demonstrated in Chapter 2, the stellar mass assembly of galaxies can
proceed in two modes: the cold gas accretion and merger mode (e.g., L´Huillier et al., 2012; Hayward
et al., 2012). Observations of local/low-redshift galaxies initially suggested that these processes
lead to two distinctive regimes of star formation (e.g., Kennicutt, 1998a). Dissipative mergers of
gas-rich galaxies lead to short-lived and compact starbursts – as observed in local ULIRGs (Armus
et al., 1987; Sanders & Mirabel, 1996; Ellison et al., 2013); whereas steady accretion of cool gas
(from the intergalactic medium) drives widespread star formation in disk galaxies (e.g., Dekel et al.,
2009b; Bouché et al., 2013), which remain confined within the MS of SFGs over Gyr-timescales
(e.g., Tacchella et al., 2016). Observational studies at high redshift suggest that the contrast between
merger-driven starbursts and secular star-forming disks remains out to z ∼ 2 (e.g., Genzel et al., 2010;
Daddi et al., 2010) – although some exceptions apply (e.g., non-merger starbursts and/or mergers that
weakly enhance star formation; e.g., Elbaz et al., 2018; Jiménez-Andrade† et al., 2019). Whether the
same dichotomy in the star formation processes holds at even higher redshifts, i.e. z & 2, remains to
be confirmed.

Sub-mm selected galaxies (SMGs; see Casey et al., 2014, for a review) have acquired particular
relevance to probe the merger and cold gas accretion mode in the yet unexplored z > 3 regime (e.g.,
Carilli et al., 2010; Hayward et al., 2012). Although the “canonical” formation scenario of these
massive starbursts (SFR= 102−3 M�yr

−1) involves major gas-rich mergers (e.g., Tacconi et al., 2006,
2008; Engel et al., 2010; Narayanan et al., 2010), recent observational (and theoretical) evidence
indicates that highly active star-forming disks can also lead to SMG-like luminosities (e.g., Davé
et al., 2010; Hodge et al., 2012, 2016; Narayanan et al., 2015; Hayward et al., 2018; Tadaki et al.,
2018). A heterogeneous SMG population, i.e., secular disks and major mergers, could also explain the
diversity of quiescent massive galaxies at z ∼ 2 − 3 (e.g., Gobat et al., 2012; Toft et al., 2012, 2017).
Indeed, whereas the structure and dynamics of most of those quiescent systems seem to be a result
of compact, merger-driven SMGs at z > 3 (Toft et al., 2014; Ikarashi et al., 2015; Fudamoto et al.,
2017; Gómez-Guijarro† et al., 2018a), the progenitors of quiescent disk galaxies at z ∼ 2 (Newman
et al., 2012; Toft et al., 2017) might have hosted enhanced star formation distributed across a massive
rotating disk.
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3.2 AzTEC/C159

Despite the evident needs to characterize the properties of z > 3 massive star-forming disks, only
limited/small samples of such galaxies exist (e.g., Hodge et al., 2012; De Breuck et al., 2014; Jones
et al., 2017; Shao et al., 2017). Over the two square degrees of the COSMOS field, for instance,
only AzTEC1 (z = 4.341), AzTEC/C159 (z = 4.569), J1000+0234 (z = 4.542), and Vd−17871
(z = 4.622) exhibit robust evidence of a gas-dominated rotating disks (Jones et al., 2017; Tadaki et al.,
2018, Karim et al. in prep., hereafter K19). Consequently, these systems emerge as key laboratories
to investigate the role of cold gas accretion in driving extreme levels of star formation in the early
Universe. This has motivated the present research project, in which we explore the physical con-
ditions of the star-forming gas in two rotation-dominated SMGs at z ∼ 4.6: AzTEC/C159 and AzTEC2.

This chapter is organized as follows. In Sect. 3.2, we use deep observations from the VLA and
NOEMA telescope to detect the 12CO(2→1) and 12CO(5→4) emission lines towards AzTEC/C159.
We use the low−J 12CO emission line to constrain the mass and extent of the molecular gas reservoir;
in combination with the high−J 12CO line detection, we infer the overall excitation conditions of the
molecular gas in this high-redshift rotating disk. In Sect. 3.3, we employ [CII] and 12CO(5→4) line
observations, from the ALMA and NOEMA telescope, respectively, to constrain the redshift, gas
content, and dynamics in AzTEC2: a pair of galaxies at z ∼ 4.6 in which the major component shows
indications of a rotation-dominated disk. The broader implications of this research project on the
cold gas accretion and merger mode of star formation are given in Sect. 3.4, while in Sect. 3.5 we
summarize our results. As in the previous chapter, we adopt a flat ΛCDM cosmology with h0 = 0.7,
ΩM = 0.3, and ΩΛ = 0.7.

3.2 AzTEC/C159

AzTEC/C159 was originally detected at the 3.7σ level in the ASTE/AzTEC-COSMOS 1.1mm survey
of the inner COSMOS 1 deg2 (Aretxaga et al., 2011). Long-slit spectroscopy with DEIMOS/Keck has
revealed a narrow Lyα line, which places AzTEC/C159 at a redshift z = 4.569 (Smolčić et al., 2015).
The broadband spectral energy distribution (SED) from the optical through the FIR is consistent with
a dusty star-forming galaxy, with an SFR of ∼ 700 M� yr

−1, a stellar mass of (4.5 ± 0.4) × 1010 M� ,
and a dust mass of 2.0+3.0

−1.2 × 109 M� (Smolčić et al., 2015; Gómez-Guijarro† et al., 2018a, hereafter
GG18). High-resolution [CII] 158 µm line observations (FWHM = 0.36 arcsec) with the Atacama
Large Millimeter/submillimeter Array (ALMA; project 2012.1.00978.S, PI: A. Karim) have revealed
a double-horn profile, while the [CII] 158µm first moment and channel maps are well described by the
classic pattern for rotating disks (Jones et al., 2017). AzTEC/C159 complements the sample of galaxies
at z > 4 exhibiting regular gas rotation on kiloparsec scales (i.e., disks): GN20 (z = 4.05), ALESS73.1
(z = 4.755), J1000+0234 (z = 4.542), Vd−17871 (z = 4.622), and J1319+0950 (z = 6.127, Hodge
et al., 2012; De Breuck et al., 2014; Jones et al., 2017; Shao et al., 2017, K19). The kinematic
signatures of rotation revealed by ALMA (Jones et al., 2017), including evidence of a flat rotation
curve at large radius, render AzTEC/C159 one of the best examples to date for an apparently rotating
disk galaxy in the early Universe. We note, however, that given the achieved ∼ 2.3 kpc resolution
ALMA observations, we cannot completely rule out a merging scenario from the [C II] line dynamical
analysis alone. In this context, studies that probe the physical properties of the interstellar medium
(ISM), for example, molecular gas, are also key to indirectly probe the dominant mode of star formation
in this system.
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3.2.1 Karl G. Jansky VLA and NOEMA observations
12CO(2→1) line observations were carried out in January 2016 with the Karl G. Jansky Very Large
Array (VLA) of the NRAO in the D– and DnC–configurations (project 15B-280, PI: A. Karim). Five
observing sessions of 3.5 hr each resulted in a total of 17.5 hr, with 9.0 hr on target. We used the
quasar 3C286 for bandpass, delay, and flux calibration, and J1038+0512 for complex gain calibration.
We made use of the Q-band receivers and the pair of 8-bit samplers on each VLA antenna, resulting in
a pair of 1.024GHz bands in right and left circular polarization. These bands were overlapped by
128MHz to correct for the loss of signal at their edges, so that the total bandwidth was 1.92GHz (from
40.963 to 42.883GHz), which covers the redshifted 12CO(2→1) line at 41.41GHz, according to the
prior redshift estimation of z = 4.567 ± 0.002 based on the [CII] 158µm line detection with ALMA
(Jones et al., 2017). Data were calibrated using the Common Astronomy Software Applications
(CASA). Images were created with the CASA task clean and using a range of robust parameters.
Ultimately, we used the image computed with robust=1 as it provides the best balance between spatial
resolution and rms noise. This results in a data cube with a synthesized beam size of 1.70×1.24 arcsec
resolution (PA= 77.5◦) with an rms of 0.05mJy beam−1 for 27 MHz (∼ 200 km s−1) wide channels.

The 12CO(5→4) line was observed with the NOrthern Extended Millimeter Array (NOEMA)
interferometer on December 8, 2015, and January 19, 2016, over two tracks (project 15CX001, PI: A.
Karim) in D- and C-configuration. We used the WideX correlator, which covers a frequency range of
3.6GHz. The tuning frequency of 103.51GHz was chosen to encompass the redshifted 12CO(5→4)
line, considering z = 4.567 ± 0.002. We used the quasars 3C84 and B0906+015 as flux and phase or
amplitude calibrators, respectively. The data calibration and mapping were performed with the IRAM
GILDAS software packages clean and mapping. The final cube corresponds to 9.4 hr on source out
of ∼19 hr of total observing time, with a synthesized beam size of 5.0 × 2.6 arcsec and PA= 23.5◦

(using natural weighting). We reach a sensitivity of 0.13mJy beam−1 per 200 km s−1 wide channel.

3.2.2 Analysis and results

CO lines

The 12CO(2→1) and 12CO(5→4) integrated lines are detected at the 5.5 and 8.1σ level, respectively.
Fig. 3.1 shows the intensity maps integrated over ∼1500 km s−1 where significant line emission was
detected. The peak position of the 12CO lines spatially coincides with that of the [CII] 158 µm line
(Jones et al., 2017) within the positional uncertainties of ∼0.2 and 0.5 arcsec, respectively. The
12CO(2→1) line spectrum was extracted within an ellipse of 2.1 × 1.7 arcsec (PA= 90 deg). This
aperture contains the total extent of the [CII] 158 µm line emission (∼7 kpc; Jones et al., 2017) and
ensures that no flux is missed. We fit Gaussians to the 12CO line spectra within ±850 km s−1 of the
centroid (see Fig. 3.1) and measured an FWHM of 750 km s−1 for both lines. The line emission of
12CO(2→1) is centered at 41.425± 0.02GHz, giving z = 4.565± 0.003; and the 12CO(5→4) centroid
at 103.550 ± 0.05GHz yields z = 4.565 ± 0.003. These values are in agreement with the redshift
derived from the [CII] 158 µm line of 4.567± 0.002 (K19). Finally, we measured an integrated flux of
105 ± 19mJy km s−1 for the 12CO(2→1) line and 417 ± 51mJy km s−1 for 12CO(5→4). We verified
that the latter values differ by less than 6% from those derived by adding individual flux densities per
channel within the velocity range used in the Gaussian fit.
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Fig. 1. (Upper panels) The velocity-integrated intensity maps of the 12CO(2!1) and 12CO(5!4) line. We integrated emission within the velocity
range of ⇠ 1500 km s�1, i.e. ⇠ 8 channels, where significant line emission was detected. The contour levels of the 12CO(2!1) line emission map
are at [-2, 2, 3, 4]⇥ 1�, with � = 0.05 mJy beam�1 per 200 km s�1 wide channel. Negative contours are shown in white and positives in blue. The
beam size of 1.70 ⇥ 1.24 arcsec is plotted on the bottom left corner. The blue cross denotes the peak position of the [CII] 158 µm emission line.
In the right panel we show the velocity-integrated intensity map of the 12CO(5!4) line emission. Contour levels are at [-3, 3, 4, 5, 6]⇥ 1�, with
� = 0.13 mJy beam�1 per 200 km s�1 wide channel. The beam size of 5.0 ⇥ 2.6 arcsec is also plotted on the bottom left corner. (Lower panels)
The 12CO(2!1) and 12CO(5!4) line spectra binned to 200 km s�1 channels. The red-solid lines are Gaussian fits to the line spectra, the central
position is shown by the red-dashed lines. The blue error bar denotes the typical 1� rms value.

density environments (nH2 = 103.2cm�3) with Tkin = 18 K only
20% of the intrinsic value of the 12CO(2!1) line is detected,
and less than that for 12CO(5!4) (da Cunha et al. 2013).
Unfortunately, we lack estimates for the gas density and kinetic
temperature in AzTEC/C159. Yet, it is known that its high
SFR is likely to be associated with high temperatures of gas
and dust as well as gas density (e.g., Narayanan & Krumholz
2014). Under the assumption of thermodynamic equilibrium
between the gas and dust, we would have Tkin ' Tdust = 37 K
(from our mid-IR�mm SED fitting presented in Section 4.2).
Therefore, we favor the scenario with dense gas and Tkin = 40 K
that yields an increase in S CO(2!1) and S CO(5!4) by a factor
[1/0.7] and [1/0.8], respectively (da Cunha et al. 2013). Con-
sequently, we derive S intrinsic

CO(2!1) = 150 ± 27 mJy km s�1 and
S intrinsic

CO(5!4) = 521 ± 64 mJy km s�1.

In Fig. 2, we compare the 12CO and [CII] 158 µm line pro-
files. We find that the 12CO lines are as broad as the [CII] 158 µm
line (J17, K17), all with FWHM ⇠ 750 km s�1. There is also
marginal evidence of double-horn profiles in both 12CO lines,
where two peaks are close/above the 3� level. The resolution of

our VLA observations (1.70⇥1.24 arcsec) is su�cient to resolve
the source size for the 12CO(2!1) integrated line emission. We
fit a circular Gaussian model (in the image plane) that yields
a deconvolved FWHM of (2.0 ± 0.9) arcsec, corresponding to
an intrinsic size of (13 ± 6) kpc at the redshift of AzTEC/C159.
The presence of an extended and possibly rotating molecular
gas reservoir would be consistent with the [CII] 158 µm gas
extent (⇠7 kpc) and dynamics of AzTEC/C159 (J17, K17). The
intrinsic size of the 12CO(2!1) emission is also comparable
with that of GN20 (⇠ 14 kpc), where a double-peak 12CO line
profile is clearly resolved (Hodge et al. 2012). Yet, we advise
caution when interpreting our results on the 12CO size and
dynamics of AzTEC/C159 due to the current limitation of our
12CO line observations.

4.2. FIR properties

Continuum emission from AzTEC/C159 was detected at 3 mm
from our NOEMA observations. By averaging line-free chan-
nel maps, around the 12CO(5!4) centroid at 103.550 GHz,
we derive a value of 220 ± 40 µ Jy. No continuum emission
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Figure 3.1: Upper panels: Velocity-integrated intensity maps of the 12CO(2→1) and 12CO(5→4) line. We
integrated emission within the velocity range of ±750 km s−1, i.e. about 8 channels, where significant line
emission was detected. The contour levels of the 12CO(2→1) line emission map are at [-2, 2, 3, 4]× 1σ, with
σ = 0.05mJy beam−1 per 200 km s−1 wide channel. Negative contours are shown in white and positive contours
in blue. The beam size of 1.70 × 1.24 arcsec is plotted in the bottom left corner. The blue cross denotes the
peak position of the [CII] 158 µm emission line. In the right panel we show the velocity-integrated intensity
map of the 12CO(5→4) line emission. Contour levels are at [-3, 3, 4, 5, 6]× 1σ, with σ = 0.13mJy beam−1

per 200 km s−1 wide channel. The beam size of 5.0 × 2.6 arcsec is also plotted in the bottom left corner.
Lower panels: 12CO(2→1) and 12CO(5→4) line spectra binned to 200 km s−1 channels. The red solid lines
are Gaussian fits to the line spectra, the central position is shown by the red dashed lines. The blue error bar
denotes the typical 1σ rms value.
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The measured 12CO integrated line flux of high-redshift galaxies is influenced by cosmic microwave
background (CMB) emission. While the higher temperature of the CMB at z = 4.5 enhances the line
excitation, the background against which the 12CO lines are measured also increases (e.g., da Cunha
et al., 2013). For example, in a dense ISM (nH2

= 104.2cm−3), with a gas kinetic temperature of
Tkin = 40K, we can measure 70% and 80% of the intrinsic value of the 12CO(2→1) and 12CO(5→4)
line, respectively. In low-density environments (nH2

= 103.2cm−3) with Tkin = 18K, only 20% of the
intrinsic value of the 12CO(2→1) line is detected, and less than that for 12CO(5→4) (da Cunha et al.,
2013). Unfortunately, we lack estimates for the gas density and kinetic temperature in AzTEC/C159.
It is known, however, that high SFR is likely to be associated with high temperatures of gas and dust
as well as gas density (e.g., Narayanan & Krumholz, 2014). Under the assumption of thermodynamic
equilibrium between the gas and dust, we would have Tkin ' Tdust = 37K (from our mid-infrared
(MIR)−millimeter spectral energy distribution (SED) fitting presented in Sect. 3.2.2). Therefore, we
favor the scenario with dense gas and Tkin = 40K that yields an increase in SCO(2→1) and SCO(5→4)
by a factor [1/0.7] and [1/0.8], respectively (da Cunha et al., 2013). Consequently, we derive
Sintrinsic
CO(2→1) = 150 ± 27mJy km s−1 and Sintrinsic

CO(5→4) = 521 ± 64mJy km s−1.

In Fig. 3.2 we compare the 12CO and [CII] 158 µm line profiles. We find that the 12CO lines are
as broad as the [CII] 158 µm line (Jones et al., 2017), all with an FWHM ∼ 750 km s−1. There is
also marginal evidence of double-horn profiles in the two 12CO lines, where two peaks are close to or
above the 3σ level. To constrain the size of the 12CO(2→ 1) line emitting region, we fit a single
Gaussian model to the uv data and find evidence for a point-like structure. Based on the synthesized
beam size and signal-to-noise ratio (S/N) of the line detection, we used the results from Martí-Vidal
et al. (2012, Eq. (7)) to estimate an upper limit of ∼1 arcsec for the source size, which corresponds
to an intrinsic size of ∼ 6.5 kpc at the redshift of AzTEC/C159. An extended and possibly rotating
molecular gas reservoir would be consistent with the [CII] 158 µm gas extent (∼7 kpc) and dynamics
of AzTEC/C159 (Jones et al., 2017). However, we advise caution when interpreting our results on the
12COsize and dynamics ofAzTEC/C159 because of the current limitation of our 12CO line observations.

FIR properties

Continuum emission from AzTEC/C159 was detected at 3mm from our NOEMA observations. By
averaging line-free channel maps, around the 12CO(5→4) centroid at 103.550GHz, we derived a
value of 220 ± 40 µ Jy. No continuum emission was detected in our VLA observations at ∼ 7mm;
based on the noise level of the continuum image, we derive a 3σ upper limit of 20 µ Jy. These
newmillimeter data pointsmitigate the uncertainties in determining the FIR properties of AzTEC/C159.

We derived the infrared luminosity (LIR; in the range 8 − 1000 µm), SFR, and dust mass (Mdust) of
AzTEC/C159 via MIR−millimeter SED fitting using the Draine & Li (2007) dust model. We refer to
Smolčić et al. (2015) for a detailed description of the fitting process. As shown in Fig. 3.3, in addition
to our millimeter SED constraints, the 1.1mm data point from the JCMT/AzTEC 1.1mm survey (Scott
et al., 2008), and the ALMA 870 µm continuum data point (GG18), we used observations from the
Herschel Space Observatory (Pilbratt et al., 2010) toward the COSMOS field: those from the Photode-
tector Array Camera and Spectrometer (PACS at 100 and 160 µm; Lutz et al., 2011) as well as from the
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3.2 AzTEC/C159

Figure 3.2: [CII] 158 µm line spectrum of AzTEC/C159 (blue line; Jones et al., 2017) together with the 12CO
(2→1) and 12CO (5→4) detections from VLA and NOEMA, respectively. Each line is renormalized by its peak
intensity. Red dashed lines show the typical noise level per channel.

Spectral and Photometric Imaging Receiver (SPIRE at 250, 350, and 500 µm; Oliver et al., 2012). We
find LIR = 7.4+2.1

−1.7×1012 L�,Tdust = 37±3K, Mdust = 2.5+0.6
−0.5×109 M�. By assuming a Chabrier initial

mass function (IMF) and the relation SFR [M�yr
−1]=10−10LIR[L�] (Kennicutt, 1998a), we estimate

an SFR=740+210
−170 M�yr

−1. The derived LIR and Tdust are 0.3 dex and 5K higher, respectively, than the
characteristic values for the full ALESS SMG sample with a median redshift of ∼2.5 (Swinbank et al.,
2014). Similar to the z > 4 SMGs presented by Smolčić et al. (2015), AzTEC/C159 lies at the high
end of the LIR −Tdust correlation (e.g., Chapman et al., 2005; Magnelli et al., 2012), consistent with an
extrapolation of the trend forHerschel-selected 0.1 < z < 2 infrared galaxies (Symeonidis et al., 2013).

Molecular gas mass and star formation efficiency

The molecular gas mass can be estimated from the relation

MH2
= αCOL ′CO , (3.1)

where αCO is the conversion factor of CO luminosity to H2 mass, and L ′CO is the 12CO(1→0) line
luminosity. The latter can be derived from our 12CO(2→1) line assuming that L ′CO = 1.18L ′CO(2→1)

59



Chapter 3 The conditions for star formation in massive disk galaxies 1.3Gyr after the Bing Bang

Figure 3.3: Broadband SED of AzTEC/C159. The best-fit Draine & Li (2007) model is shown with the blue
dashed line. A modified blackbody (red line) is used to fit the FIR-to-millimeter data points. The monochromatic
flux densities from Herschel PACS/SPIRE and JCMT/AzTEC observations used in the fit are listed as follows:
S100µm < 6.8mJy, S160µm < 13.6mJy, S250µm = 6.2 ± 1.9mJy, S350µm < 10.8mJy, S500µm < 20.4mJy, and
S1.1mm = 3.3 ± 1.3mJy (Smolčić et al., 2015). We add three more submillimeter/millimeter data points
from our observations: S870µm = 6.9 ± 0.2mJy (GG18), S3mm = 220 ± 40 µ Jy, and S7mm < 20 µ Jy. The
downward-pointing arrows denote upper limits to the corresponding flux densities.

for typical SMG excitation conditions (consistent with the results in Sect. 3.2.2) and using the relation
(Carilli & Walter, 2013)

L ′CO(2→1) = 3.25 × 107SCO(2→1)ν
−2
CO(2→1)D

2
L(1 + z)−1, (3.2)

where SCO(2→1) is the integrated line flux in Jy km s−1, νCO(2→1) is the rest-frame frequency of the
12CO(2→1) line in GHz, and DL is the luminosity distance in Mpc. Based on Sintrinsic

CO(2→1) (i.e., the
corrected value from the CMB) and Eq. (3.2), we derive L ′CO = (3.4 ± 0.6) × 1010 Kkm s−1 pc2.

The value for αCO depends on local ISM conditions and may consequently vary across different
galaxy types (Daddi et al., 2010; Papadopoulos et al., 2012a; Magnelli et al., 2012; Bolatto et al.,
2013). According to Papadopoulos et al. (2012a), the main driver of the αCO value is the average
dynamical state of the molecular gas. As a result, while low values for αCO could be related to
highly turbulent molecular gas, which is likely associated with merging systems, as observed in
local ultra-luminous infrared galaxies (ULIRGs) with αCO = 0.8 M� K

−1 km−1 s pc−2 (e.g., Downes
& Solomon, 1998), self-gravitating gas yields high αCO values (e.g., Papadopoulos et al., 2012b)
as in star-forming spiral disks like the Milky Way with αCO = 4.3 M� K

−1 km−1 s pc−2 (e.g., Abdo
et al., 2010). Spatially resolved observations of nearby SFGs have also probed that αCO might vary
within the galaxy itself, where central values could be significantly lower than the galaxy average
(Sandstrom et al., 2013). For high-redshift unresolved sources, on the other hand, we have to rely
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3.2 AzTEC/C159

Table 3.1: Properties of AzTEC/C159

Properties Units Values
12CO(2→1) 12CO(5→4)

FWHM km s−1 750 ± 200 770 ± 360
Peak flux mJy 0.13 ± 0.05 0.50 ± 0.13
Integrated flux mJy km s−1 105 ± 19a 417 ± 51a

Peak frequencies GHz 41.425 ± 0.020 103.550 ± 0.050

zb . . . 4.567±0.002
RA, Decb . . . 09:59:30.401 +01:55:27.59
LIR L� 7.4+2.1

−1.7 × 1012

SFR M� yr
−1 740+210

−170

M?
c M� (4.5 ± 0.4) × 1010

Mdust M� 2.5+0.6
−0.5 × 109

Mdyn
d M� 2.8+1.1

−0.6 × 1011

S103GHz µ Jy 220±40
S41GHz µ Jy < 20
L ′CO

e Kkm s−1 pc2 (3.4 ± 0.6) × 1010

MH2
(αCO/4.3)e M� (1.5 ± 0.3) × 1011

τgas × (αCO/4.3)e Myr 200 ± 100
µgas × (αCO/4.3)e . . . 3.3 ± 0.7
LIR/L ′CO L�(K km s−1 pc2)−1 216 ± 80

aAfter considering the CMB effect, the integrated flux density of 12CO(2→1)
and 12CO(5→4) will increase by a factor [1/0.7] and [1/0.8], respectively (see
Sect. 3.2.2). We use the corrected value, i.e., Sintrinsic

CO(2→1) = 150 ± 27mJy km s−1

and Sintrinsic
CO(5→4) = 521 ± 64mJy km s−1.

bKarim et al. (in prep.). cGómez-Guijarro† et al. (2018a).
dJones et al. (2017); within a radius of 2.9 kpc. eValues corrected for the CMB.

on an average αCO that reflects the overall physical conditions of the molecular gas. Since (Jones
et al., 2017) have revealed a rotationally supported gas disk in AzTEC/C159, it is likely that the bulk
of the molecular gas is in self-gravitating clouds, pointing toward a Milky Way-like αCO value. We
discuss the nature of αCO in this source in more detail and validate this assumption in Sect. 4.5.
By adopting αCO = 4.3 M� K

−1 km−1 s pc−2 , we find MH2
= (1.5 ± 0.3) × 1011 M�. Together with

the stellar mass of AzTEC/C159 of M? = (4.5 ± 0.4) × 1010M� (GG18), we estimate a gas fraction
of µgas ≡ MH2

/M? = 3.3 ± 0.7 that is five times greater than the median for main-sequence (MS)
galaxies at z ∼ 3 (Schinnerer et al., 2016). It should be noted that even when assuming a ULIRG-like
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Chapter 3 The conditions for star formation in massive disk galaxies 1.3Gyr after the Bing Bang

αCO prescription (and a CMB uncorrected SCO(2→1) flux), the gas fraction would be high, that is,
0.43 ± 0.10. The massive molecular gas reservoir of AzTEC/C159 is consistent with the general
picture that large cool-ISM reservoirs fuel intense star formation activity at high redshift (e.g., Carilli
& Walter, 2013).

We used the empirical ratio LIR/L ′CO as a proxy of the SFE of AzTEC/C159, allowing a more direct
comparison with the average SFE of different galaxy populations. Based on the information in Table
3.1, we derive LIR/L ′CO = (216 ± 80) L�(K km s−1 pc2)−1, which places it within the upper scatter of
the LIR/L ′CO correlation as presented by Carilli & Walter (2013). This ratio is much higher than that
observed in normal star-forming disk galaxies such as nearby spirals and z ∼ (0.4 − 2)MS galaxies
(between 20 and 100 L�(K km s−1 pc2)−1; Daddi et al., 2010; Magnelli et al., 2012), but comparable
to merger-driven starbursts such as local ULIRGs and SMGs (e.g., Genzel et al., 2010; Bothwell et al.,
2013; Aravena et al., 2016, and references therein). The SFE of AzTEC/C159 is, however, similar
to those of the very high-redshift starburst disk galaxies GN20 (∼180 L�(K km s−1 pc2)−1; Carilli
et al., 2010; Hodge et al., 2012) and J1000+0234 (∼140 L�(K km s−1 pc2)−1; Schinnerer et al., 2008;
Smolčić et al., 2015). Thus, while the extreme SFE of AzTEC/C159 seems unusual for a star-forming
disk galaxy at z < 2, at z > 4, disk galaxies harboring vigorous SFE (such as AzTEC/C159, GN20,
and J1000+0234) might be common.

Gas excitation

We combined our 12CO(2→1) and 12CO(5→4) line detections to obtain insights into the molecular
gas excitation in AzTEC/C159. As mentioned before, at z ∼ 4.5, the CMB emission affects the
observed 12CO line flux density in both lines (da Cunha et al., 2013). This could modify the
12CO(5→4)/CO(2→1) line brightness temperature ratio (r52) and in consequence, our interpretation.
We first considered the observed line flux densities in AzTEC/C159 and compared its 12CO spectral
line energy distribution (SLED) with those of some SMGs at z > 4, where the effect of the CMB
might be considerable but no corrections have been applied yet. In Fig. 3.4 we plot the 12CO SLED of
J1000+0234 (Schinnerer et al., 2008) and GN20 (Carilli et al., 2010), both star-forming disk galaxies
with extreme SFE. We also show the 12CO SLED of AzTEC-3, a massive starburst galaxy possibly
triggered by a major merger and associated with a protocluster at z = 5.3 (Riechers et al., 2010).
All these 12COSLEDs are consistent with high gas excitation, where r52 = 0.63±0.16 for AzTEC/C159.

The effect of the CMB on the 12CO SLED shape below z = 2.5 is negligible (da Cunha et al.,
2013). In consequence, no corrections need to be made to the observed median 12CO SLED of SMGs
(median redshift of z = 2.2 as in Bothwell et al. (2013)) and disk galaxies at z ∼ 1.5 (Daddi et al.,
2010). We applied corrections to the observed flux densities of AzTEC/C159 to mitigate potential bias
due to the CMB emission (see Sect. 3.2.2), and compared its “intrinsic” 12CO SLED with those of the
aforementioned galaxy populations. As observed in Fig. 3.4, with r52 = 0.55 ± 0.15, the molecular
gas excitation conditions of AzTEC/C159 are consistent with those observed in SMGs, and they
significantly deviate from the expected trend for star-forming disk-like MS galaxies at z ∼ 1.5 (Daddi
et al., 2015) and the MW (Fixsen et al., 1999). The elevated 12CO SLED of AzTEC/C159 might be a
result of intrinsic processes, such as elevated gas density and kinetic temperature, which yield a higher
collision rate between 12CO and H2 (e.g., Narayanan & Krumholz, 2014).
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3.2 AzTEC/C159

Figure 3.4: Left panel: Observed 12CO SLED of AzTEC/C159 and other z > 4 SMGs for comparison: GN20
(Carilli et al., 2010), AzTEC-3 (Riechers et al., 2010), and J1000+0234 (Schinnerer et al., 2008). Gray lines
show the expected trend for thermalization, i.e., LTE conditions. The dashed and solid color lines connect
the data points to illustrate the shape of the different 12CO SLED. The line fluxes have been normalized to
the 12CO(2→1) line. Right panel: Intrinsic 12CO SLED of AzTEC/C159. The observed flux densities for
12CO(2→1) and 12CO(5→4) have been corrected up by 1/0.7 and 1/0.8, respectively, to take into account the
CMB effect (see Sect. 3.2.2). We also present the 12CO SLED of the Milky Way galactic center (Fixsen et al.,
1999), MS disk-galaxies at z ∼ 1.5 (Daddi et al., 2015), and a sample of SMGs (median of z = 2.2, Bothwell
et al., 2013); similarly, we normalize all the line fluxes to the 12CO(2 → 1) line. Shaded regions show the
dispersion of the 12CO SLED for different SMGs and disk galaxies samples.

CO→H2 conversion factor

By determining the αCO value in AzTEC/C159, we can mitigate uncertainties on our gas mass estimates
and at the same time infer the overall physical conditions of its molecular gas (e.g., Papadopoulos
et al., 2012b,a). Here, we constrained αCO from (a) the gas-to-dust ratio (δGDR) and (b) the balance
between the baryonic and dark matter content with the dynamical mass.

Gas-to-dust method: By assuming that the molecular component dominates the ISM, that is,
MH2
� MHI + MHII, the molecular gas mass can be estimated from the relation (e.g., Magnelli et al.,

2012; Aravena et al., 2016)

Mgas ' MH2
= δGDRMdust, (3.3)

where δGDR is the gas-to-dust ratio relation constrained locally by Leroy et al. (2011), which varies
with metallicity as log(δGDR) = 9.4 − 0.85 × [12 + log(O/H)]. In the absence of direct metallicity
estimates for AzTEC/C159 and a robust mass-metallicity relation at such high redshift, we assumed
that AzTEC/C159 has solar metallicity. Then, by combining Eqs. 3.1 and 3.3,
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αCO =
δGDRMdust

L ′CO
. (3.4)

In Sect. 3.2.2 we favored a scenario with dense gas and Tkin = 40K to correct the observed
L ′CO for the CMB effect. Here, we also explore the possibility of cool (Tkin = 14K) and low-
density molecular gas, that is, following da Cunha et al. (2013), we varied L ′CO within the range
[3.4± 0.6,12.0± 2.2] × 1010 Kkm s−1 pc2. Based on Mdust = 2.5+0.6

−0.5 × 109M� (derived in Sect. 3.2.2)
and Eq. (3.4), we estimate αCO = 3.8+2.6

−1.4 M� K
−1 km−1 s pc−2. Note that a lower value of δGDR could

lower the estimated αCO, but it would require unlikely supra-solar metallicity. In contrast, sub-solar
metallicities would yield even higher αCO.

Dynamical mass method: Another approach to constrain αCO is based on the estimation of the mass
content, which should match the baryonic and dark matter content, that is, Mdyn = MISM +M? +MDM.
Since we assumed that the ISM is dominated by molecular gas, MISM ' MH2. In combination with Eq.
(3.1), this leads to

αCO =
Mdyn − M? − MDM

L ′CO
. (3.5)

The [CII] 158 µm gas dynamics of AzTEC/C159 has been characterized in detail by Jones
et al. (2017). Via the tilted-ring fitting method, they find that at an intrinsic radius of 2.9 kpc
Mdyn = (2.8+1.1

−0.6) × 1011M�. This value agrees within the uncertainties with the value derived by
K19 (Mdyn ∼ 2.4 × 1011M�) using the software 3D-Barolo and assuming an inclination angle
of ∼ 30 degs as in Jones et al. (2017). Within an aperture radius of 2.9 kpc, we find that
Sobserved
CO(2→1) = 91 ± 16mJy, which is ∼ 13% lower than that derived from the aperture that con-
tains the full emission line (see Sect. 3.2.2). Consequently, as in the gas-to-dust ratio method, we
consider L ′CO ∈ [2.9 ± 0.5,10.5 ± 1.9] × 1010 Kkm s−1 pc2.

GG18 have estimated the stellar mass of AzTEC/C159 ([4.5 ± 0.4] × 1010M�) using LePHARE
(Arnouts et al., 1999; Ilbert, O. et al., 2006) and adopting the Bruzual & Charlot (2003) stellar
population synthesis models, a Chabrier (2003) IMF, and a exponentially declining star formation
history (SFH). For this purpose, a substantial optical/near-IR dataset was used by GG18: the g,
r, i, z, and y bands from the Subaru Hyper Suprime-Cam imaging (HSC, Tanaka et al., 2017),
near-IR J, H, and Ks bands from the UltraVISTA DR3 survey (McCracken et al., 2012), and the MIR
Spitzer/IRAC 3.6 and 4.5µm bands from the Spitzer Large Area Survey with Hyper-Suprime-Cam
(SPLASH, Capak et al. in prep.). As discussed in detail in GG18, this stellar mass estimate could
be subject to a number of systematic uncertainties. For instance, if the stars formed in situ, it is
possible that a fraction of the stellar light might be obscured by the dust and the stellar mass used
here might therefore be underestimated1. GG18 have quantified the stellar mass fraction we might
be missing by this effect using different prescriptions for the dust-to-stellar-mass ratio (DTS). By
considering the ratio derived from simulations in (Popping et al., 2017) of log(DTS) = −1.8, the
stellar mass would increase by ∼ 0.4 dex; on the other hand, the median DTS ratio for local ULIRGs

1 Observations with high spatial resolution rest-frame UV/optical/FIR are required to map the dust and stellar light
distribution and better constrain the stellar mass of AzTEC/C159. This would also allow exploring multiple interacting
components (and not a massive single component) that might fit into a merger-driven star formation scenario
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log(DTS) = −2.83 (Calura et al., 2017) yields an increment of ∼ 1.1 dex. The original estimate for
the stellar mass (combined with the SFR of 740+210

−170 M� yr
−1) places AzTEC/C159 on the upper-end

of the MS of SFGs at z ∼ 4.5, as given by (Schreiber et al., 2015). An increase in stellar mass
by ∼ 0.4 dex would instead place AzTEC/C159 right on the MS of SFGs, while an increase by
∼ 1.1 dex would lead to a very unlikely scenario in which AzTEC/C159 lies significantly below
the MS. From this, we conclude that the stellar mass of AzTEC/C159 reported by GG18 might be
underestimated by at most ∼0.4 dex. By applying Eq. (3.5) and considering the original estimate
for the stellar mass ([4.5 ± 0.4] × 1010M�) from GG18, as well as a negligible dark matter compon-
ent, we derive2 αCO = 3.9+2.7

−1.3 M� K
−1 km−1 s pc−2. The addition of a 0.4 dex factor in the stellar

mass (i.e., [1.0±0.4]×1011M�) still yields a relatively high αCO value of 2.7+2.1
−1.1 M� K

−1 km−1 s pc−2.

Our two independent methods point toward a high value of αCO. This result agrees well with
our previous assumption of αCO ∼ 4.3 M� K

−1 km−1 s pc−2. It is known that the most important
influencing factor on αCO is the average dynamical state of the molecular gas. While low values are
associated with unbound gas, as observed in local ULIRGs, high values are related with self-gravitating
gas (e.g., Papadopoulos et al., 2012a); hence, the molecular gas dynamics in AzTEC/C159 might be
more similar to that of local star-forming disks than those of disturbed major mergers.

3.3 AzTEC2

AzTEC2 was originally identified in the 1.1mm surveys undertaken with AzTEC/JCMT (Scott et al.,
2008) and AzTEC/ASTE (Aretxaga et al., 2011) as source AzTEC2 and AzTEC/C3 respectively, i.e.
the second/third brightest 1.1mm source in the COSMOS field. AzTEC2 is also the second brightest
SMG detected in the IRAM/GISMO 2mm deep survey (Magnelli† et al., 2019). In addition, it was
detected in the deep Herschel/HerMES survey (250-500µm maps) and SCUBA-2 at both 450µm
and 850µm (Casey et al., 2013). Recent imaging with ALMA (Brisbin et al., 2017) reveals that
AzTEC2 is composed of two components separated by 3 arcsec (see Fig. 3.10): namely component
A and B, both with a signal-to-noise ratio (SNR)> 10 and with counterparts in the VLA 3GHz
radio continuum imaging at 0.75 arcsec resolution (Miettinen et al., 2017a). A spectroscopic redshift
solution of z = 1.12 has been adopted for AzTEC2 in past studies (e.g., Smolčić et al., 2012, 2017;
Miettinen et al., 2015; Brisbin et al., 2017; Miettinen et al., 2017a). Nevertheless, by using recent
optical/near-IR spectroscopy we have revealed that such redshift value corresponds to a foreground
SFG at only 1.5 arcsec to the south of AzTEC2 (see Appendix 3.6.1). High-resolution observations
with ALMA and NOEMA are, therefore, crucial to obtain a reliable counterpart association and
redshift determination of the AzTEC2 complex; enabling us to probe its gas content, star formation
efficiency, and gas dynamics within the context of cold gas accretion and merger-driven star formation
in the early Universe.

2 A highly conservative error bar for Mdyn of 1 dex has been suggested by Jones et al. (2017) to take into account systematic
uncertainties of the method, that is, Mdyn = (2.8+6.1

−1.9) × 1011M� . This wide range for Mdyn also affords a wider range of
inclination angles. We derive αCO = 6.7+6.3

−4.4 M� K
−1 km−1 s pc−2. Thus, it remains true that αCO is still higher than the

prescription for ULIRGs-like systems (αCO = 0.8 M� K
−1 km−1 s pc−2).
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Figure 3.5: Multi-wavelength view towards the AzTEC2 source. Left panel: AzTEC/JCMT 1.1mm (white),
ALMA (green) and VLA (blue) > 3σ contours overlaid on the Hubble Space Telescope (HST)/ACS F814W
image. The zoomed image (right panel) shows two foreground galaxies: a massive elliptical at z = 0.34
and a SFG at z = 1.12 (Appendix 3.6.1). ALMA and VLA imaging at sub-arcsec resolution reveal two
optically-undetected components at z ∼ 4.63, labeled as AzTEC2-A and AzTEC2-B.

3.3.1 NOEMA and ALMA observations

A blind spectral scan was performed with NOEMA in Band 1 over two tracks on January 26th and
29th, 2019 (project W18EU, PI: E.F. Jiménez-Andrade) using 10 antennas in A-configuration, which
account for a total observing time of 3.3 hours. We used the PolyFix correlator to cover the frequency
range 84.9–92.7GHz and 100.2–108.0GHz. The data reduction was performed with the software
GILDAS using the NOEMA standard pipeline, while imaging was done with the package mapping
using natural weighting. The achieved spatial resolution of 1.7 × 0.9 arcsec (PA=-163 degs) suffices
to resolve the two components of AzTEC2 separated by ∼3 arcsec (Fig. 3.10). The spectral data cube
was smoothed to a ∼34MHz resolution, reaching a sensitivity of 0.13mJy beam−1 per channel.

ALMA observations were conducted on April 23rd, 2016 in Band 7 (project 2015.1.00568.S, PI: C.
Casey) to inspect the frequency ranges of 335.5-339.5GHz and 347.5-351.5GHz. Data reduction and
imaging (adopting natural weighting) were performed with the standard pipeline/routines in CASA3.
We achieve a sensitivity of 4.3mJy beam−1 per 16MHz wide channel (after ∼ 10min of on-source
integration time) and a spatial resolution of 0.30 × 0.27 arcsec (PA=121 degs), allowing us to pinpoint
the emission from all the components in the crowded field around AzTEC2.

3.3.2 Data analysis and results

The NOEMA spectrum reveals emission at the position of AzTEC2-A and AzTEC2-B peaking
at ∼ 102.5GHz. By collapsing the data cube within the frequency range 102.2–102.7GHz, that
encompass the full emission line, we derive the intensity map shown in the central-upper panel
3 Data reduction and imaging was done by J. Zavala
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of Fig. 3.6. A 2D Gaussian fit indicates that AzTEC2-A is resolved by our observations, with
a deconvolved FWHM of (1.2 ± 0.4) arcsec along the major axis; hence, we use an aperture that
is a factor 1.5 larger than the convolved FWHM of AzTEC2-A to retrieve most of the emission
and extract the 12CO(5→ 4) line spectrum. Since AzTEC2-B appears as a point-like (unresolved)
source, we integrate emission across a region that equals the size of the synthesized beam to obtain
the spectrum (right-lower panel of Fig. 3.6). We identify a broad (FWHM∼ 900 km s−1), double-
peaked emission line centered at (102.429 ± 0.020)GHz associated with AzTEC2-A. Through a
least-squares algorithm (Levenberg-Marquardt), we find that a model with two Gaussian components
describes better the line profile than that using a single one – yielding a reduced χ2 of 2.3 and 3.1,
with 24 and 27 degrees of freedom, respectively). We thus adopt the former model and derive an
integrated flux density of (1035 ± 90) µJy. We identify, in addition, a 8.2σ line detection at the
locus of AzTEC2-B that is centered at (102.303 ± 0.020)GHz. A single Gaussian model (reduced
χ2
= 1.1 with 12 degrees of freedom) leads to an integrated flux density of (280 ± 35) µJy. By

averaging line-free channel maps in the data cube, we also detect dust continuum emission from
both components. These values and all the source properties derived in this work are given in Table 3.2.

Strong line emission is detected at ∼ 338GHz towards both AzTEC2 components in the ALMA
data cube (left-upper panel of Fig. 3.6). The velocity-integrated intensity map shows that these sources
are well-resolved; AzTEC2-A, in particular, exhibits extended emission distributed across ∼ 10 spatial
resolution elements. A 2D Gaussian fit indicates a deconvolved FWHM of (1.05 ± 0.08) arcsec
along the major axis (Table 3.2). Consequently, to extract the line spectra we use an aperture that
is a factor 1.5 larger than the measured FWHM, allowing us to recover most of the extended line
emission. As illustrated in the left-central panel of Fig. 3.6, these ALMA line detections lie at the
edges of the spectral windows used in our observations, preventing us from recovering/inspecting
their total line profiles. There is tentative evidence, however, of a double-peaked line profile in
AzTEC2-A, as that observed at ∼103GHz with NOEMA. We use the relative amplitude and FWHM
of the two peaks from the ∼103GHz line detection as fixed priors to fit a two Gaussian profile to the
line at ∼ 338GHz (reduced χ2

= 1.9 with 66 degrees of freedom), leading to a total integrated flux
density of (26.2 ± 0.8)mJy km s−1 and central frequency of (337.8 ± 0.2)GHz. Similarly, we use
the FWHM of our ∼103GHz line detection as a prior to model the profile of that at ∼ 338GHz in
AzTEC2-B (reduced χ2

= 1.3 with 78 degrees of freedom), which gives a total integrated flux density
of (12.3 ± 0.8)mJy km s−1 and central frequency of (337.4 ± 0.2)GHz. Finally, we average line-free
channel maps to derive dust continuum flux density at ∼ 338GHz (observed frame) for both AzTEC2
sources, these photometric values are listed in Table 3.2. We also derive the deconvolved FWHM of
the dust continuum emission via a 2D Gaussian model, leading to a value of (0.75 ± 0.04) arcsec for
both components.

By combining the line detections towards AzTEC2-A at ∼102.5GHz and 337.5GHz, we are able to
unambiguously associate them with 12CO(5→4) and [CII], respectively, leading to a redshift solution
of z = 4.626 ± 0.001. Similarly, for AzTEC2-B we estimate a redshift of z = 4.633 ± 0.001, implying
a velocity offset of +375 ± 50 km s−1 with respect to AzTEC2-A. The small velocity offset combined
with the projected separation of ∼20 kpc indicate that AzTEC2-A and AzTEC2-B are two physically
associated galaxies. Furthermore, these robust line detections and counterpart association, rule out
the preliminary redshift solution of 1.1235 for AzTEC2 adopted in past studies (e.g., Smolčić et al.,
2012, 2017; Brisbin et al., 2017; Miettinen et al., 2017a, see Appendix 3.6.1).
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Figure 3.6: Left panels: Velocity-integrated intensity map ([�600,+850] km s�1) and spectra of the [CII] line
emission in AzTEC2-A and AzTEC2-B detected with ALMA. The contour levels are at [3�, 5�, 8�, 13�]
with � = 16 mJy beam�1 km s�1. The velocities displayed in the spectra are relative to the central frequency of
the [CII] line emission in AzTEC2-A. The black crosses signalize the position of AzTEC2-A and AzTEC2-B
inferred from high-resolution FIR and radio continuum imaging with ALMA and the VLA (Brisbin et al., 2017;
Smol�iÊ et al., 2017a). The center of the foreground (Fg) SFG at z = 1.1235 (Appendix 3.6.1), is marked by the
black square. The synthesized beam is shown in the lower-left corner. The blue solid line represents the model
used to fit the line profile, while the vertical lines mark the central frequency. The horizontal gray lines show
the noise level per channel. Right panels: Velocity-integrated intensity map and spectra of the 12CO(5!4)
line emission in AzTEC2-A and AzTEC2-B detected with NOEMA. We integrate emission within the velocity
range (�600, 1100) km s�1 where significant line emission is detected. The contour levels are at [3�, 5�, 8�,
13�] with � = 0.6 mJy beam�1 per 100 km s�1 wide channel. The blue solid line represents a model with one
(two) Gaussian component(s) that reproduce the 12CO(5!4) line profile in AzTEC2-B (AzTEC2-A). The gray
line shows a Gaussian model to fit the 12CO(5!4) line profile of AzTEC2-A. The vertical lines mark the central
frequency of the line; in the case of AzTEC2-A, this is derived from a model with two (blue) and one (gray)
Gaussian component(s). The velocities displayed in the spectra are relative to the central frequency of the
12CO(5!4) line emission in AzTEC2-A.

27th May 2019 21:50 67

Figure 3.6: Left panels: Velocity-integrated intensity map ([�600,+850] km s�1) and spectra of the [CII] line
emission in AzTEC2-A and AzTEC2-B detected with ALMA. The contour levels are at [3�, 5�, 8�, 13�]
with � = 16 mJy beam�1 km s�1. The velocities displayed in the spectra are relative to the central frequency of
the [CII] line emission in AzTEC2-A. The black crosses signalize the position of AzTEC2-A and AzTEC2-B
inferred from high-resolution FIR and radio continuum imaging with ALMA and the VLA (Brisbin et al., 2017;
Smol�iÊ et al., 2017a). The center of the foreground (Fg) SFG at z = 1.1235 (Appendix 3.6.1), is marked by the
black square. The synthesized beam is shown in the lower-left corner. The blue solid line represents the model
used to fit the line profile, while the vertical lines mark the central frequency. The horizontal gray lines show
the noise level per channel. Right panels: Velocity-integrated intensity map and spectra of the 12CO(5!4)
line emission in AzTEC2-A and AzTEC2-B detected with NOEMA. We integrate emission within the velocity
range (�600, 1100) km s�1 where significant line emission is detected. The contour levels are at [3�, 5�, 8�,
13�] with � = 0.6 mJy beam�1 per 100 km s�1 wide channel. The blue solid line represents a model with one
(two) Gaussian component(s) that reproduce the 12CO(5!4) line profile in AzTEC2-B (AzTEC2-A). The gray
line shows a Gaussian model to fit the 12CO(5!4) line profile of AzTEC2-A. The vertical lines mark the central
frequency of the line; in the case of AzTEC2-A, this is derived from a model with two (blue) and one (gray)
Gaussian component(s). The velocities displayed in the spectra are relative to the central frequency of the
12CO(5!4) line emission in AzTEC2-A.

68

Figure 3.6: Left panels: Velocity-integrated intensity map ([−600,+850] km s−1) and spectra of the [CII] line
emission in AzTEC2-A and AzTEC2-B detected with ALMA. The contour levels are at [3σ, 5σ, 8σ, 13σ]
with σ = 16mJy beam−1 km s−1. The velocities displayed in the spectra are relative to the central frequency of
the [CII] line emission in AzTEC2-A. The black crosses signalize the position of AzTEC2-A and AzTEC2-B
inferred from high-resolution FIR and radio continuum imaging with ALMA and the VLA (Brisbin et al., 2017;
Smolčić et al., 2017a). The center of the foreground (Fg) SFG at z = 1.1235 (Appendix 3.6.1), is marked by the
black square. The synthesized beam is shown in the lower-left corner. The blue solid line represents the model
used to fit the line profile, while the vertical lines mark the central frequency. The horizontal gray lines show
the noise level per channel. Right panels: Velocity-integrated intensity map and spectra of the 12CO(5→4)
line emission in AzTEC2-A and AzTEC2-B detected with NOEMA. We integrate emission within the velocity
range (−600,1100) km s−1 where significant line emission is detected. The contour levels are at [3σ, 5σ, 8σ,
13σ] with σ = 0.6mJy beam−1 per 100 km s−1 wide channel. The blue solid line represents a model with one
(two) Gaussian component(s) that reproduce the 12CO(5→4) line profile in AzTEC2-B (AzTEC2-A). The gray
line shows a Gaussian model to fit the 12CO(5→4) line profile of AzTEC2-A. The vertical lines mark the central
frequency of the line; in the case of AzTEC2-A, this is derived from a model with two (blue) and one (gray)
Gaussian component(s). The velocities displayed in the spectra are relative to the central frequency of the
12CO(5→4) line emission in AzTEC2-A.
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Table 3.2: Properties of AzTEC2

Properties Units AzTEC2-A AzTEC2-B
12CO(5→4) [CII] 12CO(5→4) [CII]

FWHM km s−1 890 ± 150 . . . 640 ± 150 . . .
Peak flux mJy 1.2 ± 0.2 32 ± 1 0.4 ± 0.1 18 ± 2
Integrated flux Jy km s−1 1.035 ± 0.090a 26.2 ± 0.8 0.28 ± 0.04a 12.3 ± 1.5
Central frequency GHz 102.429 ± 0.020 337.8 ± 0.2 102.303 ± 0.020 337.4 ± 0.2

zb . . . 4.626 ± 0.001 4.633 ± 0.001
RA, Dec hh:mm:ss.sss, dd:mm:ss.ss 10:00:08.042 +02:26:12.19 10:00:07.842 +02:26:13.32
S3GHz µ Jy 35 ± 6 25 ± 6
S102.5GHz µ Jy 330 ± 50 95 ± 20
S338GHz mJy 34.2 ± 1.1 10.6 ± 0.7
FWHMmajor-axis

[CII] arcsec/kpc 1.05 ± 0.08/6.8 ± 0.5 0.95 ± 0.12/6.2 ± 0.8
FWHMmajor-axis

dust arcsec/kpc 0.76 ± 0.02/4.9 ± 0.1 0.74 ± 0.04/4.8 ± 0.2
LIR L� 1.6+1.6

−0.8 × 1013 5.0+5.0
−2.5 × 1012

L ′CO Kkm s−1 pc2 (12.5 ± 2.6) × 1010 (3.3 ± 0.7) × 1010

LIR/L ′CO L�(K km s−1 pc2)−1 140 ± 60 170 ± 70

SFR M� yr
−1 1580+1580

−790 490+490
−250

MH2
(αCO = 0.8, αCO = 4.3) M� (1.0 ± 0.2,5.4 ± 1.1) × 1011 (0.3 ± 0.1,1.4 ± 0.3) × 1011

τgas(αCO = 0.8, αCO = 4.3) Myr (60 ± 20,300 ± 110) (50 ± 20,250 ± 90)
a These observed flux densities will increase by a factor [1/0.8] when considering the effect of the CMB. We use the corrected value,
i.e., Sintrinsic

CO(5→4) = 1.30 ± 0.10mJy km s−1 and 350 ± 40 µJy km s−1 for AzTEC2-A and AzTEC2-B, respectively.
b Redshift derived from 12CO(5→4) line measurements.
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Gas content and star formation rate of AzTEC2

We use the 12CO(5→4) line detections to estimate the 12CO(1→0) line luminosity, L ′CO(1→0) ≡ L ′CO,
and hence infer the molecular gas mass in the AzTEC2 complex. As previously discussed for
AzTEC/C159 (Sect. 3.2.2), due to the higher temperature of the CMB at z = 4.6, the intrinsic
value of the 12CO(5→4) line, Sintrinsic

CO(5→4), is a factor [1/0.8] higher (da Cunha et al., 2013) than that
measured from our observations. In using this factor, we assume that AzTEC2-A and AzTEC2-
B harbor a dense ISM with elevated gas kinetic temperature (Tkin ∼ 40K) – as the majority of
SMG (e.g., Magnelli et al., 2012; Cañameras et al., 2018). Therefore, we find that Sintrinsic

CO(5→4) is
1.30 ± 0.10mJy km s−1 (350 ± 40 µJy km s−1) for AzTEC2-A (AzTEC2-B). The corresponding line
luminosity is subsequently derived following Carilli & Walter (2013, Sect. 2.4). We adopt typical
SMG-like gas excitation conditions to convert the 12CO(5→4) line luminosity, L ′CO(5→4), to L ′CO:
i.e., L ′CO = [1/0.32] × L ′CO(5→4) (e.g., Bothwell et al., 2013; Carilli & Walter, 2013), which gives
(12.5± 2.6) × 1010 Kkm s−1 pc−2 and (3.3± 0.7) × 1010 Kkm s−1 pc−2 for AzTEC2-A and AzTEC2-B,
respectively (see Table 3.2). Finally, the molecular gas mas, Mgas, can be inferred through the CO-to-H2
(αCO) conversion factor: Mgas = αCOL ′CO. Depending on the physical and chemical conditions of the
ISM, αCO ranges –in general– between 0.8 and 4.3 M� K

−1 km s−1 pc−2 (see Sect. ; e.g., Papadopoulos
et al., 2012a,b). Since we lack robust information on the chemical and dynamical state of AzTEC2,
we use the aforementioned αCO values as boundaries to constrain the expected range for Mgas (see
Table 3.2). Using a mean αCO = 2.5 M� K

−1 km s−1 pc−2, in particular, we find a molecular gas mass
in AzTEC2-A of (3.1 ± 0.5) × 1011M�, and a factor four lower in AzTEC2-B. Such mass budgets are
consistent with the massive (log(M?/M�) & 11) gas reservoirs found in other z ∼ 4 − 5 SMGs, like
AzTEC/C159 (Sect. 3.2.2), AzTEC1, AzTEC3, and J1000+0234 (Schinnerer et al., 2008; Riechers
et al., 2010; Yun et al., 2015).

We use the LIR of AzTEC2-A and AzTEC2-B derived through SED fitting (as in Magnelli†

et al., 2019, see Table 3.2) to infer their SFR following the calibration from Kennicutt (1998a):
SFR[M� yr

−1]= 10−10LIR (assuming a Chabrier IMF). We find that AzTEC2-A produces stars at a
rate of 1580+1580

−790 M� yr
−1, while AzTEC2-B does it at 490+490

−250 M� yr
−1. The estimate for AzTEC2-A,

in particular, is a factor 1.5 larger than the average SFR of SMGs at similar redshift (e.g., Smolčić
et al., 2015; Gómez-Guijarro† et al., 2018a; Jiménez-Andrade† et al., 2018; Magnelli† et al., 2019).

Mode of star formation in AzTEC2

The LFIR/L ′CO ratio4 gives an indication on how efficient is the production of stars in galaxies
for a given molecular gas reservoir. For AzTEC2-A and AzTEC2-B we derive 140 ± 60 and
170 ± 70 L�(Kkm s−1pc−2)−1, respectively (Table 3.2). While these estimates are larger than those of
nearby and z ∼ 2 star-forming disks (20−100 L�(Kkm s−1pc−2)−1; Daddi et al., 2010; Genzel et al.,
2010), they are closer to the star formation efficiency of z ∼ 4.5 star-forming disks like GN20 and
AzTEC/C159 (180−220 L�(Kkm s−1pc−2)−1; Hodge et al., 2012; Jiménez-Andrade† et al., 2018).
Certainly, while most of the reported SMGs lie on/above the empirical LFIR − L ′CO relation for
“starburst” galaxies, AzTEC2-A and AzTEC2-B are closer to that for normal, MS galaxies (see Fig.
3.7; e.g., Genzel et al., 2010).
4 We convert the LIR measurements into LFIR by considering that

〈
log(LIR)

〉
= 0.3 +

〈
log(LFIR)

〉
(e.g., Delhaize et al.,

2017).
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Figure 3.7: FIR luminosity as a function of 12CO(1!0) line luminosity for local and high-redshift SFGs. The
squares represent nearby normal and starburst galaxies reported by Gao & Solomon (2004), while pentagons
correspond to low-redshift ULIRGs in the sample of Solomon et al. (1997). The circles show z ⇠ 1.5 star-forming
disks presented in Daddi et al. (2010); Geach et al. (2011) and Magnelli et al. (2012). The diamonds represent
the parameter space covered by the SMGs reported in Bothwell et al. (2013). Large symbols correspond to
the SMGs studied in this work, including J1000+0234�N (Chapter 4). The dashed and dotted line show the
best-fitting relation MS and starburst galaxies, respectively, reported by Genzel et al. (2010).

With the available gas reservoir of AzTEC2-A and AzTEC2-B, they will be able to sustain the
current SFR during a period of 50-300 Myr – depending on which ↵CO is used to derive Mgas (Table
3.2). Despite the large uncertainties of the gas depletion time-scale (⌧gas), we note that these estimates
are –in general– larger than the average for SMGs at similar redshift (⌧gas ⇠ 45 Myr; Aravena et al.,
2016). Instead, constraints on the redshift evolution of ⌧gas (e.g., Tacconi et al., 2013; Genzel
et al., 2015) suggest that expected gas depletion time for MS disk galaxies at z ⇠ 4.5 (120�270 Myr;
Saintonge et al., 2013) is comparable within the proposed range of ⌧gas for both AzTEC2 sources.

Using the FWHM of the dust continuum emission from our ALMA observations (Table 3.2), we
also infer the galaxy-averaged SFR surface density: ⌃SFR ⌘ SFR/(2⇡Re�). The e�ective radius
containing half of the total emission, Re�, is approximated as Re� ⇠ FWHM/2.430 (Murphy et al.,
2017), assuming an exponentially declining surface brightness distribution as observed in disk galaxies.
We estimate ⌃SFR = (70± 21) and (23± 8) M� yr�1kpc�2 for AzTEC2-A and AzTEC2-B, respectively,
placing both systems at the middle-to-low end of the ⌃SFR distribution for SMGs (Miettinen et al.,
2017b). According to the empirical relation between ⌃SFR and distance to the MS, reported by us in
Jiménez-Andrade† et al. (2019, see Chapter 2), the properties of AzTEC2-A and AzTEC2-B are more
consistent with those of extended galaxies close to the MS than compact starbursts with ⌃SFR up to
103 M� yr�1kpc�2.
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squares represent nearby normal and starburst galaxies reported by Gao & Solomon (2004), while pentagons
correspond to low-redshift ULIRGs in the sample of Solomon et al. (1997). The circles show z ∼ 1.5 star-forming
disks presented in Daddi et al. (2010); Geach et al. (2011) and Magnelli et al. (2012). The diamonds represent
the parameter space covered by the SMGs reported in Bothwell et al. (2013). Large symbols correspond to
the SMGs studied in this work, including J1000+0234−N (Chapter 4). The dashed and dotted line show the
best-fitting relation MS and starburst galaxies, respectively, reported by Genzel et al. (2010).

With the available gas reservoir of AzTEC2-A and AzTEC2-B, they will be able to sustain the
current SFR during a period of 50-300Myr – depending on which αCO is used to derive Mgas (Table
3.2). Despite the large uncertainties of the gas depletion time-scale (τgas), we note that these estimates
are –in general– larger than the average for SMGs at similar redshift (τgas ∼ 45Myr; Aravena et al.,
2016). Instead, constraints on the redshift evolution of τgas (e.g., Tacconi et al., 2013; Genzel
et al., 2015) suggest that expected gas depletion time for MS disk galaxies at z ∼ 4.5 (120−270Myr;
Saintonge et al., 2013) is comparable within the proposed range of τgas for both AzTEC2 sources.

Using the FWHM of the dust continuum emission from our ALMA observations (Table 3.2), we
also infer the galaxy-averaged SFR surface density: ΣSFR ≡ SFR/(2πReff). The effective radius
containing half of the total emission, Reff, is approximated as Reff ∼ FWHM/2.430 (Murphy et al.,
2017), assuming an exponentially declining surface brightness distribution as observed in disk galaxies.
We estimate ΣSFR = (70± 21) and (23± 8)M� yr−1kpc−2 for AzTEC2-A and AzTEC2-B, respectively,
placing both systems at the middle-to-low end of the ΣSFR distribution for SMGs (Miettinen et al.,
2017b). According to the empirical relation between ΣSFR and distance to the MS, reported by us in
Jiménez-Andrade† et al. (2019, see Chapter 2), the properties of AzTEC2-A and AzTEC2-B are more
consistent with those of extended galaxies close to the MS than compact starbursts with ΣSFR up to
103 M� yr

−1kpc−2.
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Overall, our results suggest that AzTEC2-A and AzTEC2-B deviate from the scenario of short-lived
bursts of star formation occurring in a compact region as observed in the majority of bright SMGs
(e.g., Schinnerer et al., 2008; Engel et al., 2010; Iono et al., 2016). These sources, therefore, seem to
form stars through a smoother mode of star formation, as found in star-forming disk galaxies at lower
redshifts (e.g., Daddi et al., 2010; Genzel et al., 2010).

A rapidly rotating, massive disk in AzTEC2-A

We use the high-resolution [CII] line observations to explore the kinematics of the brightest component
of AzTEC2, for which the high SNR of the detection enable us to derive the velocity field and velocity
dispersion of the gas (Fig. 3.8). As initially suggested from the double-peaked 12CO(5→4) and [CII]
line profiles (Fig. 3.6), AzTEC2-A exhibits a smooth velocity gradient that appears to be consistent
with a rotating disk. To parameterize its motion, we derive the position-velocity (P/V) diagram (Fig.
3.8) along the major-axis FWHM of the [CII] line emission using a 0.3 arcsec width aperture. The
rotation curve is then fitted with a simple model of the form v(r) = (2/π)vasym arctan(r/rt) (e.g.,
Courteau, 1997; Swinbank et al., 2012), where vasym is the asymptotic rotational velocity and rt is the
radius at which the rotation curve turns over. Our fit, limited by the lack of velocity channels above
+200 km s−1, suggests an asymptotic velocity of (360 ± 40) km s−1 and rt = (0.8 ± 0.2) kpc. To derive
the intrinsic (de-projected) rotational velocity, vintrot = vrot/sin(i), we infer the inclination of the disk (i)
from the apparent ellipticity of the galaxy: i.e., i = arcsin(FWHMminor/FWHMmajor) = (44 ± 6) deg,
where the respective FWHMvalues are derived from the surface brightness distribution of the [CII] line
(Fig. 3.6). By taking vasym = vrot, we find that the intrinsic rotational velocity is v

int
rot = (510±90) km s−1.

To evaluate the rotational-to-dispersion support (vrot/σ) of the disk, we inspect the line-of-sight
velocity dispersion (σ) map in Fig. 3.8. We anticipate that at the innermost region of the galaxy, the
measured σ is highly enhanced by “beam smearing”5 (e.g., Davies et al., 2011; Stott et al., 2016). Since
such a contribution is expected to be modest at the outermost radii, we adopt 100 km s−1 (from the
contour levels in the map, Fig. 3.8) as an upper limit for the intrinsic velocity dispersion of the gas in the
disk. Then, we derive vrot/σ & 5, indicating that AzTEC2-A is rather unperturbed, rotation-dominated
disk that resembles the vrot/σ ratio of more evolved disk galaxies at z ∼ 1 (e.g., Di Teodoro et al.,
2016, and references therein). This finding, therefore, provides more evidence of kinematically
mature disks that can be found at even z ∼ 4.5, such as GN20 (Hodge et al., 2012), ALESS 73.1 (De
Breuck et al., 2014), AzTEC/C159, J1000+0234, (Jones et al., 2017) and AzTEC1 (Tadaki et al., 2018).

Finally, by assuming that the kinematics of the disk is mainly dominated by the gravitational potential
of AzTEC2-A, its dynamical mass (Mdyn) can be estimated through the relation: Mdyn sin2(i) =
Rv(R)2/G, where v(R) is the rotation velocity at radius R and G is the gravitational constant.
Using R = 0.8 arcsec/5.2 kpc that encompass the full extent of the [CII] line emission, we find
Mdyn = (2.5 ± 1.0) × 1011M�. This mass budget is comparable with that expected for the molecular
gas mass ([1.0,5.4] × 1011 M�), indicating that AzTEC2-A is a massive gas-rich disk likely assembled
through the accretion of gas from the cosmic web (e.g., Dekel et al., 2009a,b; Romano-Díaz et al.,
2014).

5 At the innermost region of galaxies, the measured line width is boosted by large-scale motions occurring within the region
traced by a relatively coarse (finite) point spread function (PSF).
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Figure 3.8: Velocity field (left panel) and velocity dispersion (central panel) of the gas in AzTEC2-A
(z = 4.626), derived from [CII] line observations with ALMA. Note that the velocity channels above
200 km s�1 are not available in the data set. The contour levels are at [�300,�200,�100, 0, 100] km s�1 and
[0, 50, 100, 150, 200] km s�1 for the velocity field and velocity dispersion maps, respectively. The synthesized
beam is shown in the lower-left corner. The P/V diagram (right panel) has been extracted using a 0.3 arcsec
width aperture along the galaxy’s major-axis (PA= �40 deg). The blue-dashed line is a simple arctan model to
describe the rotation curve of AzTEC2-A. The contour levels are at [3�, 5�, 8�], where � is the rms noise level.
The gray shaded region shows the velocity range that is not available in the current data set. The horizontal bar
shows the major axis of the synthesized beam.

3.4 Implications for galaxy evolution at high redshift

The identification and subsequent dynamical characterization of AzTEC/C159 and AzTEC2 add
new evidence on the existence of massive vigorously star-forming disks in the early Universe. By
including these two sources, the sample of SMGs at 4 < z < 5 with robust evidence of rotation has
now increased to seven sources: AzTEC/C159, AzTEC2-A, ALESS 73.1, GN20, AzTEC1, Vd-17871,
and J1000+0234 (see Fig. 3.9 Carilli et al., 2010; Hodge et al., 2012; De Breuck et al., 2014; Jones
et al., 2017; Gómez-Guijarro et al., 2018b, K19). Here, we discuss the implications of these findings
within the context of cold gas accretion and merger-driven star formation in massive, high-redshift
galaxies.

3.4.1 A heterogeneous SMG population

The enhanced production of stars in SMGs has been largely attributed to gas-rich galaxy mergers (e.g.,
Tacconi et al., 2008; Younger et al., 2010; Engel et al., 2010; Riechers et al., 2011; Iono et al., 2016),
which is compatible with the merger-driven starbursts in local ULIRGs (e.g., Sanders & Mirabel,
1996). AzTEC/C159 seems to deviate from this scenario, as there is no clear evidence for companions
and/or interaction in the high-resolution [CII] line imaging presented by Jones et al. (2017). In the case
of AzTEC2, its two components (namely AzTEC2-A and AzTEC2-B), are separated by a projected
distance of ⇠20 kpc with a relative velocity of 350 km s�1. Since the morphology of AzTEC2-A
and AzTEC2-B do not show clear signs of disturbance, these two components might undergo a
pre-coalescence (first approach) phase (e.g., Calderón-Castillo et al., 2019). Consequently, the main
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3.4 Implications for galaxy evolution at high redshift

The identification and subsequent dynamical characterization of AzTEC/C159 and AzTEC2 add
new evidence on the existence of massive vigorously star-forming disks in the early Universe. By
including these two sources, the sample of SMGs at 4 < z < 5 with robust evidence of rotation has
now increased to seven sources: AzTEC/C159, AzTEC2-A, ALESS 73.1, GN20, AzTEC1, Vd-17871,
and J1000+0234 (see Fig. 3.9 Carilli et al., 2010; Hodge et al., 2012; De Breuck et al., 2014; Jones
et al., 2017; Gómez-Guijarro et al., 2018b, K19). Here, we discuss the implications of these findings
within the context of cold gas accretion and merger-driven star formation in massive, high-redshift
galaxies.

3.4.1 A heterogeneous SMG population

The enhanced production of stars in SMGs has been largely attributed to gas-rich galaxy mergers (e.g.,
Tacconi et al., 2008; Younger et al., 2010; Engel et al., 2010; Riechers et al., 2011; Iono et al., 2016),
which is compatible with the merger-driven starbursts in local ULIRGs (e.g., Sanders & Mirabel,
1996). AzTEC/C159 seems to deviate from this scenario, as there is no clear evidence for companions
and/or interaction in the high-resolution [CII] line imaging presented by Jones et al. (2017). In the case
of AzTEC2, its two components (namely AzTEC2-A and AzTEC2-B), are separated by a projected
distance of ∼20 kpc with a relative velocity of 350 km s−1. Since the morphology of AzTEC2-A
and AzTEC2-B do not show clear signs of disturbance, these two components might undergo a
pre-coalescence (first approach) phase (e.g., Calderón-Castillo et al., 2019). Consequently, the main
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driver for the ongoing vigorous star formation activity in AzTEC2 (A and B) and AzTEC/C159 appears
not to be ongoing merging activity. Instead, the dynamics, αCO, and/or ΣSFR value of AzTEC/C159
and AzTEC2 (A and B) point towards a smoother mode of star formation that drives a massive,
star-forming disk (e.g., Dekel et al., 2009a,b; Carilli et al., 2010; Hodge et al., 2012). These results
strengthen the scenario in which single-dish selected SMGs are a heterogeneous population (e.g.,
Hayward et al., 2011, 2013), including major mergers (e.g., AzTEC3; Riechers et al., 2014), pairs of
(likely infalling) disk galaxies that are blended into a single sub-mm source –as observed in AzTEC2,
and isolated disk galaxies like AzTEC/C159. This heterogeneity, in part, can be explained within the
context of the MS alongside the SMGs selection function. Since sub-mm surveys lead to flux (≡SFR)
limited samples of galaxies (e.g., Scott et al., 2008; Aretxaga et al., 2011), at high redshift (z & 3),
only SFGs harboring a SFR& 300 M� yr

−1 can be selected (e.g., Magnelli† et al., 2019). Therefore,
this selection function tends to identify the extreme and massive-end of the SFGs population at high
redshifts, including galaxies on and above the MS (see Fig. 3.9).

3.4.2 Star-forming disks at z ∼ 4.5 and their connection to the main sequence

According to observations in the local/low-redshift Universe (e.g., Ellison et al., 2018), star-forming
disk galaxies remain confined within the MS as their stellar mass grows steadily. Whether this
evolutionary scenario for disk galaxies remains out to the epoch of massive galaxy assembly
(3 . z . 6) has not been systematically explored yet. In a pioneering effort, we combine the SFR
and stellar mass constraints of AzTEC/C159 and AzTEC2-A6 with those of SMGs over 4 < z < 5
exhibiting a rotating massive disk (Fig. 3.9) – that has been previously reported in the literature (Carilli
et al., 2010; Hodge et al., 2012; De Breuck et al., 2014; Jones et al., 2017; Gómez-Guijarro et al.,
2018b, K19). Classifying these galaxies into interacting and isolated disks, we find that the former
(latter) are preferentially located at the low(high)-mass end. This is, again, partially driven by the
SMGs selection function that biases the sample towards the starburst population at lower stellar masses.
However, for log(M?/M�) & 10.5 where this selection effect diminishes, we find that secular disks at
z ∼ 4.5 do not appear to be confined within the MS. Whereas both AzTEC2-A and AzTEC/C159
are approaching to the upper-end of the MS, some of them, e.g., AzTEC1 (Tadaki et al., 2018), are
offset by > 2σ with respect to the MS (where σ = 0.3 dex is the dispersion of the MS; e.g., Schreiber
et al., 2015). Thus, using only the offset with respect to the MS to infer the dominant star formation
mechanism (mergers and/or cold gas accretion) in high-redshift SMGs might be misleading.

3.4.3 The cold gas accretion versus merger mode of star formation at z ∼ 4.5

The gas-dominated rotating disks at z ∼ 4.5 with concomitant intense star formation activity seem
to have no analog in the local/low-redshift Universe. Yet, numerical simulations do predict that
the enhanced gas supply from cosmological filaments at high redshifts can build and maintain an
unstable dense gas-rich disk (Romano-Díaz et al., 2014; Feng et al., 2015; Anglés-Alcázar et al., 2017),
which breaks into clumps forming stars at a high rate (Dekel et al., 2009b). This intense level of star
formation can be further enhanced via gravitational harassment (as advocated for GN20; Carilli et al.,
2010), consistent, for example, with the presence of a companion galaxy in the vicinity of AzTEC2-A.
6 We adopt the dynamical mass of AzTEC2-A (2.5 × 1011 M�) as an upper limit for its stellar mass. Oppositely, the
molecular gas mass derived via an ULIRG-like αCO conversion factor, i.e., 1011 M� , might be considered as a lower limit.
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Figure 3.9: Star-forming disks at z ∼ 4.5 in the SFR–M? plane. This compilation only includes SMGs at
4.0 < z < 5.0 for which robust evidence of rotation (stellar mass and SFR) have been reported in the literature
(Carilli et al., 2010; Hodge et al., 2012; De Breuck et al., 2014; Jones et al., 2017; Gómez-Guijarro et al., 2018b,
K19). The upper limits for the stellar mass of AzTEC2 and ALESS 73.1 are constrained from measurements of
their dynamical mass. The MS of SFGs at z = 4.5 (Schreiber et al., 2015) is shown by the black solid line,
while its associated dispersion (at 1σ and 2σ) is illustrated by the gray regions. The data points are color-coded
according to the signatures of interaction in these SMGs. The horizontal dashed line shows the average IR flux
(i.e., SFR) limit in sub-mm/mm surveys that uncovered these sources (e.g., Scott et al., 2008; Aretxaga et al.,
2011; Magnelli† et al., 2019).

It is also expected that the extreme SFR of such disk-like systems could lead to high gas excitation
conditions as a result of heating by turbulence and/or cosmic rays (Papadopoulos et al., 2012b). Since
the mean radiation field intensity in z & 3 MS galaxies becomes comparable to that of local ULIRGs
(Daddi et al., 2015), the 12CO SLEDs of z & 3 star-forming disks and merger-driven starbursts may
look similar. Certainly, we have found that the 12CO SLED of AzTEC/C159 (see Fig. 3.4), and GN20
(Carilli et al., 2010; Hodge et al., 2012), is compatible with that of the merger-driven SMG AzTEC3
(Riechers et al., 2010, 2014) and J1000+0234 (Schinnerer et al., 2008). We recall that high excitation
conditions could also be a result of AGN-drivenmechanical and radiative feedback (Papadopoulos et al.,
2008, 2010; Dasyra et al., 2014; Moser et al., 2016); however, there is no robust evidence of an AGN in
AzTEC/C159 (Smolčić et al., 2015) indicating that its 12COSLEDprimely traces star formation activity.

To summarize, contrary to the clear dichotomy between the global properties of star formation (e.g.,
SFE and localization with respect to the MS) in low-redshift secular disks and merger-driven starbursts
(e.g., Kennicutt, 1998a; Genzel et al., 2010), our results indicate that such a dichotomy diminishes
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during the z & 4 regime. At this early epoch, star-forming disks that harbor vast gas reservoirs (e.g.,
Sargent et al., 2014; Schinnerer et al., 2016; Tacconi et al., 2018) could form stars nearly as efficiently
as merger-driven starbursts (e.g., Hayward et al., 2012; Narayanan et al., 2015; Hayward et al., 2018)
located above the MS. Indeed, numerical simulations predict that whereas galaxy mergers with a low
gas fraction (i.e., at low redshift) do trigger strong starbursts, the elevated gas fractions of merging
systems in the early Universe weakly enhance the –already intense– production of stars (Fensch et al.,
2017). Thus, at z & 4, there is only a subtle difference between the integrated/global properties of star
formation in massive secular disk galaxies and merger-driven starbursts.

3.5 Summary

We have used 12CO(2−1), 12CO(5−4) and [CII] line observations from the NOEMA, VLA, and
ALMA telescopes to explore the conditions for star formation in AzTEC/C159 and AzTEC2 (A): two
massive star-forming disks at z ∼ 4.6.

We have inferred the following properties for AzTEC/C159:

• Its molecular gas mass of MH2(αCO/4.3) = (1.5 ± 0.3) × 1011 M� implies a high gas fraction of
µgas(αCO/4.3) ≡ MH2

/M? = 3.3 ± 0.7. Its LIR/L ′CO ratio of (216 ± 80) L� (K km s−1 pc2)−1,
tracing the star formation efficiency, is as high as of local ULIRGs and typical SMGs (e.g.,
Aravena et al., 2016, and references therein);

• The 12CO(5−4)/CO(2−1) line brightness temperature ratio of r52 = 0.55 ± 0.15 agrees with
the high gas excitation of the star-forming disk galaxy GN20 at z = 4.05 (Carilli et al., 2010;
Hodge et al., 2012). Surprisingly, such gas excitation conditions are comparable to those of the
merger-driven SMGs J1000+0234 (Schinnerer et al., 2008, J17) and AzTEC3 (Riechers et al.,
2010, 2014) at similar redshift;

• Its CO→H2 conversion factor (αCO) is3.9+2.7
−1.3 M� K

−1 km−1 s pc−2 and3.8+2.6
−1.4 M� K

−1 km−1 s pc−2,
as given by the dynamical and gas-to-dust method, respectively; indicating that the conditions
of the ISM in AzTEC/C159 are more consistent with those of local star-forming disks.

Whereas for AzTEC2:

• We have detected 12CO(5→4) and [CII] line emission in both components, leading to a redshift
of 4.626 ± 0.001 and 4.633 ± 0.001 for AzTEC2-A and AzTEC2-B, respectively, ruling out a
preliminary redshift solution for the AzTEC2 complex of z = 1.12;

• We have derived L ′CO = (12.5± 2.6) × 1010 Kkm s−1 pc−2 for AzTEC2-A, implying a molecular
gas mass of (1.0 − 5.4) × 1011 M�. Opposite to the merger-driven mode of star formation,
its LIR/L ′CO ratio of (140 ± 60) L�(Kkm s−1 pc−2)−1, τgas = (60 − 300)Myr, and ΣSFR =
(70± 21)M� yr−1 kpc−2 are more consistent with the expected properties of secular evolution in
high-redshift disk galaxies (e.g., Hodge et al., 2012; Saintonge et al., 2013; Jiménez-Andrade†

et al., 2019).
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• Correspondingly, for ATEC2-B we have found that L ′CO = (3.3 ± 0.7) × 1010 Kkm s−1 pc−2,
Mgas = (0.3−1.4)×1011 M�, LIR/L ′CO = (170±70) L�(Kkm s−1 pc−2)−1, τgas = (50−250)Myr
and ΣSFR = (23 ± 8)M� yr−1 kpc−2; which are compatible –to some extent– with a secular
mode of star formation;

• We have revealed a rotation-dominated [CII] disk in AzTEC2-A, with an intrinsic (de-projected)
rotational velocity of vrot = (510 ± 80) km s−1, velocity dispersion of σ . 100 km s−1 and
dynamical mass of Mdyn = (2.5 ± 1.0) × 1011 M�.

With the increasing evidence of gas-rich disks vigorously forming stars at z > 4 (e.g., Carilli
et al., 2010; Hodge et al., 2012; Tadaki et al., 2018), we are now departing from the conventional
picture wherein SMGs are primely merging systems (Engel et al., 2010). Our results indicate that
even secular disk galaxies, that harbor vast gas reservoirs (e.g., Sargent et al., 2014; Schinnerer
et al., 2016; Tacconi et al., 2018), could sustain intense star formation activity that nearly resembles
that of merger-driven SMGs (e.g., Hayward et al., 2012). As a result, the dichotomy between the
integrated/global properties of star formation in massive secular disks and merger-driven starbursts
diminishes at z & 4. A more systematic study of high-redshift SMGs is required to verify this scenario,
which will also help us to understand the mechanisms that suppress star formation in z & 4 massive
disks: the possible progenitors of quiescent disks at z ∼ 2 (Toft et al., 2017). We partially address the
latter topic, quenching, in the following chapter.
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3.6 Appendix

3.6.1 The misleading redshift solution of z = 1.12 for AzTEC2

Since the discovery of AzTEC2 (Scott et al., 2008), extensive multi-wavelength campaigns have been
undertaken to determine its redshift. A preliminary spectroscopic redshift of z = 1.12 has been adopted
in past studies (e.g., Smolčić et al., 2012, 2017; Miettinen et al., 2015; Brisbin et al., 2017; Miettinen
et al., 2017a). This value has been inferred from a tentative line detection at 108.436GHz, obtained
with the Combined Array for Research in Millimeter-wave Astronomy (CARMA), and an optical line
emission at 7915Å detected with Keck/DEIMOS; which have been associated with 12CO(2→ 1) and
[OII], respectively (M. Baloković, priv. comm.). Using archival optical/near-IR spectroscopy from
VLT/VIMOS and Keck/MOSFIRE, here we demonstrate that those line detections correspond to a
foreground SFG at z = 1.1235 ± 0.0005 that lies at 1.5 arcsec to the south of AzTEC2-A (see Fig.
3.10).

Optical/near-IR spectroscopy from VLT and Keck

We use long-slit optical spectra obtained with the VLT using VIMOS, as part of the Large Early Galaxy
Astrophysics Census (LEGA-C) (van der Wel et al., 2016). Two spectra of 1200s integration time
each were obtained on 2015/02/18 during good weather conditions (seeing=1.3 arcsec, airmass=1.25).
The slit was centered on the brightest component of AzTEC2 and set with PA = 0◦ (see Fig. 3.10).
The pipeline provided by the European Southern Observatory (ESO) was employed to produce
wavelength-calibrated 2D spectra, while sky/object subtraction and flux calibration were performed
with the custom pipeline described in van der Wel et al. (2016). The final/co-added spectrum covers
the wavelength range from 6300Å to 8600Å and has a spectral resolution of ∼ 5.5Å.

We also use near-IR spectra obtained with MOSFIRE (mounted in the Keck telescope) in K band
on December 22nd, 2012 by Casey et al. (2017). An ABBA nod with 180s individual integrations was
needed to secure a total time integration of 0.70 hrs. The slit orientation was set at a PA = −32.6◦

and centered on the bright optical source C (see Fig. 3.10). Data reduction was performed by using
the MOSKY package, as described in detail in Casey et al. (2017). The final spectrum spans over
1.9 − 2.3µm and has a spectral resolution of 2.9Å.

[OII] and [SIII] line detection in source C: a foreground SFGs at z = 1.12

We benefit from the orientation of the slits used to obtain the VLT/VIMOS and Keck/MOSFIRE
spectra (i.e. PA = 90◦ and PA = −32.6◦, respectively; Fig. 3.10) to retrieve emission from all the
sources around AzTEC2. To accurately retrieve 1D spectra of those components, we first identify
the emission from the bright elliptical galaxy in the 2D spectrum (see insets in Fig. 3.11). Then, we
use apertures of 1 arcsec width to integrate emission along the spatial axis of the 2D spectra at the
expected locus of AzTEC2-A (or AzTEC2-B) and source C. In the left panel of Fig. 3.11, we present
the 1D spectra of the foreground elliptical galaxy, source C and AzTEC2-A that are covered by the
VLT/VIMOS long-slit spectroscopy. The spectrum of the elliptical galaxy reveals absorption features
that we associate with Hβ 4862Å, Mg 4862Å and Na 4862Å at z = 0.3379 ± 0.0001. A bright line
at 7915Å displaying a doublet structure is observed in the spectrum of the complex C, and not in
AzTEC2 as previously inferred from Keck/DEIMOS spectroscopy (M. Balaković priv. comm.). This
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Figure 3.10: Long-slit setup used to obtain optical/near-IR spectra towards AzTEC2. Left panel: GISMO/IRAM
2mm (white), ALMA (green) and VLA (blue) > 3σ contours overlaid on the HST/ACS F814W image. The
white rectangle shows the position of the slit (PA=90◦) used to obtain an optical spectrum with Keck/DEIMOS
(M. Baloković priv. comm.). Given the highly crowded optical field, it is likely that the slit was not properly
centered on AzTEC2 (see text for details). Right panel: Long-slit setup used to obtain optical and near-IR
spectroscopy with VLT/VIMOS and Keck/MOSFIRE, respectively. This zoomed image shows that the source
C splits into two components (C.1 and C.2), both of them at z ∼ 1.12. The white rectangles show the position
of the VLT/VIMOS (PA=0◦) and Keck/MOSFIRE (PA=−32.6◦) slit.
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presented above shows the 2D spectrum around the near-IR line at 2.024µm, which is also associated with the
foreground SFG (source C).
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indicates that the slit used to obtain the Keck/DEIMOS spectrum was not properly centered on the
sub-millimeter source (see Fig. 3.10).

The position of the MOSFIRE slit, on the other hand, covers the source C and AzTEC2-B. While
the spectrum of AzTEC-B features a faint continuum with no clear indications of emission lines, the
spectrum of the C complex shows a strong emission line at 2.024 µm (see right panel of Fig. 3.11). By
associating the lines at 7915Å and 2.024µm with the nebular lines [OII] 3727Å and [SIII] 9532Å,
respectively, we derive a redshift solution for the complex C of z = 1.1235 ± 0.0005. Such emission
lines, tracing HII regions around massive young stars (e.g., Kehrig et al., 2006; Kennicutt & Evans,
2011), indicate ongoing star formation in this foreground galaxy – albeit the contribution of an AGN
to the observed line emission cannot be neglected.

Beyond the aforementioned nebular lines, it appears that the tentative line detection with CARMA
(peak SNR∼3, M. Baloković, priv. comm.) is also associated with the source C. With an observed
central frequency of 108.437 ± 0.010GHz, this line might correspond to 12CO(2→1) at z =
1.126 ± 0.001. Deeper and high-resolution observations with NOEMA or ALMA are needed to
confirm this line detection.
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CHAPTER 4

A kpc-scale outflow in J1000+0234−S: a satellite
galaxy at z = 4.54

We use archival Keck spectroscopy, and Subaru imaging, to characterize the extended Lyman α
(Lyα) emission surrounding J1000+0234−S: a star-forming satellite galaxy neighboring a massive,
dust-enshrouded sub-millimeter source at z = 4.54, J1000+0234−N. The Lyα emission exhibits
a concentric, “ring-like” distribution (with a radius R ∼ 3 kpc) that surrounds the rest-frame UV
emission of J1000+0234−S. The optical Keck spectrum reveals a broad and asymmetric Lyα line
profile, which resembles that proposed for an expanding shell model. Fitting this Lyα line profile
using the radiative transfer code LyaRT, we find that the outflowing medium has a column density of
NHI ' 2×1020 cm−2, an expansion velocity ofVexp ' 230 km s−1 and gas mass of MHI ' 1.8×108 M�.
Interestingly, the inferred dynamical lifetime of the shell (i.e., Vexp/R) of 13Myr is comparable with
the age of the starburst. These findings suggest that a recent burst of star formation has driven a
galactic-scale outflow, creating a "super-bubble" of hot gas that expands into the circum-galactic
medium. By combining the previously reported star formation rate (∼ 150 M� yr

−1) and cold gas
content of J1000+0234−S, we speculate that the production of stars will be quenched within only
∼ 20Myr. We discuss these results in the context of “negative" feedback and its role in transforming
z & 3 starbursts into massive, spheroidal, early-type galaxies at z ∼ 2.

This project has been carried out in collaboration with B. Magnelli, C. Gómez-Guijarro, E.
Romano-Díaz, T. Bǎdescu, A. Karim, and F. Bertoldi.

81
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4.1 Introduction

There is growing evidence of kpc-scale Lyman α (Lyα) halos at high redshift (e.g., Wisotzki et al.,
2016; Leclercq et al., 2017; Childs & Stanway, 2018; Wisotzki et al., 2018; Crighton et al., 2019).
Several physical mechanisms have been proposed to explain their origin (see review in Dijkstra, 2014;
Cantalupo, 2017): resonant scattering of Lyα photons associated with star formation (e.g., Dijkstra
& Loeb, 2009; Behrens & Braun, 2014; Faucher-Giguère et al., 2015; Lake et al., 2015; Momose
et al., 2016; Mas-Ribas et al., 2017), gravitational cooling radiation (e.g., Fardal et al., 2001), Lyα
fluorescence (e.g., Cantalupo et al., 2005, 2012, 2014), photo-ionization by active galactic nuclei
(AGN; e.g., Geach et al., 2009) and shock-heated gas by galactic superwinds (e.g., Taniguchi &
Shioya, 2000). Regardless of the nature of the emission, Lyα halos are adequate to explore the
interaction between high-redshift galaxies and their circumgalactic medium (CGM).

Particular emphasis is given to z & 3 Lyα halos surrounding dusty, highly star-forming galaxies
(SMGs; e.g., Geach et al., 2005, 2016; Bridge et al., 2013). These are thought to undergo a short-lived,
intense feedback phase that transforms high-redshift starbursts into mature/quenched systems (e.g.,
Bridge et al., 2013; Toft et al., 2014) – like z & 3 massive, “dead” galaxies (e.g., Gobat et al.,
2012; Glazebrook et al., 2017). In this context, Lyα halos around high-redshift starbursts could
be explained by star formation-driven winds (e.g., Tenorio-Tagle et al., 1999; Taniguchi & Shioya,
2000), which expel gas into the CGM and, ultimately, suppress the production of stars (e.g., McGee
et al., 2014; Somerville & Davé, 2015). A verification of such a scenario demands observational
constraints of feedback in the epoch of galaxy assembly. However, such studies are mainly limited to
extreme, massive galaxies (e.g., Spilker et al., 2018) that usually host an AGN (e.g., Swinbank et al.,
2015); rendering the study of stellar feedback in high-redshift galaxies an open field of observational
astronomy (see Gallerani et al., 2018).

Here, we aim at better characterizing the strong signatures of feedback in J1000+0234−S (z ∼ 4.54,
Carilli et al., 2008; Capak et al., 2008); a low-mass (log(M?/M�) ∼ 9) SFGneighboring amassive, dust-
enshrouded starburst (Gómez-Guijarro† et al., 2018a). We report that J1000+0234−S is surrounded
by an extended, likely in expansion, Lyα halo driven a recent burst of star formation. Thus, this
finding provides the first observational evidence of stellar feedback regulating the growth of low-mass
galaxies at z > 4. This manuscript is organized as follows. The properties of J1000+0234−S and
details of the observations are given in Sect. 4.2 and 4.3, respectively. The data analysis and results
are presented in Sect. 4.4. Finally, we discuss the results in Sect. 4.5. Throughout, we assume a flat
ΛCDM cosmology with h0 = 0.7, ΩM = 0.3, and ΩΛ = 0.7.

4.2 J1000+0234

J1000+0234 was originally identified as a Lyman Break Galaxy (LBG) in the COSMOS field at
z = 4.547 (Capak et al., 2008). 12CO line observations unveiled a massive cold gas reservoir of
M gas ' 2.6 × 1010M� (Schinnerer et al., 2008), which occupies an overdense environment (galaxy
overdensity parameter of δg & 4; Smolčić et al., 2017). HST WFC3 imaging, tracing the rest-frame
UV emission, revealed that J1000+0234 is composed by two major (likely interacting) components
separated by a projected distance of ∼ 6 kpc (see Fig. 4.1; Gómez-Guijarro† et al., 2018a).
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4.3 Keck spectroscopy and Subaru imaging

The northern and more massive component (log(M?/M�) ∼ 10.1; J1000+0234−N) is embedded in
a dusty environment with log(LIR/L�) ∼ 12.6, where stars form at a rate of ∼500 M� yr

−1 (Gómez-
Guijarro† et al., 2018a). A strong, double-peaked [C II] 158 µm emission line was detected with
ALMA at the position of J1000+0234−N (at z = 4.540), indicating that this is a single, rapidly rotating
disk with a dynamical mass of log(Mdyn/M�) ∼ 11.6 (Jones et al., 2017). The southern component,
J1000+0234−S, is ∼10 times less massive than J1000+0234−N. Yet, it emits the bulk (∼ 75%) of the
rest-frame UV emission observed with HST , consistent with the fact that no dust continuum (nor [CII]
line) emission has been detected towards this component (Capak et al., 2008; Gómez-Guijarro† et al.,
2018a). The UV emission suggests a star formation rate (SFR) of 148 ± 8 M� yr

−1 and a UV slope
(β) of −2, as expected for LBGs at similar redshift (Gómez-Guijarro† et al., 2018a, and references
therein).

4.3 Keck spectroscopy and Subaru imaging

We use the optical spectra obtained by Capak et al. (2008) with the DEIMOS instrument mounted at
the Keck II telescope. Eight spectra of 1800s exposure time each, i.e. 4hrs total integration, were
obtained in January 2007 under good atmospheric conditions (seeing=0.4 − 0.6 arcsec, airmass=1.25).
The slit of 1 arcsec width was centered at the position of the brightest UV component, corresponding
to J1000+0234−S, and set at PA = −87◦ (see Fig. 4.1). Data reduction was performed with a modified
version of the DEEP2 DEIMOS pipeline (Capak et al., 2008). Based on the skylines in the spectrum,
a spectral resolution of FWHMsky = 3.3Å is measured; which translates into ∼ 145 km s−1 at the
locus of the Lyα line.

We also employ optical imaging obtained with the Suprime-Cam mounted at the Subaru telescope
as part of the “Subaru COSMOS 20 project” (Taniguchi et al., 2015). In particular, we use the
intermediate-band filter IA679 centered at λeff = 6781.1Å (FWHM= 335.9Å, PSF=1.58 arcsec), since
it covers the Lyman-alpha line at the redshift of J1000+0234. Following the procedure of narrow-band
surveys (e.g., Villar et al., 2008; Gómez-Guijarro et al., 2016), we subtract the adjacent continuum
using the broad-band filter Subaru r+, isolating the line flux (see Fig. 4.1).

4.4 Data Analysis and Results

4.4.1 Surface brightness radial profile

In Fig. 4.1, we overlay the rest-frame UV continuum emission from the HST/Wide Field Camara 3
(WFC3) (Gómez-Guijarro† et al., 2018a, F125W) with the extended Lyα line emission revealed by the
Subaru/Suprime-Cam imaging (IA679). A visual inspection reveals strong Lyα emission exhibiting
a “ring-like” shape around the low-mass SFG J1000+0234−S. The Lyα emission does not spatially
correlate with the massive, dust-enshrouded component, J1000+0234−N, that is offset by a projected
distance of ∼ 6 kpc from the satellite galaxy. Faint UV emission is also detected towards a foreground
system (z = 1.41; Capak et al., 2008); this is seen in projection at ∼ 1.5 arcsec east to J1000+0234−S
where, as expected, Lyα emission is absorbed.
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Figure 4.1: Left panel: extended Lyα emission around the low-mass SFG (S) neighboring the massive SMG
J1000+0234 (N). The color scale shows the flux of Lyα emission as revealed by Subaru/Suprime-Cam imaging
with the IA679 filter. Blue contours illustrate the rest-frame UV emission detected with the HST/WFC3 F125W
filter, while green contours show the far-infrared (ALMA band 7) emission (see Gómez-Guijarro† et al., 2018a).
Contour levels start at the 3σ level and increase logarithmically. The component "F" is a foreground galaxy
at z = 1.41 (Capak et al., 2008) and hence absorbs Lyα emission from the J1000+0234 complex. The white
rectangle shows the locus of the slit used to obtain optical spectroscopy with Keck/DEIMOS (Capak et al.,
2008). Right panel: Azimuthally averaged Lyα surface brightness (red solid line) of J1000+0234−S. The UV
continuum emission (blue dots) has been convolved with the PSF of the IA679 image and re-scaled to the Lyα
emission profile to aid the visual comparison. The error bars illustrate the 1σ uncertainty of the integrated flux
within the annulus. The thick orange curve shows the Gaussian component fit to the Lyα surface brightness
radial profile. The gray region signalizes the negative offset of the radial profile.

To better compare the spatial extent and distribution of the UV and Lyα emission, we derive
their azimuthally averaged surface brightness profiles (right panel of Fig. 4.1). We use concentric,
one-pixel-wide annuli centered at the pixel containing the brightest rest-frame UV emission that we
adopt as the center of J1000+0234−S. For visualization purposes only, we convolve (and re-scale)
the UV surface brightness distribution to match the instrumental broadening (and normalization)
of the Lyα radial profile. This analysis corroborates that the Lyα emission is more extended that
the rest-frame UV, which is consistent with recent studies of extended Lyα halos around individual
high-redshift SFGs (e.g., Wisotzki et al., 2016; Leclercq et al., 2017). We confirm in addition that
the Lyα emission exhibits a concentric, “ring-like” structure around the low-mass satellite galaxy
(J1000+0234−S); where the Lyα radial profile can be reproduced with a single Gaussian component
that is offset by ∼ 0.45 arcsec, i.e. 3kpc, with respect to the UV peak emission. The Gaussian model
also yields a FWHM of 2.15 arcsec; given the PSF width of 1.58 arcsec, we infer a deconvolved
FWHM of 1.5 arcsec. This value does not necessarily represent the width of the "ring-like" structure,
as the radial light profile is being broadened by diffuse Lyα emission lying in the inner region of the
structure.
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a  b  c     d

Figure 4.2: Keck/DEIMOS spectrum (upper panel:2D, lower panel:integrated/1D) obtained towards
J1000+0234−S (Capak et al., 2008). The original 1D spectrum is shown by the gray solid line, while
a noise-filtered version (using Weiner filtering) is illustrated by the solid black line. The wavelength range
highly affected by the sky-lines is shown by the red solid lines. The vertical solid/dashed blue line show the
observed/rest frame wavelength of the Lyα and HeII 1640 line. The right inset image shows the spectrum
(observed frame) around the HeII 1640 line. We fit a Gaussian component (blue line) to retrieve the central
observed wavelength and hence estimate the systematic redshift of 4.5433±0.0003. The left inset image contains
the spectrum (observed frame) around the Lyα line. We point out the expected velocity components for an
expanding thin shell around a central source (e.g., Verhamme et al., 2006; Orsi et al., 2012; Gurung-López
et al., 2018): a small blue-shifted wing (a), one narrow emission peak nearly centered at the systemic velocity
(b), two red-shifted peaks (c) and one extended red wing (d).

4.4.2 Lyα line profile

The integrated/1D optical spectrum of J1000+0234 (obtained within a 2 arcsec-width aperture along
the 2D spectra’s spatial axis) reveals a prominent, broad and asymmetric line around 6740Å associated
with Lyα by Capak et al. (2008, see Fig. 4.2). This spectroscopic data also unveil a faint emission line
at 9091Å that corresponds to HeII 1640Å . Given the non-resonant nature of the latter nebular line,
we employ it to estimate the systemic redshift of J1000+0234−S, that is, z = 4.5433 ± 0.0003. This
redshift value allow us to set the Lyα line in the rest-frame and characterize its multiple components
(see Fig. 4.2): one small blue-shifted wing (a), one narrow emission peak centered nearly at the
systemic velocity (b), two red-shifted peaks (c) and one extended red wing (d).

Modelling the line profile with LyaRT

Wide and asymmetric Lyα line profiles have been interpreted as evidence of galactic-scale outflows
driven by starburst galaxies (e.g., Taniguchi & Shioya, 2000; Dawson et al., 2002; Dijkstra & Loeb,
2009): while photons experiencing multiple backscatterings produce an extended and redshifted
wing, the external and expanding neutral HI gas along the line of sight absorbs the blue velocity
component. Interestingly, the velocity components of the Lyα line in J1000+0234−S (see inset in
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Figure 4.3: Lyα line spectrum of J1000+0234−S. The expanding shell model obtained with LyaRT (e.g.,
Gurung-López et al., 2018) is shown by the red solid line. Residuals are presented in the lower panel, where the
±1σ noise level is shown by the dashed blue lines.

Fig. 4.2) resemble those predicted for an expanding thin shell (e.g., Verhamme et al., 2006; Orsi
et al., 2012). To better constrain this scenario, we use the Lyα radiative transfer code LyaRT1, based
on the results of Orsi et al. (2012), which predicts the spectrum produced by resonant scattering of
Lyα photons traveling in different outflow geometries, hydrogen column densities (NHI), expansion
velocities (Vexp) and dust absorption optical depths (τ). We thus adopt the expanding shell model (along
with a flat-continuum level) and fit the observed Lyα line via the least-squares Levenberg-Marquardt
algorithm. We use 1000 MC realizations to propagate the uncertainty of the input flux values into
the fitting procedure2. We then derive the best-fitting parameters of NHI = (1.4 ± 0.1) × 1020 cm−2,
Vexp = 232 ± 3 km s−1 and τ = (3.5 ± 2.0) × 10−2, consistent with the range of values reported for
LBGs and Lyα emitters (e.g., Verhamme et al., 2008). We estimate, in addition, the HI mass (MHI) in
the shell following Verhamme et al. (2008):

MHI ≈ 107
(

r
1 kpc

)2 (
NHI

1020 cm−2

)
M�, (4.1)

where r is the radius of the shell, that is ∼3 kpc. By using the column density derived above, we find
that MHI ≈ 1.8 × 108 M�.

1 https://pypi.org/project/LyaRT-Grid/
2 We note that the error bars for Vexp, NHI and τ do not contain the systematic uncertainties associated with the adopted
LyaRT’s model.
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4.5 Implications for galaxy evolution

As observed in Fig. 4.3, the expanding shell model succeed in reproducing (within the uncertainties)
most of the observed components of the Lyα line profile in J1000+0234−S, strengthening the emerging
picture wherein a large fraction of Lyα emitters are consistent with an outflowing shell geometry
(e.g., Dawson et al., 2002; Tapken et al., 2007; Verhamme et al., 2008; Schaerer & Verhamme, 2008;
Dessauges-Zavadsky et al., 2010; Schaerer et al., 2011; Chonis et al., 2013; Gronke & Dijkstra, 2014;
Hashimoto et al., 2015; Patrício et al., 2016; Yang et al., 2016). This model, however, fails to reproduce
the blue shifted narrow peak of J1000+0234−S (i.e. component “a” in Fig. 4.2). This discrepancy
could be a result of additional physical processes, not included in conventional shell-models, that
produce Lyα blue peaks (e.g., Fermi acceleration, Neufeld & McKee, 1988; Chung et al., 2016;
Orlitová et al., 2018). Alternatively, beyond the central source considered in the model, another Lyα
radiation sources might contribute to the observed spectrum, e.g., fluorescence, cosmological UV
background (e.g., Cantalupo et al., 2005; Kollmeier et al., 2010; Trainor & Steidel, 2013; Dijkstra,
2014).

4.5 Implications for galaxy evolution

We have shown that prominent Lyα emission is concentrically distributed around J1000+0234−S;
a low-mass SFG (log(M?/M�) ∼ 9) neighboring a massive, dust-obscured starburst at z = 4.54
(namely J1000+0234−N; with log(M?/M�) ∼ 10.1). This configuration suggests that the main
physical mechanism behind the extended Lyα emission is the vigorous burst of star formation in
J1000+0234−S (SFR∼ 150 M� yr

−1); Lyα photons are produced in the HII regions surrounding young
stars and subsequently scattered outwards in the circumgalactic neutral medium (e.g., Dijkstra, 2014).
The apparent minimal contribution of J1000+0234−N, to the Lyα emission, might be a result of its
elevated dust content that hinders the escape of Lyα photons. Hence, this finding is consistent with
the major role of satellite galaxies in powering extended Lyα halos (e.g., Shimizu & Umemura, 2010;
Lake et al., 2015; Momose et al., 2016), particularly around dusty and massive starburst galaxies like
J1000+0234−N.

The presence of extended Lyα emission around high-redshift galaxies might also indicate ongoing
AGN feedback (e.g., Swinbank et al., 2015). In the case of J1000+0234−S, the only tentative evidence
of an obscured AGN is the HeII 1640Å line detection (Scarlata et al., 2009). Yet to firmly constrain
the contribution of an AGN to the observed Lyα halo, additional emission line detections such as NV
1240Å and CIV 1549Å (e.g., Villar-Martín et al., 2007; Scarlata et al., 2009; Swinbank et al., 2015)
are needed. Moreover, since AGN-dominated feedback occurs in log(M?/M�) & 10 galaxies (e.g.,
Martín-Navarro & Mezcua, 2018, and references therein), it favors a star formation-driven feedback
scenario in the low-mass galaxy J1000+0234−S.

We have also reported that the Lyα line profile resembles that proposed for an expanding shell
model (Verhamme et al., 2008; Orsi et al., 2012), suggesting that intense bursts of star formation
could drive “super-bubbles” of ionized gas around high-redshift galaxies (e.g., Appleton et al., 1987;
Tenorio-Tagle et al., 1999; Silich et al., 2010). Assuming that Vexp ∼ 230 km s−1 remains constant,
across a radius of ∼ 3 kpc (Sect. 4.4), we infer that the expanding shell should have originated
∼ 13Myr ago. It is reassuring that, despite the “simplicity” of the model, the latter value is of the
same order of magnitude as the starburst age in J1000+0234−S (< 10Myr; Capak et al., 2008);
supporting, again, the star formation-driven winds scenario.
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The remaining question is whether the outflowing activity is able to exhaust the cool gas reservoir
and, consequently, suppress the star formation activity in J1000+0234−S. According with Schinnerer
et al. (2008), the J1000+0234 complex harbors a cold gas reservoir of Mgas = 2.6 × 1010 M�; given
the relatively coarse resolution of the observations (∼ 2 arcsec), it is not clear what is the contribution
of J1000+0234−S to the inferred gas content. Since J1000+0234−S is ∼10 times less massive than
J1000+0234−N, as suggested from their respective M? values (Gómez-Guijarro† et al., 2018a), we
would expect that J1000+0234−S hosts a cold gas mass of ∼ 3 × 109 M�. If cosmological gas
accretion is halted, the available gas reservoir of J1000+0234−S will be able to sustain the current SFR
(∼ 150 M�yr

−1) during only ∼ 20Myr. Certainly, the evidence of an extended, likely expanding, Lyα
halo indicates that fresh star-forming gas (from the galaxy’s halo) might not be accreted within this
time-scale. The radiative/kinetic energy from stellar winds and supernovae is expected to maintain
an over-pressured, expanding bubble of hot gas that can propagate further into the intergalactic
medium (e.g., Heckman et al., 1993; Heckman & Thompson, 2016). Therefore, star formation in
J1000+0234−S will most likely be quenched once the gas reservoir is consumed – as predicted for
high-redshift satellite galaxies (McGee et al., 2014).

This discovery of a satellite galaxy experimenting a rapid quenching is of utter importance to
evaluate the proposed formation path of massive, compact early-type galaxies at z ∼ 2 (e.g., Toft
et al., 2012; Glazebrook et al., 2017). Such a scenario involves the abrupt cessation of star formation
in z > 3 dusty starbursts (like J1000+0234−N; Jones et al., 2017; Gómez-Guijarro† et al., 2018a) that
subsequently merge with quenched satellite galaxies (e.g., Davé et al., 2017); however, the quenching
mechanisms in such massive galaxies and satellite systems have remained elusive. In this context,
the expanding Lyα halo around J1000+0234−S arises as the first observational evidence of negative
stellar feedback in z ∼ 4.5 low-mass/satellite galaxies, which prevent further gas accretion and, hence,
might be able to suppress star formation already by z ∼ 4.

4.6 Summary

We have used archival Keck spectroscopy and Subaru imaging to investigate the extended Lyα halo
surrounding J1000+0234−S: a low-mass galaxy neighboring the massive SMG J1000+0234−N at
z = 4.5. We have found the following:

• The Lyα emission exhibits a concentric, “ring-like” distribution (with R ∼3 kpc) that surrounds
the rest-frame UV emission of J1000+0234−S;

• The broad and asymmetric Lyα line profile is well reproduced by the model of an expanding shell
of ionized gas, with column density NNI ' 2×1020 cm−2, expansion velocity ofVexp ' 230 km s−1

and gas mass of MHI ' 1.8 × 108 M�;

• The dynamical lifetime of the shell (Vexp/R) of ∼13Myr is comparable with the previously
reported age of the most recent starburst of J1000+0234−S (.10Myr);

• With the current SFR of J1000+0234−S (∼ 150 M�yr
−1), the available reservoir of cold gas

(∼ 3 × 109 M�) will be depleted within ∼ 20Myr.
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4.6 Summary

The finding of an extended, likely expanding, Lyα halo around J1000+0234−S strengthens the role
of vigorous stellar feedback in producing large-scale outflows that expel star-forming gas, prevent
further gas accretion and thus might suppress star formation in the early Universe. Since this discovery,
we have further explored the available optical spectroscopy/imaging towards the COSMOS field and
found more signatures of extended Lyα emission around z & 3 dusty starbursts. Thus, we hypothesize
that intense “negative” feedback episodes in high-redshift galaxies might be more common than
expected. With the advent of the Multi Unit Spectroscopic Explorer (MUSE) instrument at the VLT, a
detailed tomography of such extended Lyα nebulae is now feasible, allowing us to disentangle the
relative role of AGN and stellar feedback in the growth of high-redshift galaxies.
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CHAPTER 5

Conclusions and outlook

This chapter presents a summary of the main results derived from this Ph.D. thesis work, along with a
brief description of the broader implications of our findings in the current view of galaxy evolution.
We provide a final assessment, in particular, on how the Main-Sequence (MS) of star-forming galaxies
(SFGs) and the Kennicutt-Schmidt (KS) relation relate to the global star formation processes in
massive SFGs across cosmic history. Finally, we evaluate future research paths to address some of the
remaining open questions concerning our understanding of galaxy formation and evolution.

5.1 Summary

We have explored the physical mechanisms that regulate the production of stars and the growth
of massive galaxies across cosmic history. To this end, we have used deep and high-resolution
observations mainly obtained with the VLA, NOEMA, and ALMA telescopes, which have enabled
us to investigate the structure and mass content of 3187 massive SFGs over the redshift range
0.35 < z . 4.5. The main results derived in this Ph.D. thesis work are listed below.

• [Chapter 2] For 3184 SFGs with log(M?/M�) & 10.5 over 0.35 < z . 2.25:
The overall extent of star formation activity tends to be more extended in “normal” MS galaxies
than in those undergoing a starbursting phase (i.e., galaxies above the MS). As a result, the
average stellar birthrate per unit area (≡ ΣSFR) tends to be a factor ∼ 102−3 higher in starbursts,
suggesting that different mechanisms drive star formation in massive galaxies on and above
the MS. The typical ΣSFR of galaxies on the MS increases with redshift. By z ' 2, the ΣSFR of
massive MS galaxies is a factor ∼ 15 higher than their counterparts at z ' 0.5.
In comparison to the total extend of massive SFGs, star formation preferentially occurs at small
galactic radii (Reff ∼ 1.5 kpc) . To sustain this centrally concentrated star formation activity,
fresh star-forming gas might be constantly fueled towards the center of galaxies leading to the
growth of a bulge.

• [Chapter 3] AzTEC/C159 (z = 4.567) and AzTEC2-A (z = 4.626) exhibit star formation
efficiencies comparable with those of merger-driven starbursts, as observed in the majority of
ULIRGs and SMG. Even so, the dynamics of AzTEC/C159 and AzTEC2-A reveal that they are
gas-rich disk galaxies for which there is no clear indication of merging activity. In addition,
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either their CO–H2 conversion factor, stellar mass and/or ΣSFR values are also more consistent
with those observed in MS galaxies. It thus appears that, at higher redshifts, cold gas streams
(from cosmological filaments) fuel gas-rich disk galaxies and drive vigorous star formation
episodes nearly as efficiently as in merger-driven systems.

• [Chapter 4] The low-mass SFG J1000+0234−S (z = 4.543) exhibits indications of an expanding
shell of ionized gas (radius of ∼3 kpc), whose dynamical lifetime matches the age of the most
recent burst of star formation. Since cosmological gas accretion is likely to be suppressed by
such large-scale galactic winds, the available gas reservoir will maintain star formation during
only ∼20 Myr. This finding thus suggests that negative stellar feedback might be able to quench
the production of stars in galaxies already by z ∼ 4, strengthening the establishment of a "red
sequence" of galaxies at even z > 2.

5.2 Modes of star formation in massive SFGs and their evolution
throughout cosmic history

By characterizing the structural properties of massive SFGs throughout cosmic history – the primary
goal of this Ph.D. dissertation, we have found that the enhanced production of stars in massive galaxies
above the MS remains concentrated within their inner/central region, whereas MS galaxies tend to
sustain star formation over a more extended region. This structural dichotomy agrees with the extended
morphology of secular star-forming disks on the MS and the compact light distribution of starbursts
(Wuyts et al., 2011; Bremer et al., 2018). Our results thus support the scenario whereby the steady
accretion of cool gas from the IGM drives widespread star formation in disk galaxies as they remain
confined within the MS (e.g., Tacchella et al., 2016) – albeit a small fraction of compact MS galaxies
also exists (see Chapter 2). This secular mode of star formation is interrupted by occasional gas-rich
mergers and/or violent disk instability episodes triggering short-lived and compact starbursts that lie
above theMS (e.g., Dekel &Burkert, 2014;Moreno et al., 2015;Wellons et al., 2015;Wang et al., 2018).

To further investigate the global processes regulating the stellar birthrate in MS and starburst
galaxies, and their evolution with cosmic history, we have used our measurements to infer the KS
relation of massive SFGs over the redshift range 0.35 < z < 2.25 (Fig. 2.11 and 5.1). Such a pilot
analysis suggests that low- and high-redshift SFGs follow similar relations, as previously proposed in
the literature (e.g., Bouché et al., 2007; Genzel et al., 2010). We have found that the typical ΣSFR and
Σgas of MS galaxies systematically increase with redshift (Fig. 5.1, Table 2.3). Qualitatively, this is in
agreement with the elevated gas fractions (e.g., Schinnerer et al., 2016; Genzel et al., 2015; Tacconi
et al., 2018) and enhanced specific SFR of high-redshift galaxies (e.g., Karim et al., 2011; Speagle
et al., 2014; Schreiber et al., 2015; Lehnert et al., 2015).

We have also found that massive galaxies on the MS harbor a higher star formation efficiency
(SFE ≡ SFR/Mgas) as its redshift increases (Fig. 5.1), which is consistent with the systematically
lower gas depletion time-scales (τ ≡ 1/SFE) of MS galaxies at higher redshifts (e.g., Saintonge et al.,
2013; Tacconi et al., 2018). Such efficient regime of star formation could be explained by the turbulent
ISM and rapid dynamical evolution that characterize high-redshift disks (e.g., Förster Schreiber et al.,
2009; Bournaud et al., 2012; Swinbank et al., 2012). In this context, the enhanced ΣSFR of early
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Massive SFGs on and above the MS

z~4.5 disks

Figure 5.1: The Kennicutt-Schmidt relation for massive (log(M?/M�) & 10.5) SFGs on (red) and above (blue)
the MS at different redshifts. This is a reproduction of Fig. 2.11 (Chapter 2); here, we also present the locus
of the z ∼ 4.5 star-forming disks AzTEC/C159, AzTEC2 (Chapter 3), and –for comparison– GN20 (Carilli
et al., 2010; Hodge et al., 2012). In estimating Σgas and ΣSFR for these three galaxies, we use their Reff from dust
continuum emission and adopt the typical αCO conversion factor for star-forming disks like the Milky Way. The
solid (dashed) black line illustrates the KS relation for typical SFGs (mergers) over the redshift range 1 . z . 3
derived by Genzel et al. (2010). The gray diagonal lines show the ΣSFR required to consume the available gas
reservoirs within a gas depletion time-scale (τ) of 10Myr (upper), 100Myr (middle), and 1000Myr (lower).
The gray shaded regions illustrate the τ range for galaxies with (from top-to-bottom) high-to-low SFE. The
horizontal gray line illustrates the upper limit for ΣSFR imposed by Eddington-limited star formation (SF; e.g.,
Crocker et al., 2018).

star-forming disks is a result of their inherent large gas reservoirs and –to some extent– a higher SFE.
This evolutionary scenario is in agreement with our findings on AzTEC2-A and AzTEC/C159 at
z ∼ 4.5; two massive, extended, gas-rich disks harboring intense star formation activity that does not
seem to be driven by merging activity. Certainly, the locus of AzTEC2-A and AzTEC/C159 in the
ΣSFR − Σgas plane (Fig. 5.1) suggests that these are scaled (more active) versions of star-forming disks
at lower redshifts (Genzel et al., 2010); as a result, the high SFE of AzTEC2-A and AzTEC/C159 is
approaching that of merger-driven starbursts. It thus appears that at z & 4 the enhanced gas accretion
from the cosmic web can maintain an unstable gas-rich disk, which breaks into giant clumps and forms
stars at a high rate (e.g., Bouché et al., 2007; Hodge et al., 2012; Romano-Díaz et al., 2014, Chapter 3).
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Finally, contrary to the evolving SFE of massive MS galaxies, the (elevated) SFE of starbursts
weakly depends on the redshift (Fig. 5.1). At all epochs, starbursts remain concentrated at the upper
end of the KS relation, close to the upper limit for ΣSFR imposed by stellar radiation pressure in
Eddington-limited starbursts (∼ 103 M� yr

−1 kpc−2; Thompson et al., 2005; Crocker et al., 2018). As
a result, the contrast between the SFE of massive galaxies on and above the MS varies with redshift.
While the low SFE of MS galaxies in the local/low-redshift Universe is abruptly enhanced by starburst
episodes, at higher redshifts massive “normal” disk galaxies (on/close to the MS) can harbor high SFE
that becomes closer to that of merger-driven starbursts. From an observational perspective, our results
thus suggest that the dichotomy between the global/integrated properties of secular star-forming disks
and merger-driven starbursts diminishes with increasing redshift.

5.3 Outlook

Despite the progress that we have made in this dissertation to understand the growth and structural
evolution of massive galaxies, many open questions remain. We have identified, in particular, three
future research projects that could lead to a more complete picture of galaxy formation and evolution.
They are listed below.

• An unbiased probe of the Kennicutt-Schmidt relation across cosmic history. We have constrained
the size of SFG up to z = 2.25, allowing us to approximate the redshift evolution of the KS (ΣSFR
- Σgas) relation (Sect. 2.5.1). Nevertheless, in deriving Σgas we have used scaling relations to
infer the gas content of galaxies. An independent and robust probe of the molecular gas, and its
distribution in galaxies, could be obtained through high-resolution observations of low-J 12CO
line emission. Although powerful telescope arrays like ALMA, NOEMA and VLA are now
capable of performing such an experiment, this would demand extensive integration times. An
alternative approach consists in deriving the gas mass through prescriptions for the gas-to-dust
ratio (e.g., Magdis et al., 2012) and dust mass estimates inferred via far-infrared SED fitting
(e.g., Magnelli et al., 2012), using, for instance, archival observations from the Herschel and
ALMA telescopes (e.g., Liu† et al., 2019).

By directly deriving Σgas for galaxies in our sample, we would also be able to systematically
probe the apparent bimodality of the KS relation (e.g., Daddi et al., 2010; Genzel et al., 2010,
Sect. 2.5.1) up to z = 2. In particular, robust gas mass estimates will be essential to evaluate the
nature of galaxies with starburst-like ΣSFR that remain “hidden” within the MS (Sect. 2.4.4;
Elbaz et al., 2018).

Beyond the mass-complete sample of SFGs studied here (at 0.35 < z < 2.25, Chapter 2),
there is an increasing number of high-resolution IR/radio continuum observations towards
spectroscopically confirmed z > 3 SFGs (Chapter 3, 4 and references therein). This will enable
a systematic study of KS relation in the context of merger-driven and quiescent star formation
during the epoch of massive galaxy assembly (z ∼ 4).

• Dynamical characterization of high-redshift galaxies in the context of the cold mode of star
formation and dark matter content. Rotation-dominated star-forming disks at z ∼ 4.5, like
AzTEC/C159 and AzTEC2-A (Chapter 3), have become key laboratories to validate models
of galaxy formation. First, it is expected that, at high redshift, the enhanced gas accretion
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from cosmological filaments and/or the vigorous star formation environments lead to large
velocity dispersions of the gas in disk galaxies (Förster Schreiber et al., 2009; Green et al.,
2010). Second, it has been proposed that the distribution of rapidly growing dark matter halos
at early cosmic times, that have not yet reached virial equilibrium, deviate from the standard
Navarro-Frenk-White profile (Genzel et al., 2017). As a result, the falling outer rotation curves
of high-redshift galaxies could indicate that they are strongly baryon dominated within the
disk scale. With the increased sensitivity of ALMA, it is now possible to perform detailed
[CII] line observations to probe the velocity dispersion and the shape of the rotation curve
of systems like AzTEC2-A and AzTEC/C159, allowing us to put the first constraints on the
concentration of baryons and dark matter in the yet unexplored z > 4 regime. Notice: An
ALMA observing proposal to obtain deeper [CII] line observations towards AzTEC/C159, and
thus perform the analysis described above, has been accepted (proposal ID: 2018.1.01676.S; PI.
Eric F. Jiménez-Andrade).

• Exploring the impact of galactic outflows in suppressing star formation in high-redshift SFG.
The indications of an expanding shell of ionized gas in J1000+0234 arises as one of the first
observational evidence of negative feedback at z > 4 (Chapter 4). Nevertheless, our analysis is
still limited by the spectral/spatial coverage of the current data set, hindering the detection of
the non-resonant lines [CIV] and HeII that are essential to constrain the ionization source (e.g.,
Villar-Martín et al., 2007). Furthermore, contrary to the Lyα line, non-resonant lines offer a
model-independent probe of the gas kinematics. With the integral-field observations enabled
by the MUSE instrument at the VLT, it is now possible to simultaneously map extended Lya
nebulae –along [CIV] and HeII line emission– around z > 3 SMGs like J1000+0234. Such a
systematic study would allow us to investigate the ability of AGN/star formation-driven winds
to expel and heat the gas from the galaxy halo (e.g., Swinbank et al., 2015), leading to massive
quenched galaxies at z ∼ 2 that are believed to be the progenitors of massive elliptical galaxies
in the local Universe (e.g., Toft et al., 2014). Notice: MUSE observations have been obtained
towards J1000+0234 as part of a collaboration agreement between the MUSE consortium and
members of the COSMOS team (lead author: Eric F. Jiménez-Andrade).

Finally, we foresee that the synergy between the most advanced optical/radio telescopes, e.g.,
ALMA, VLT, and James Webb Space Telescope, will enable the dynamical characterization of the
gas and stars in the earliest galaxies (z > 6). Those observations combined with predictions from
numerical simulations will improve our understanding of galaxy assembly, allowing us to better trace
the evolutionary paths that lead to mature systems like our galaxy: the Milky Way. Looking far into
the future we envision an exciting era of astronomy, where telescopes like the Next Generation Very
Large Array (ngVLA) and Origins Space Telescope will bring us closer to the epoch of the Universe
where it all started. The quest for our cosmic origins continues.
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