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Abstract

Probing the Evolution of Dusty Star-Forming Galaxies at the Cosmic Noon via
Strong Gravitational Lensing

by Marika Giulietti

The primary objective of this thesis is to explore the early stages of the evolution
of Dusty Star-Forming Galaxies (DSFGs) by leveraging the physical phenomenon
of strong gravitational lensing. This population of galaxies represents the ideal
testing laboratories for galaxy evolution studies, as they constitute the bulk popu-
lation at the peak of Cosmic Star Formation History and they have been identified
as the progenitors of massive quiescent early-type galaxies. The magnification ef-
fectinduced by a foreground lens, such as a low-redshift massive elliptical galaxy,
offers a unique opportunity to investigate the intricate morphology of distant and
compact galaxies such as DSFGs, overcoming the resolution and sensitivity limits
imposed by the current instrumentation. Strong lensing therefore enables us to
gain unprecedented insights into the processes that guided the evolution of star-
forming progenitors toward becoming the massive elliptical galaxies we observe
today.

To achieve this objective, this work aims to explore the in-situ scenario for galaxy-
black hole co-evolution by testing its predictive capabilities to self-consistently
interpret the outcomes obtained from observational analyses.

In my research, I employed a composite approach, combining the exploration of
empirical relationships within samples of strongly lensed DSFGs with a detailed
investigation into the morphological and physical characteristics of individual
objects. Both methodologies benefit from the advantages offered by gravitational
lensing. The former allows the study of fainter luminosity regimes, while the
latter provides access to intricate structures of distant and compact objects like
DSFGs.

The investigation began with a sample of sub-millimeter-selected (candidate)
strongly lensed DSFGs identified within the Herschel-ATLAS survey. The sam-
ple was originally selected based on a straightforward flux density threshold of
S500um > 100 m]y, resulting in redshifts spanning 1 < z < 4.5 and apparent In-
frared (IR) luminosities in the range of 10" < Lir/Lo < 10'*. These properties
make this sample an ideal testing ground for investigating the evolution of DSFGs
during the cosmic noon and the interplay between black holes and their host
galaxies.



This work also emphasises the significance of multi-wavelength broad-band and
spectroscopic observations in studying the evolution of massive star-forming pro-
genitors of early-type galaxies, spanning from the UV /optical to the radio regime.
To achieve this, I integrated data available in the literature, public surveys or
telescopes, and high-quality archival and proprietary data. This included data
from telescopes such as HST in the optical/NIR, the Spitzer and Herschel space
observatories in the MIR-to-FIR range, interferometric ALMA (sub-)millimetric
continuum and spectroscopic observations, and proprietary radio data from the
ATCA telescope. My work complemented these high-quality multi-wavelength
observations with modern analysis techniques, including lens modelling and
source reconstruction methods, to reveal the unlensed structure of DSFGs down
to sub-kpc scales, and Spectral Energy Distribution fitting to access the integrated
physical properties of these objects.

In this work, I investigated the interplay between galaxy formation and nuclear
activity by examining the Far-Infrared /Radio correlation (FIRRC) of a sample of
(candidate) strongly lensed DSFGs with radio counterparts. Gravitational lensing
allowed for the observation of such a relation over a wide range of redshifts
and luminosities. Our resulting trend of the FIRRC indicates a transition from
an earlier phase of dust-obscured star formation to a later, radio-loud quasar
phase. Simultaneously, the strong lensing effect enabled a detailed analysis of
the reconstructed source-plane morphology and sizes, the ISM content (dust and
gas), and integrated properties (luminosities, masses, ages, and kinematics) of an
individual strongly lensed DSFG at z~3. These results precisely pinpointed the
evolutionary phase of the galaxy in accordance with the predictions yielded by
the in-situ scenario.

In conclusion, this research contributes significantly to our understanding of DS-
FGs by exploiting the gravitational lensing effect to investigate their evolution,
morphology, and physical properties. It also highlights the importance of em-
pirical relationships among samples and the detailed examination of individual
objects as a multi-faceted approach to deepen our comprehension of galaxy evo-
lution during the peak of the Cosmic Star Formation History.
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Chapter 1

Introduction

The exploration of galaxy formation and evolution stands as a dynamic topic of
considerable interest and resonance in modern astrophysics. At its core, unravel-
ling the complex story of galaxy formation and evolution involves grasping how
ordinary matter transforms through gravitational interactions with dark matter
over cosmic timescales.

This pursuit seeks to unveil how galaxies, emerging from the amorphous gas
distribution in the Universe’s primordial origins, ultimately acquire their present-
day attributes. This scientific endeavour involves the complex interplay between
gravity and baryonic physics and robust observations of galaxies across vast spa-
tial and temporal scales, from the Epoch of Reionisation (EOR) to the present day.
At the same time, the development of robust theoretical frameworks that simulate
their formation and transformation is needed. Therefore, the interplay between
observations and theoretical constructs constitutes a crucial role in shedding light
on the mystery of how galaxies come into existence and evolve.

The past decades have witnessed unprecedented observational and theoretical
advancements in this area. The deployment of cutting-edge ground-based and
space-based telescopes across the entire electromagnetic spectrum has unveiled
a previously inaccessible view of galaxies in the distant Universe. Likewise,
theoretical models have taken a huge step forward, thanks to more advanced
numerical simulations that depict the complex process of galaxy formation in the
cosmic context.

A large number of galaxy surveys have been conducted. For example, the
Sloan Digital Sky Survey (SDSS, York et al. 2000) provided a large amount of
information about galaxies in the present Universe which is vital for studying
how galaxies evolve. Also, multi-wavelength imaging surveys with the Hubble
(HST), Spitzer, and Herschel space telescopes, ground-based facilities, such as
the Very Large Telescope array (VLT), the Visible and Infrared Survey Telescope
for Astronomy (VISTA), the Subaru telescope, and interferometers such as the
Very Large Array (VLA) and the Atacama Large Millimeter/submillimeter Array
(ALMA), provided a data on galaxies from the UV to radio bands. With the launch
of the James Webb (JWST), these results have been expanded towards extremely
high redshifts (z ~ 13.2; Robertson 2022, Curtis-Lake et al. 2023).

Spitzer and Herschel, revealed that dusty galaxies with star-formation rates
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(SFRs) of order 100 My yr~! or more were abundant when the Universe was
only 2-3 Gyr old (Barger et al. 1998, Daddi et al. 2005, Gruppioni et al. 2013).
This discovery is also supported by galaxies” inferred ultraviolet (UV) luminosity
function and its redshift evolution through ground and space-based observations.
For example, studies conducted with the Galaxy Evolution Explorer (GALEX)
have confirmed that star-formation activity was significantly higher in the past
(Lilly etal. 1996, Le Floc’h et al. 2005, Schiminovich et al. 2005). Deep near-infrared
(NIR) observations are now commonly used to select galaxies on the basis of
their optical rest-frame light and to chart the evolution of the global stellar mass
density (SMD) at 0 < z < 3 (Dickinson et al. 2003). In the local Universe, various
galaxy properties (colours, surface mass densities, and concentrations) have been
observed by SDSS to be “bimodal” around a transitional stellar mass of 3x10
Mo (Kauffmann et al. 2003), showing a clear division between faint, blue, active
galaxies and bright, red, passive systems.

The influx of new data has expanded galaxy classification according to their
selection criteria and observed properties such as their colours and luminosity.
However, the challenge persists in organising this information coherently due to
the difficulty of observing evolving galaxy sub-groups across cosmic time and the
partial interpretative nature of existing theories in astronomy.

1.1 Cosmological Framework

In standard cosmological scenarios, the formation of structures in the Universe
is primarily driven by dark (non-baryonic) matter. Initially, density fluctuations
in the early universe are amplified through gravitational instability caused by the
presence of cold dark matter (CDM). As photons decouple from baryons, CDM
perturbations attract baryons into gravitational potential wells, setting the stage
for structure formation.

This process of structure formation follows a "bottom-up" growth (Peebles
1982). It begins with the virialisation of low-mass objects (halos), with larger halos
forming subsequently by incorporating smaller ones through mergers. Matter
outside the halo is also drawn in via accretion, with the most massive progenitor
dominating the main halo’s growth at any given time.

Across a spectrum ranging from ultra-faint dwarf galaxies to galaxy clusters,
ordinary matter in the Universe adheres to the dynamics dictated by dark matter,
until radiative, hydrodynamic, and star-formation processes become significant
(White & Rees 1978a). The "dark side" of galaxy formation, where dark matter
plays a central role, has been meticulously modelled using highly accurate N-
body numerical simulations of increasing resolution and scope (e.g., Davis et al.
1985, Dubinski & Carlberg 1991, Springel 2005, Diemand et al. 2008, Springel et al.
2008, Tinker et al. 2008, Stadel et al. 2009, Klypin et al. 2011).

Despite the success in modelling the halo formation, the same does not hold
for the complex phenomena involving the physics of baryons. These include the
conversion of cold gas into stars and the mechanisms triggering the star-formation
bursts, the dissipation of baryonic matter within developing CDM halos, the
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1.1. Cosmological Framework

formation of both disk and spheroidal structures, the enrichment of chemical
elements into gaseous matter spanning galactic and intergalactic scales through
cosmic time, and the impact of "feedback" mechanisms — originating from the
energy release of stars, supernovae (SNe), and massive black holes — in governing
star formation and galactic outflows.

Various methodologies can be employed to address these intricate physical
phenomena (Frenk & White 2012, Scannapieco et al. 2012, see also Somerville &
Davé 2015 for a review).

Ideally, the higher level of realism is reached by the “subgrid modelling”
implemented even in the more accurate cosmological hydrodynamic simulations
(e.g. Katz et al. 1996, Navarro & Steinmetz 2000, Hopkins et al. 2012, Bekki
2013, Dubois et al. 2014, Hopkins et al. 2014, Vogelsberger et al. 2014, Bekki 2015,
Khandai et al. 2015, Schaye et al. 2015, Dubois et al. 2016, McAlpine et al. 2016,
Richardson et al. 2016, Zhukovska et al. 2016, Aoyama et al. 2017, Kaviraj et al.
2017, McKinnon et al. 2017, Pallottini et al. 2017, Aoyama et al. 2018, Hopkins
et al. 2018, McKinnon et al. 2018, Springel et al. 2018, McAlpine et al. 2019,
Torrey et al. 2019; for a review see Naab & Ostriker 2017 and reference therein)
Nonetheless, hydrodynamic simulations are vulnerable to inaccurately defined
parameters and are susceptible to multiple degenerations. These challenges can
be mitigated by employing parametric prescriptions to offer reliable predictions
grounded in specific observations. Anadditional issue involves the computational
time consumption required by the in-depth exploration of the parameter space.

Another approach involves semi-analytic schemes (SAMs), which analogously
to hydrodynamic simulations, treat the complex baryonic processes through a
purely phenomenological approach ( White & Frenk 1991, Kauffmann et al. 1993,
Lacey & Cole 1993, Cole et al. 2000, Croton et al. 2006, Arrigoni et al. 2010, Benson
2012, De Lucia et al. 2014, Porter et al. 2014, Cousin et al. 2016, Hirschmann et al.
2016, De Lucia et al. 2017, Fontanot et al. 2017, Popping et al. 2017, Collacchioni
et al. 2018, Lagos et al. 2018, Forbes et al. 2019; see also Somerville & Davé 2015
and related references for a review). SAMs are built upon CDM merger trees
extracted from or calibrated against N-body simulations. The underlying physics
governing galaxy evolution within dark halos is then described using a series of
parametric expressions that are partly informed by observations.

SAMs are computationally less demanding than hydrodynamic simulations,
providing clearer insights into the relative contributions of distinct physical pro-
cesses. However, the use of adjustable parameters in SAMs can lead to degenerate
solutions, diminishing their predictive precision. SAMs also lack the comprehen-
sive physical realism found in hydrodynamic simulations, often excluding fluid
dynamics and intricate feedback mechanisms.

Finally, analytic models can address some specific problems related to the
global evolution of the baryonic content in galaxies, such as the chemical evolution
in relation to supernovae feedback and gas inflow /outflow (Tinsley 1974, Pagel &
Patchett 1975, Hartwick 1976, Chiosi 1980, Matteucci & Greggio 1986, Edmunds
1990, Greggio 2005, Molla et al. 2015, Recchi & Kroupa 2015, Andrews et al. 2017,
Gioannini et al. 2017, Spitoni et al. 2017, Vincenzo et al. 2017, Weinberg et al.
2017, Grisoni et al. 2018), dust and metal production and abundances in local and
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high redshift galaxies (Dwek 1998, Hirashita 2000, Chiappini et al. 2001, Draine
2003, Inoue 2003, Zhukovska et al. 2008, Valiante et al. 2009, Draine 2011, Dwek &
Cherchneff 2011, Asano et al. 2013, Forbes et al. 2014, Feldmann 2015, Hirashita
et al. 2015, Mancini et al. 2015) and their connection with gas regulation, star
formation, stellar mass, and halo mass (Schmidt 1963, Talbot & Arnett 1971, Erb
2008, Bouché et al. 2010, Davé et al. 2012, Lilly et al. 2013, Dekel & Mandelker 2014,
Pipino et al. 2014, Rodriguez-Puebla et al. 2016, Imara et al. 2018, Tacchella et al.
2018, Dekel et al. 2019). Analytic solutions are valuable for gaining insights into
fundamental aspects of galaxy formation and evolution. However, their simplicity
can also be a limitation, as they rely on approximations often involving spatial
and time averaging of the astrophysical processes. These models are particularly
effective for addressing specific questions and generating qualitative insights, but
they may lack the accuracy and precision of more complex numerical simulations.

Nevertheless, providing a detailed description of the intricate baryonic physics
governing the processes behind star formation and BH accretion requires knowl-
edge across vast time and spatial scales. Understanding the complete sequence
of events that occurred from the formation of the first stars after the cosmic dark
ages to the galaxies of various forms, sizes, masses, colours, luminosities, metal
content, and clustering properties that exist in the present day is, therefore, a chal-
lenging task even with the aforementioned methods, which are still inadequate
to make accurate predictions.

What has become evident in the latest decades of investigations, is the necessity
of gaining a collective view of the different emission properties of galaxies, racking
the evolution of galaxy luminosity density across cosmic time from far-UV (FUV)
to radio wavelengths.

This approach aims to address relevant questions in galaxy formation and
evolution, without delving into the complex physical mechanisms behind the
evolutionary stages of individual galaxy sub-populations.

These include identifying a characteristic cosmic epoch for star and heavy el-
ement formation, quantifying the fraction of luminous baryons locked in early
galaxies, assessing the validity of a universal IMF, determining the role of galax-
ies in the Universe’s reionisation at z > 6, explaining the origin of all metals
produced throughout cosmic time, and comparing the Cosmic Star-Formation
History (CSFH) with the accretion history onto massive black holes as observed
through luminous quasars.

The answers to these questions are based on key attributes of stellar popula-
tions and dust-rich starburst galaxies.

Specifically, on the one hand, the light coming from short-lived massive stars is
predominantly traced by the rest-frame UV-continuum emission, which can be a
direct measure of the instantaneous star-formation rate density (SFRD). Also, UV
emission is absorbed by the interstellar dust and re-emitted as thermal infrared
radiation, rendering the FIR emission from dusty starburst galaxies a sensitive
tracer of young stellar populations and SFRD. Radio emission serves as another
significant indicator of star formation. Its primary component emerges from mas-
sive stars that explode as Type II supernovae, primarily radiating their energy in
the radio band through synchrotron emission at the end of their life. Addition-
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ally, the radio emission contains a secondary component, originating from the
free-free emission of the hot and ionised HII regions.

On the other hand, the bulk of the galaxy’s stellar mass is constituted by
evolved near-solar massive stars, whose light can be traced in the rest-frame NIR
emission.

For all these reasons, multi-wavelength observations and modelling of emis-
sions from galaxy components up to very high redshifts (z =~ 10) are nowadays
considered the most promising approach to address the open questions in galaxy
populations description across cosmic time.

1.2 The Cosmic Star Formation History

It is now well-established that the peak of star-formation activity and the mass
build-up occurred about 10 billion years ago (corresponding to z ~2), rising from
z = 0 (Madau & Dickinson 2014, Oesch et al. 2018). During this phase, also called
"cosmic noon", the comoving SFRD was an order of magnitude higher than what
is observed in the local Universe (see Madau & Dickinson 2014 and references
therein).

At higher redshifts, the situation is less clear (e.g. Casey et al. 2014, Magnelli
et al. 2019). Studies based on UV-selected samples such as Lyman-break galax-
ies (LBGs) point towards a rapid decline of the SFRD towards higher redshift
(Bouwens et al. 2015, McLeod et al. 2016, Ishigaki et al. 2018, ). While long-
wavelength observations seem to point toward a flatter decline at z> 3 (Gruppioni
et al. 2013, Rowan-Robinson et al. 2016, Gruppioni et al. 2020, Talia et al. 2021,
Enia et al. 2022).

During the cosmic noon, about half of the stellar mass observed in present-day
galaxies was formed in just about 3.5 Gyr, in a redshift range 1 < z < 3.

The trend of the SFRD is mirrored by the comoving rate of SMBH accretion
(Boyle & Terlevich 1998, Franceschini et al. 1999, Heckman et al. 2004, Marconi et al.
2004, Shankar et al. 2009, Silverman et al. 2009, Aird et al. 2010, Delvecchio et al.
2014, Madau & Dickinson 2014, Aird et al. 2015, Mancuso et al. 2016b), suggesting
the idea of the co-evolution of central black holes and their host galaxies (see
Figure 1.1).

Several tight relations suggest a connection between these components during
the early stages of galaxy formation, particularly when star formation happened
at extremely high rates. For example the black hole mass and galaxy properties
such as the velocity dispersion found in the local Universe, the luminosity, mor-
phological indicators, and old stars’ stellar masses (Kormendy & Richstone 1995,
Ferrarese & Merritt 2000, Gebhardt et al. 2000, Tremaine et al. 2002, Marconi &
Hunt 2003, Haring & Rix 2004, McLure & Dunlop 2004, Ferrarese & Ford 2005,
Graham 2007, Greene & Ho 2007, Lauer et al. 2007, Giiltekin et al. 2009, Kormendy
& Bender 2009, Shankar et al. 2009, Vika et al. 2009, Graham et al. 2011, Beifiori
et al. 2012, Kormendy & Ho 2013, McConnell & Ma 2013, Ho & Kim 2014).

During cosmic history, the change in average SFRs is reflected in the character-
istics of individual SFGs. Around z ~ 2, these galaxies exhibited star formation
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Figure 1.1: Comparison between the star formation history (black line) and the SMBH
accretion history. The BH accretion rates from X-ray are represented with the red line and
the green shaded area (Shankar et al. 2009, Aird et al. 2010). The light blue shaded area
represents the BH accretion rates from IR measurements (Delvecchio et al. 2014). Shaded
areas span the 1o uncertainty range on the total bolometric luminosity density. Note that,
for visual purposes, the comoving rates of black hole accretion have been scaled up by a
factor of 3300. Image credits: Madau & Dickinson 2014.
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and black hole feeding rates roughly 10 times higher than today. Most SFGs
follow a linear and relatively tight main sequence (MS) correlation between stellar
mass and SFR up (i.e., SFRec MY) (Brinchmann et al. 2004, Daddi et al. 2007, Elbaz
et al. 2007, Noeske et al. 2007, Rodighiero et al. 2011, Speagle et al. 2014). This
relation is valid up to at least z ~ 3, and its normalisation slightly varies with
redshift as 0.6 < a < 1, with a « (1 — z)3%, and flattening at z > 3 (Daddi et al.
2007, Rodighiero et al. 2010, Karim et al. 2011). A minority of starburst galaxies
exhibiting elevated specific star formation rates (sSFRs) show a deviation from the
MS. Additionally, there is a rising population of quiescent galaxies falling below
this MS.

Aside from the MS, other scaling relations are observed at z ~ 2 — 3. These
relations involve the evolution of size, kinematics, metal content, and gas (e.g.,
van der Wel et al. 2014, Ubler et al. 2017, Maiolino & Mannucci 2019, Tacconi et al.
2020).

1.2.1 Dusty Star-Forming Galaxies

During the cosmic noon, SFGs exhibited intense star formation within dust-rich
environments, arising from rapid gas collapse within central regions of DM ha-
los. This phase saw vigorous star formation and supernova explosions, which
enriched inner regions with dust and facilitated accelerated feeding of central
black holes. These objects are heavily obscured by dust and are therefore named
Dusty Star-Forming Galaxies (DSFGs, see Casey et al. 2014 for a review).

When first discovered in the local Universe by the IRAS satellite, dusty sys-
tems were thought to be rare. However, over the past two decades, various
surveys and observations have provided new insights into DSFGs. The Sub-
millimetre Common-User Bolometer Array (SCUBA) camera on the James Clerk
Maxwell Telescope (JCMT), revealed that these galaxies are extremely bright in
sub-millimetre (sub-mm) wavelengths (at 850 micrometre), for this reason, are
labelled Sub-millimetre Galaxies (SMGs) and mostly abundant at high redshift
(Smail et al. 1997, Barger et al. 1998, Hughes et al. 1998,Blain et al. 2002 ).

These objects are found to be ~ 1000 times more abundant at high redshifts
with respect to the nearby Universe, dominating the cosmic star formationatz ~ 2
(e.g. Gruppioni et al. 2013), even though their volume density at higher redshifts
is still unconstrained. DSFGs feature extreme properties, such as incredibly high
star formation rates (100-1000 Mg yr™!), clumpy morphologies, and high mass
content (M, 2 109 My).

The ease of the detection of these galaxies at high redshift is because their sub-
mm emission exhibits a negative K-correction due to the characteristics of dust
emission, which follows a Modified Black Body peaking around 100micrometre.
In the Rayleigh-Jeans regime, the flux density behaves like v*# (47ID]7:), resulting
in a roughly constant observed brightness for high-redshift galaxies (z = 1 - 8),
even as their luminosity distance increases. This behaviour is due to the interplay
of redshift effects, rest-frame wavelength shifts, and the dust emissivity spectral
index (), with typical values of g = 1.5 — 2.0 for dusty galaxies.

The peak in the number density of DSFGs mirrors the peaks in both the Cosmic
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Star Formation History and Black Hole Accretion History. Moreover, the majority
of DSFGs are also found to lie on and above the MS relation. These findings
suggest that DSFGs have made a substantial contribution to the Universe’s SFRD
and overall SMD.

Observations strongly imply that DSFGs underwent a transition to become
Early-Type Galaxies (ETGs) observed in the local Universe (see e.g., Peng et al.
2010, Cimatti et al. 2008, Behroozi et al. 2013, Simpson et al. 2014, Toft et al. 2014,
Aversa et al. 2015, Mancuso et al. 2016a, Oteo et al. 2017, Scoville et al. 2017b).
This transformation involved shifting from an active phase of star formation to a
more passive state.

1.2.2 Theoretical Frameworks of Galaxy Evolution

The significance of DSFGs extends to several key aspects of cosmic evolution. They
play a central role in the evolution of AGN, the formation of galactic spheroids,
and the development of massive ETGs. By serving as a bridge between actively
star-forming and passive galaxies, DSFGs have a pivotal role in shaping our
understanding of early cosmic star formation.

Nonetheless, understanding the observed properties of these galaxies and
unravelling the mechanisms governing the co-evolution of galaxies and black
holes remains a topic of ongoing discussion. In pursuit of this challenge, three
primary theoretical frameworks have emerged.

The first scenario affirms that the starbursting phenomenon is driven by the
merging among dark matter halos and associated baryons; specifically, it envisages
the merging of gas-rich spirals at high redshift as the main route toward building
up massive ellipticals and triggering their star formation and BH activity (e.g.
Bower et al. 2006, Croton et al. 2006, Hopkins et al. 2006, Benson 2010, Fanidakis
et al. 2012, Somerville & Davé 2015).

The second, alternative framework assumes that star formation and BH ac-
cretion are driven by steady cold gas streams along filaments of the cosmic web
(Dekel et al. 2009, Bournaud et al. 2011).

Finally, the third scenario envisages the star-formation and nuclear processes
to occur in situ and is mainly governed by self-regulated baryonic physics, in
particular by energy feedback from SNe and the central nucleus (e.g., Granato
et al. 2004, Lapi et al. 2006, 2011, Aversa et al. 2015, Mancuso et al. 2016a). In this
view, the merging events play a minor role in the late slow stage of the evolution
of the quenched galaxy and are mainly involved in the mass increase to the values
observed in the local Universe (Lapi et al. 2018).

In this thesis, I aim to explore this latter scenario as a viable sequence of
processes describing the evolution of star-forming progenitors into local ETGs.
The primary objective is to uncover significant observational support for its ability
to predict actual occurrences.
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1.3 Relevant Astrophysical Processes Involved in the
In-Situ Scenario

In this Section, I will provide a summary of the sequence of physical baryonic
processes that constitute the fundamental elements shaping the evolution of a
massive ETG progenitor. Further details on this model (referred as the in-situ
scenario) are provided in Lapi et al. (2018) (see Figure 1.2; see also Mancuso et al.
2016a; Mancuso et al. 2016b, 2017, Pantoni et al. 2019).

Astrophysical gas undergoes various processes for cooling and heating. Adi-
abatic mechanisms involve gas contraction or expansion, while gravitational-
induced interactions, such as shocks, can heat the gas. Additional processes
include emission, absorption, radiation scattering, and interaction with cosmic
rays, all contributing to gas heating and cooling. A detailed description of the
relevant processes presented here and in the course of this thesis is provided in
Appendix A.

1.3.1 Biased collapse, cooling and fragmentation

At the top of the early fast evolution of a massive ETG progenitor, there is the
biased collapse of the low angular momentum gaseous baryonic component in the
inner regions of the host DM halo (e.g. Fall 2002, Romanowsky & Fall 2012, Shi
et al. 2017). In this scenario, the formation of stars is predicted to primarily occur
within the inner regions of the halo, whereas the outer regions are expected to
predominantly contain gas and produce only a limited number of stars.

For the scaling relations presented in this Section, the star-formation efficiency
f« is normalised to ~ 0.2 and the infall fraction is normalised fiy¢ to ~ 0.6, using
these values as references for a mass of M, ~ 10! Mg, and z = 2 is chosen as the
fiducial redshift of the ETG progenitor formation. fins represents the fraction of
baryons initially present in the DM halo and experimenting infall. The halo-radius
is defined as

Ry ~ 1602 M3

inf,0.2 *,11[]~'72/Ez=0]_1'3 kpc, (1.1)

where E, = Qx +Qum(1-z)? is a redshift-dependent term. The gas is subjected
to cooling, fragmentation and infall within the infall-radius

Ring ~ fintRe ~ 96 fint06f, (1)/23 Mi{fl- (1.2)

The value of Rj,s aligns with the scale at which both observations (Hodge et al.
2013, Karim et al. 2013, Simpson et al. 2015, Hill et al. 2018) and high-resolution
simulations (Narayanan et al. 2015) suggest gas inflow occurs towards the central
regions of galaxy halos. The corresponding infall time scale is

R3

TC _
fayn(Ri = 5/ = AZIH ~ 8.5 x 108[E, /E,=] 2 yr. (1.3)
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Figure 1.2: Schematic view of the size and timescale evolution of a massive (M, ~
10! M) ETG progenitor. The early-fast (~ 10® yr) and late-slow (several Gyr) evolution
are separated by the dashed line. Image credits: Lapi et al. (2018).
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The gasis then subjected to cooling and fragmentation processes. The radiative
cooling time reads as

25%x108 T,
feool = yr ~
A_23(T, Z)n_3Cyo

4 x 108(r /Rinp) 2 yr (1.4)

with Ty = T/10°K being the temperature, n_3 = 1/1073 cm™ the gas density,
Coor = C/10 the clumping factor, and A_p; = A(T,Z)/107% cm3s~'K the cooling
function. The latter expression is derived for typical values of ETG progenitors
and within r < Rins. The cooling time is therefore comparable to or shorter than
the dynamical time, enabling the gas to cool efficiently and infall over fgyn(Rinf)-
In summary, the scenario predicts the infall to set in a time scale tqyn(Rinf) of ~ 108
yr and drives the subsequent evolution of the ETG progenitor within the infall
radius R < 102 kpc.

During the infall, only a fraction of gas is available to form stars. This fraction is
determined by the gravitational fragmentation of the rotating material, regulated
by the Toomre (1964) parameter Q = V2Qo /nGY, where Q = v/R ~ j/R? is the
angular rotation velocity, o is the gas velocity dispersion and & ~ Mgas(< R)/mR?
is the gas surface density. The rotating disc remains stable as long as Q is higher
than the critical values 0.7 — 1 - 2, respectively for thick, thin and composite discs.
The stability radius is then defined for Q ~ 1 and reads as

_ —2/3, 2/3 -
Rq ~ 6.3Qugy 20085 fin 0.6 X ><f*,o./z M*{u [E./E.=2]""/® kpc, (1.5)

with ogp = a/60kms_1.

radius is:

The corresponding dynamical time at the stability

-3/2,3/2 3s=1)/2 ;=1/2 1/2 _
tayn(Rq ~ 2.2 % 107Q3/2‘760/ Ao./035 X ing,Ob)/ *,o./z M*{n [E2/E.—0]* yr. (L6)

The infalling gas is then subjected to cooling and fragmentation processes
down to the radius set by the centrifugal barrier (Rq), corresponding to < 10 kpc.
Once this scale is reached, a gaseous clumpy (Mcumps < 10~ Mjn¢) and unstable
disc forms with a ratio of rotation velocity to velocity dispersion (v/o)g 2 3.

As a consequence of the biased collapse, the centre of the galaxy experiences
a rapid compaction within a few tens of Myr, driven by the migration of clumps
and gas. The migration timescale is

2.1Q2
6§as (Ro)

In this process, the dynamical friction, gravitational torquing and viscosity
effects are negligible near Rq, given that the gas possesses insufficient specific
angular momentum to counteract the gravitational pull. During this phase, gas
and clumps approximately maintain their initial specific angular momentum, and
are expected to feature moderate star formation activity, which proceeds over a
timescale

tmigr (RQ) = tayn (Rg) ~ 3.2x 108 yr. (1.7)
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tsrr = (50 — 100) X tayn (RQ) ~ 1 — 2% 10 yr. (1.8)

The SFR is regulated by energy /momentum feedback of supernovae and stel-
lar winds originating outflow. This effect is described through the mass loading
factor €,ut, which is defined as the ratio between the outflow mass loss rate and
the SFR (e.g. Thompson et al. 2005, Feldmann 2015).

The average SFRs around Rq based on mass conservation arguments is esti-
mated as

1 Minf
1 - R + €out tsFr

SFR(Rq = < 50 —200Mg yr !, (1.9)

where R is the return fraction of the gas from the formed stars. The estimated
approximations are consistent with the values measured from optical /NIR obser-
vations of massive, star-forming galaxies at z ~ 1 — 2 (e.g. Genzel et al. 2014, van

Dokkum et al. 2015, Barro et al. 2016a).

1.3.2 Compaction

The infall process of gas and clumps continues within Rg for ~ 107 yr, maintaining
its specific angular momentum (jinf), down to a radius Ryt which corresponds to
the radius where gravity and centrifugal support balance, strongly depending on
the spin parameter A of the host dark matter halo and the baryonic mass contrast

6(Rrot) = Minf/Mtot(< Rrot):

2

J _
Rror » G]af 8(Reot) ~ 1.3AG 35 lff% 06 X fe02 o5 1/131 E:/E:=] " kpe,  (1.10)
inf

The above expression implies Ryt < 1kpc, which is indicative of an extremely
high gas mass concentration. The gas kinematics is largely dominated by rota-
tional velocities of the order of hundreds of kms™!, corresponding to v/o < 10.

The dynamical time at Ryt is

[ RS
T Reoe 643 352 -1/2
tayn = 5 GZ\an ~ 2% 107 035 X fing 0.6 [Ez/Ez=2] 7y (111)

The dynamical friction may transfer the angular momentum toward the outer
regions, originating further gas collapse over a migration timescale < 10° yr.
The star formation within R, occurs over a time scale

tsrR(Rrot ~ (50 — 100) X tayn(Rrot) & (1 —2) x 10% yr (1.12)
at a rate

1 M inf

FR(Ryot) =
SFR(Rrot) 1 - R+ €out tsrr(Rrot

) < 500 — 2000 Moyr . (1.13)
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The high star formation activity is expected to occur in a dust-enshrouded
environment which has been rapidly enriched with metals. During the com-
paction phase, most of the stellar mass is accumulated (M, reaches from several
to many 10'°My) within Ryo. As tmigr(Rrot) S tdyn(Rrot) the system is driven
toward a bulge-like configuration in virial equilibrium through violent relaxation
processes, maintaining residual rotational support. During this phase, the galaxy
is expected to lie above the MS relationship given that the stellar mass is grow-
ing (Mancuso et al. 2016b), and the high SFR can result in partial disruption
of clumps and molecular clouds and may be subject to the Eddington limit for
starburst (Andrews & Thompson 2011, Simpson et al. 2015).

The overall galaxy star formation activity is expected to be limited and mildly
obscured in the region between Rqg and Ry, and a much stronger and dust-
obscured in the innermost regions within Ry.. For this reason, UV and FIR data
are expected to probe different spatial distributions and irregular and clumpy
morphologies. These analytical estimates are consistent with measurements from
FIR /sub-mm continuum and CO spectral line observations of star-forming galax-
ies at z ~ 1 — 2 (Barro et al. 2016a, Hodge et al. 2016, Barro et al. 2017, Tadaki
et al. 2017a, Talia et al. 2018), and for multi-wavelengths source reconstruction
of a limited number of strongly lensed galaxies (Dye et al. 2018, Enia et al. 2018,
Massardi et al. 2017).

At the end of the collapse, the baryons dominate the innermost regions of
the galaxy, this creates favourable physical conditions for gas inflows towards the
centre. This triggers the formation and accretion onto a central supermassive
black hole, thickening the reservoir, particularly the dusty torus of the active
galactic nucleus. This process leads to the emergence of an active galactic nucleus
in the central regions, profoundly impacting the system’s future evolution. The
radius of the baryonic-dominated region is

Ry ~ 18817 105 M5 [E2/E==a] " Kpe, (1.14)

with Ry, being larger than both Rt and Rq.

1.3.3 Feedback and stellar evolution

The size evolution of ETG progenitors is shaped by feedback events that expel
gaseous material from their inner regions. These events are triggered by phenom-
ena like supernovae, stellar winds, and emissions from the central SMBH during
its quasar phase. They play a critical role in regulating or even quenching star
formation activity. This phase, known as the puffing-up phase, leads to changes
in the gravitational potential, causing the stellar component to settle into an ex-
tended equilibrium state. The final size of the galaxy depends on the comparison
between the timescale of gas expulsion (7exp) and the dynamical time of the initial
configuration (Tgyn)-

In the case of a fraction of the infalling mass is ejected (fout) from the central
star-forming regions, an approximation of the final size Rpys after puffing up
can be derived in relation to the initial size Ri, by following Ragone-Figueroa &
Granato (2011):
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R u oul
Iinﬁ o~ (1 + 1f£f:ut) for Rin = 3kpc,

Rpuft R: _(P
p 1n
Rim (2.7kpc) for fout > 0.4.

(1.15)

In the above expression fout = Mout/Mins is the ejected fraction of mass, x =
™! ~ 1.1 and ¢ ~ 0.7 for an impulsive ejection, y = ~ 0.8 and ¢ ~ 0 for a slow
ejection. From the above expressions, follows that a considerable fraction of gas
(fout = 0.5 —0.7) is expected to be ejected, with a consequent puffing up of the
stellar distribution to a radius Rput ~ 3 — 5kpc. This radius can be significantly
larger than Ry as a consequence of the presence of the dark matter component
within the halo which enhances the puffing-up process in galaxies that were
initially more compact. Consequently to the size expansion, the mass within
Ryot is less concentrated in quiescent galaxies with respect to their star-forming
progenitors.

The expected expansion is foreseen to follow gas ejection within a relatively
short period, spanning from a few to several tens of millions of years. This
suggests that the puffing-up process likely began operating in compact, quiescent
galaxies at high redshifts (z > 2), as these systems are estimated to be older than
half a billion years (2 0.5 Gyr). From the kinematic point of view, while the stellar
velocity dispersion is mildly affected by the puffing-up process, the rotational
velocity significantly decreases because of the expansion in size, giving v/o < 0.5.

The resulting estimate of Ry,,¢ and stellar velocity ratio (v/0 ), pust are in concor-
dance with the quantities measured from optical /NIR observations for quiescent
galaxies at z ~ 1 — 2 (e.g. van der Wel & van der Marel 2008, van de Sande et al.
2013, van der Wel et al. 2014, Belli et al. 2017, Glazebrook et al. 2017, Toft et al.
2017).

1.3.4 Late evolution

The late slow evolution features the passive ageing of stellar populations, followed
by size and kinematic alterations through mass additions via dry merger events.
The mass after merging can be estimated given that Mmerg = Min(1 + 1), with
N = Mace/Min in terms of the accreted and initial material mass. For € = 1]1"‘,
with k¥ =~ 0.56 in local ETGs, the fractional size variations can be estimated from
the virial theorem and energy conservation as:

Rmerg _ (1 + T])2
Rin 1+ 172_K

(1.16)

The final sizes Rerg for the most massive systems increases by ~ 2 — 3 from
z ~ 210 0. The (v/0)xmerg Tatio decreases as a consequence of the size increase
and of the angular momentum loss during the merging. Again, these estimates
are consistent with those measured via optical/NIR observations of local ETGs
(e.g. Shen et al. 2003, Cappellari et al. 2013, Cappellari 2016).
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1.4. Goal of this Thesis

1.4 Goal of this Thesis

The primary objectives of this thesis, are to investigate and understand the proper-
ties and evolutionary processes of DSFGs at the peak of the Cosmic Star Formation
History, by exploiting the phenomenon of strong gravitational lensing to gain un-
precedented insights into the physical properties and structures of such systems.

By leveraging the unique magnification and spatial resolution provided by
gravitational lensing, a gravitational distortion of light caused by massive struc-
tures in the universe, our research seeks to unveil details about DSFGs that would
otherwise remain inaccessible.

In this thesis, I have exploited a sample of lensed galaxies, selected in the
millimetric band. The lensing effect allows us to include sources which other-
wise would not be extremely bright or peculiar and would remain undetected.
Ancillary information located our targets at redshifts close to the cosmic noon
and I have integrated the multi-wavelength observations available in the liter-
ature and in public surveys or telescope archives with proprietary data in the
radio band. These data come from telescopes such as HST in the optical/NIR,
the Spitzer and Herschel space observatories in the MIR-to-FIR and interferometers
such as ALMA and Australia Telescope Compact Array (ATCA) in the millimetre
and radio bands. Utilising the available information, we were able to extend the
statistical analysis conducted on the entire sample of lensed galaxies to delve into
a more comprehensive examination of specific targets.

Therefore the outline of the thesis is the following.

In Chapter 2 I will describe the analysis approach used in this thesis, providing
a brief introduction to gravitational lensing and focusing on the lens modelling
techniques utilised in the literature. I will describe how samples of strongly
lensed DSFGs are selected, and the role of multi-wavelength and spectroscopic
observations. The primary focus of my research will centre around the Herschel-
ATLAS survey, which serves as the source of the core sample of strongly lensed
galaxies examined in this study.

In Chapter 3, I will explore the Far-Infrared /Radio Correlation among a se-
lection of (candidate) DSFGs strongly lensed by gravitational effects. By taking
advantage of the amplification provided by gravitational lensing and exploiting
sensitive radio observations, I aim to extend this analysis to redshifts higher than
achievable and provide an evolutionary interpretation of their observed proper-
ties.

In Chapter 4 I will investigate the detailed physical properties of an individual
strongly lensed DSFGs, exploiting high-quality photometric and spectroscopic
data. To this purpose, I will also implement the lens modelling techniques men-
tioned above, which are essential to gain in-depth insights into these sources.

Finally, in Chapter 5 I will summarise the results and conclusions of this work,
inferring indications to the development of evolutionary models, and identifying
some future actions and perspectives that will be made possible by the analysis
described in this thesis.
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Chapter 2

Methodology-Strong Gravitational
Lensing

2.1 Gravitational Lensing

Gravitational lensing emerges as a direct consequence of Einstein’s General Rel-
ativity, wherein the distribution of matter and energy in the Universe bends the
structure of space-time. Consequently, all matter and energy within this curved
space-time adhere to paths dictated by its geometric nature. This intricate in-
terplay between the fabric of the Universe and its contents shapes the structures
that exist today. Photons coming from massive objects composed of baryons like
planets, stars, and galaxies, are compelled to follow the trajectories suggested by
space-time curvature. As a light ray traverses the space-time curvature it bends
towards the massive object responsible for curving space-time. This bending
gives rise to various significant phenomena, including the expectation of multiple
images, distortions, magnification, and time delays. Over time, numerous cases
of these phenomena have been observed, confirming Einstein’s predictions.

Gravitational lensing presents two primary benefits when studying distant
objects. Firstly, it conserves the source’s surface brightness while simultaneously
magnifying its apparent luminosity linearly with the magnification factor u. This
unique combination allows the observations of regions in the luminosity-redshift
space of faint astrophysical sources that would otherwise remain inaccessible.

Next, gravitational lensing distorts the shapes of the sources. For instance,
when an event is produced by a lensing galaxy, it leads to the observation of mul-
tiple images of the object, which appear elongated or "stretched" to the observer
by a factor u!/2. As a result, the angular sizes of the source are amplified, provid-
ing an enhanced view and enabling a more detailed examination of the object’s
features.

Gravitational lensing can manifest itself in three main ways. When the sizes
of the lensing systems significantly exceed the sizes of the lenses involved, it is
referred to as microlensing. Examples of such lenses include stars, planets, or any
compact objects present in the Milky Way, and in some extreme cases, even in
other galaxies (see right panel of Figure 2.1 for an example).

First detected in 1990 (Tyson et al. 1990), weak lensing events occur in the
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Figure 2.1: Left: the quadruply imaged QSO Q2237+0305. Credits: J].Rhoads, S.Malhotra,
LDell’Antonio (NOAO)/WIYN/NOIRLab/NSF. Right: the light curve for Q2237+0305,
this was the first object in which a microlensing event was ever detected (Irwin et al. 1989).
Credits: OGLE Web Page: http://ogle.astrouw.edu.pl/.

presence of a significant angular separation between the source and the lens. The
shape distortions in the images of the sources are incredibly subtle, to the point
that they can only be measured by averaging over a group of extended sources
(like galaxies) located behind the lens.

Finally, strong lensing occurs when the observer, the lens (a galaxy or a cluster
of galaxies), and the background source are well aligned along the line of sight.
This implies that the sky-projected sources are at a small angular distance with
respect to the deflector’s centre. As a result, the background sources may appear
as multiple images whose separation depends on the mass distribution of the
foreground lenses (see left panel of Figure 2.1 for an example of strong lensing of
a QS0O).

In this thesis, my primary focus will be on the latter scenario. The key astro-
physical advantage is the opportunity to study high-redshift galaxies at sub-kpc
scales, surpassing the constraints in angular resolution and sensitivity posed by
the current instrumentation.

Gravitational lensing also becomes a means to detect minor sub-structures

within the lenses through high-resolution imaging (e.g. Vegetti & Koopmans
2009, Hezaveh et al. 2016). These sub-structures, which can have low masses, offer
an opportunity to test the cold dark matter scenario concerning the formation of
structures on smaller scales.
Moreover, the statistical distribution of the lenses, together with the distribution
and the extent of image separations, are influenced by both dark matter and
dark energy components in the Universe. Thus, statistically significant samples
of gravitational lenses can serve as valuable tools for constraining cosmological
parameters. For instance, studies such as those by Grillo et al. (2008) and Eales
(2015) have demonstrated the application of large gravitational lens samples in
this regard.
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2.2 Lens modelling

To maximise the scientific potential offered by gravitational lensing and recon-
struct the properties of the lensed target, it is necessary to assume an appropriate
lens model. This problem can be tackled from two different perspectives.

The first method is the so-called parametric approach. This consists in assuming
an analytic model for both the lens and the source. For example, the lens mass
profile can be described by a Singular Isothermal Sphere or Ellipsoide (SIE, e.g.
Kormann et al. 1994, Mufioz et al. 2001) or a Navarro-Frenk-White (Navarro et al.
1996) profile, while the source’s light can be modelled by a Sérsic profile. The
effects from the environment are instead usually described by an external shear
parameter. Each profile is described by a set of free parameters, each of them
to be multiplied by the number of lens components. The best-fit parameters are
obtained from a x? fit statistics by minimising the term:

2 (fl - ]\/Iz'fsrc)2
Xone Z R @.1)
Where f; and f are the image and source flux respectively and ¢; is the associated
uncertainty.

The main drawback of this approach is that it is highly reliant on the number
of parameters utilised to describe the model, and even for the most basic lens
and source descriptions, this quantity can become exceedingly large, leading to a
considerable increase in computational cost.

Parametric methods encounter a further constraint when dealing with in-
tricate source morphologies. This limitation becomes increasingly pronounced
when the system is observed using high angular resolution instruments like HST,
JWST and ALMA. In such instances, irregular and asymmetric morphologies can-
not be accurately approximated using straightforward light profiles such as the
Sérsic model. Even more sophisticated techniques like multi-Gaussian expansion
or shapelets fail to capture the full complexity of these source morphologies. Fur-
thermore, expanding the parameter space to reproduce more complex profiles
could potentially lead to degeneracies.

Due to the aforementioned reasons, an alternative semi-linear inversion (SLI)
approach has been developed over the past 20 years (e.g. Warren & Dye 2003). In
this method, the source is pixelated, treating the pixel counts as free parameters,
without making any assumptions about the intrinsic morphology of the source.
By doing so, the challenge of finding an appropriate parameterisation for the
source is eliminated, thus preventing any bias in the fitted mass profile that could
result from a sub-optimal choice. The term "semi-linear" is attributed to this
method because the source reconstruction involves a linear problem, while the
mass modelling constitutes a non-linear problem.

2.2.1 The SLI method formalism

Pixelisation reconstructs the light from the source by employing an adaptive pixel
grid. In this approach, once a fixed mass profile is established, the pixelated
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2.2. Lens modelling

source light distribution that yields the lowest x? value through linear inversion
is determined. Subsequently, the mass profile is fine-tuned to minimise the x?
values obtained from these linear inversions. As a result, this technique can
proficiently handle complex source morphologies, ensuring an unbiased solution
by avoiding source smoothing during the process.

For a given mass model parameters, the inversion consists of the linear prob-
lem, for which the goodness of the fit is quantified by the merit function G, defined
as:

J I sifii—d; 2
2 2i=1Sifij —d;
G—Ximg_E (0—] , (2.2)

j=1

where s; is the surface brightness of the i-th source pixel, f;; is the j-th pixel of the
lensed and PSF-convolved image of source pixel i. d; are the counts and o; is the
statistical uncertainty of observed image pixel j. The set of I equations minimising
each source’s term is written as:

]
190G fij Zk 1 Skfk] fijd;
— — 2'
335 = 0= > ( , , (2.3)
=1 ]
which, in matrix form, are:
FS =D. (2.4)

The elements s; are contained in the column matrix S of length I. F is a symmetric
IXI matrix defined by the elements F;; = Z?Zl fiifxjl 0]2, and D is a column vector

of length I defined as D; = Z§=1 fijd;/ 0]2. By matrix inversion, it is possible to solve
for the source’s pixel counts by the matrix product of the two linear matrices:

S=F'D. (2.5)

The covariance matrix between source pixels i and k for independent image pixels
1s:

J
2 _ 7 295 0k

Ojp = 0i 5737 (2.6)
! P 1 dd; dd;
which, from Equation 2.2.1, can be written as:
2 : 2 : fij : Jfmj
Oik = Z 0; Z Ci— Z Cim— = Cik (2.7)
i1 1= 9 m= 0j

The former equation implies C=F~!, which is the covariance matrix for S.
Although the inversion process is exceptionally well-suited for conducting
comprehensive analyses of a lens galaxy’s mass, it involves a deconvolution and,
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because of source plane pixels’ independence, it can introduce artefacts into the
solution due to the noise. A prior is applied to the solution to address this issue,
ensuring a certain degree of smoothness. This is called regularisation term, it is
defined as the linear combination of terms s;s; and is added to the merit function:

G=x>+AGL=x>+A Z A;kSiSk- (2.8)
ik

Following the previous methodology, this leads to:

S = [F+ AH]"'D, (2.9)

where A is the reqularisation constant and H is the reqularisation matrix, defined as:

1 9°Gyr
Hij == . 2.10
ik 2 aSZHSk ( )
Analogously to Equation 2.2.1, the covariance matrix for the regularised case is:
2 i
G‘k = ij—‘ = Rik -A Rﬂ[RH]kl. (2.11)

2.2.2 Adaptive semi-linear inversion

The discretisation of the source plane that is used in the inversion process is com-
pletely free of constraints. For this reason, rectangular pixelisation is not always
the optimal approach to source reconstruction. One notable issue is that it utilises
only a small subset of the source pixels to perform the reconstruction. Moreover,
the vast majority of pixels used in the reconstruction are often positioned far away
from the actual source and, consequently, the remaining pixels merely contribute
to fitting noise.

This approach is inefficient, leading to longer analysis runtimes. Additionally,
it compromises the effectiveness of regularisation. Therefore, the solution is a
pixelisation scheme that concentrates its pixels in regions where more data are
present, such as the highly magnified areas in the source plane. This is called
adaptive pixelisation scheme, it employs fewer pixels for reconstruction enhancing
the computational efficiency (Nightingale & Dye (2015)).

With a fixed mass model, the centres of the image plane pixels are traced back
to the source plane and grouped using a k-means clustering algorithm, defining
new pixel centres in the source plane. These clusters with newly determined
centres are then approximated to (for example) Voronoi or Delauney cells. As
a result, regions with higher magnification will be probed by a greater number
of cells, while regions with lower magnification will have fewer cells assigned to
them.

How does the adaptive scheme influence the regularisation? When using the
rectangular grid, each source pixel undergoes regularisation with its four neigh-
bouring pixels. The fluxes are then determined, the differences are summed up
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and the solutions with significant discrepancies are penalised. In contrast, adopt-
ing an adaptive grid each source pixel is compared with all other source pixels
sharing a direct vertex. Consequently, different source pixels may undergo reg-
ularisation with varying numbers of source pixels, depending on the number of
neighbours they have. This approach increases the adaptability of the regularisa-
tion process, allowing for more flexible adjustments to the source reconstruction.

The formalism to describe this approach is the same, with the exception that
the regularisation term is expressed as:

I Ny
ZZ si—siol?, (2.12)

i=1 n=1

where N, is the number of neighbouring tassels for each cluster determined by
the h-cluster centres.

2.2.3 Extending the SLI to visibilities

The SLI formalism can also be extended to interferometry (Dye et al. 2018, Enia
et al. 2018, Maresca et al. 2022), modelling a set of visibility data, i.e. the result
of the correlation of signals coming from an astrophysical source and collected
by an array of antennae operating in the radio-to-mm band regime as an interfer-
ometer, whose Fourier transform gives the source surface brightness distribution.
Performing an inversion directly on the Fourier space (or uv-plane) circumvents
the issue of dealing with artefacts and noise correlation arising in the image as a
consequence of poor sampling of the uv-plane.

Following a similar formalism concerning the one used in Dye et al. (2018),
the fluxes of the i-th pixel in the source plane and the respective j-th image-plane
pixel are, as in the previous section, contained in the rectangular matrix f;;. Analo-
gously, complex visibilities from the lensed image are collected rectangular matrix
gij, which are the Fourier transform of the i-th source pixels in unit surface bright-
ness computed at the j-th visibility point in the uv-plane. For each j-th visibility
corresponding to the source pixel surface brightness s;, the model visibility set
can be described as }}; s;gi;.

Given a set of observed visibilities V,;;, the merit function can be described as:

J
1 Z |Z -1 1g1] obs,]|
j= ]

computed over a total of I pixels and ] visibilities. ¢; are the 1o uncertainties
on the observed visibilities . As in Equation 2.2.1, the last term in the expression
describes the reqularisation, where A is a constant determining the strength of the
regularisation, and H the regularisation matrix. Following the same procedure as
in Section 2.2.1, the values s;, represented by the vector S which best reproduces

2sTHs (2.13)

In the analysis described in Chapter 4 of this thesis, the 1o uncertainties are rescaled adopting
the CASA task statwt to match their absolute value.
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the observed image-plane visibilities, can therefore be derived by minimising the
merit function G. The solution to this linear problem is given by:

S =[F+ AH]"'D, (2.14)

where F and D are respectively the matrices F;; = ZL (g gﬁf&n +gi g}n/ 02)

and D; = 3 _ (g8 VE + ¢l Vi/a2).

mn

2.3 Observations of strongly lensed galaxies

Occurrences of strong lensing events are infrequent, requiring an exceptionally
precise alignment between the observer and the lensing system composed of two
objects at distinct redshifts. As aresult, building statistically significant samples of
strongly lensed galaxies requires extensive photometric and spectroscopic large-
area surveys and effective identification techniques.

Over several decades, extensive datasets from optical and radio observations
have been available for exploration in this pursuit. These datasets feature a sub-
arcsecond spatial resolution, which is necessary for identifying distinctive char-
acteristics associated with strong gravitational lensing, such as multiple images,
arcs, and rings (Treu 2010).

Historically, the systematic identification of strongly lensed systems in the
radio regime began with the MIT-Green Bank (MG)-VLA survey (Lawrence et al.
1986), leading to the discovery of a few radio-loud lensed quasars exploiting the
VLA sub-arcsecond angular resolution. Almost 20 years later, 22 new AGNs were
discovered in the Cosmic Lens All-Sky Survey (CLASS; Browne et al. 2003). HST
imaging follow-ups of ~ 100 galaxy-scale lenses were conducted in CLASS and
other similar surveys as part of the CfA-Arizona-Space-Telescope-LEns-Survey
(CASTLES; Munoz et al. 1999). CASTLES was also the first uniform sample
of high-resolution images of known galaxy-scale lens systems, including both
galaxy-quasar and galaxy-galaxy lens configurations.

In the optical regime, 85 galaxy-galaxy lenses were discovered in the Sloan

Lens ACS (SLACS; Bolton et al. 2006) Survey exploiting the large volume of spec-
troscopic data from the SDSS survey and followed up with HST/ACS imaging
(Auger et al. 2009). The SLACS for the Masses sample (Shu et al. 2015) added 40
new lensing systems with lower lens masses.
Additional sets of data generated from the SDSS survey include the SDSS Quasar
Lens Search (SQLS) sample, which comprises 28 galaxy-scale multiply-imaged
quasars selected through multi-colour imaging (Oguri et al. 2006). Furthermore,
the Major UKIDSS-SDSS Cosmic Lens Survey (MUSCLES) sample (Jackson et al.
2012) identified several more galaxy-quasar lens systems by leveraging data from
both SDSS and the UKIRT Infrared Deep Sky Survey (UKIDSS). 35 galaxy-galaxy
lensing systems were discovered inside the Strong Lensing Legacy Survey (SL2S;
More et al. 2012), exploiting data from the Canada-French Hawaii Telescope Lens-
ing Survey (CFHTLenS; Gavazzi et al. 2012). From the latter, newer lensing sam-
ples have emerged (More et al. 2016a, Paraficz et al. 2016).
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The BOSS Emission-Line Lens Survey (BELLS; Brownstein et al. 2012) identified
approximately 30 galaxy-galaxy systems within the Baryon Oscillation Spectro-
scopic Survey (BOSS) and obtained high-resolution imaging from HST (Brown-
stein et al. 2012). This effort later expanded into the BELLS GALLERY survey,
which focuses on Ly« emitters as source galaxies (Shu et al. 2016). Furthermore, a
subset of 13 strongly lensed quasars has been uncovered using BOSS data (More
et al. 2016b).

Usually, optical observations lead to the identification of nearby lensed systems
(z < 1), where the lensed objects are often found in more advanced stages of their
evolution featuring lower amounts of dust with respect to star-forming systems at
higher redshifts. This is a straightforward consequence of the obscuration effect
of the dust, making SFGs less likely to be detected. In order to identify highly
star-forming objects, the best strategy is to search for DSFGs in the mm regime,
complementing these observations with multi-wavelength data.

2.4 Multiwavelength Observations of Sub-millimetre
Selected Strongly Lensed DSFGs

As discussed in Section 1.2 of the previous Chapter, DSFGs provide a unique
window into the processes driving intense star formation, galaxy interactions,
and feedback mechanisms in the early Universe. By studying these extreme
objects, one can gain insights into the processes that shape galaxies over billions
of years, shedding light on the overall story of galaxy evolution.

Over the last twenty years, observations have provided insights into the nature
of DSFGs, uncovering their statistical characteristics as a result of larger numbers
being identified through wide-area surveys (> 0.1-100deg?; e.g. Smail etal. 1997,
Bakx et al. 2018, Scott et al. 2008, Eales et al. 2010, Aretxaga et al. 2011, Casey et al.
2012a,b) conducted with both ground-based (e.g. the JCMT), and space-based
facilities (e.g. the Spitzer and Herschel Space Observatories).

Nonetheless, grasping the intricate spatial distribution and dynamics of indi-
vidual molecular clumps, often on sub-kiloparsec scales, remains challenging.

The advent of ALMA in recent years has significantly advanced our under-
standing (see e.g. Hodge & da Cunha 2020). For instance, ALMA continuum
observations provided insights into the properties of the bulk of dust content
(composed by the coldest dust grains) by tracing the Rayleigh-Jeans tail of ther-
mal dust emission of DSFGs at z ~ 2 — 3.

However, a comprehensive understanding of these galaxies goes beyond eval-
uating their integrated properties retrieved only in sub-mm bands, as vital evo-
lutionary processes occur on sub-galactic scales, encompassing stellar and AGN
teedback, star formation triggers and quenching, spheroid formation, and galaxy-
black hole co-evolution, requiring a variety of multi-wavelength data.

In this sense, high-resolution ALMA observations, with sub-arcsecond spatial
resolution, have been of great impact. High-z DSFGs found both above and on
the MS, have been found to host a compact (~ 1 — 5 kpc; Simpson et al. 2015,
Barro et al. 2016a, Oteo et al. 2016, Barro et al. 2017, Fujimoto et al. 2017, Tadaki
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et al. 2017a,b, Talia et al. 2018, Nelson et al. 2019, Pantoni et al. 2021) and central
concentrated dust continuum. The sizes of this compact dust component, are
often found to be consistent with the sizes inferred from radio emission, however,
they differ from optical measurements (~ 2 — 10 kpc; Rujopakarn et al. 2016,
Nelson et al. 2019, Pantoni et al. 2021). Yet a fraction (~ 20%) of sub-mm-selected
DSFGs remains undetected in deep HST imaging (e.g. Franco et al. 2018, Wang
et al. 2019a, Gruppioni et al. 2020; see also Section 4.1).

Further complexities arise from the multi-wavelength morphology of these
galaxies. Recent studies employing ALMA and HST imaging have highlighted
clumps in the optical rest-frame and smoother FIR rest-frame emissions with
compact cores and extended disks. Clumpy structures have also been observed
with ALMA in the FIR rest-frame continuum, while larger scales reveal isolated
and disturbed morphologies, often requiring multiple-component models for
multi-wavelength emission.

Spatially-resolved radio emission provides insights to distinguish between the
stellar emission from AGN contributions, though such studies are limited due to
extensive integration times required for high-redshift analysis.

From the point of view of the central SMBH, X-ray observations of DSFGs
have unveiled the gradual growth, which continues until the mass and power is
high enough to manifest as a quasar and quench star formation and cleaning the
surrounding interstellar medium (ISM; see e.g. Mullaney et al. 2012, Page et al.
2012, Delvecchio et al. 2015, Rodighiero et al. 2015, Stanley et al. 2015, 2017; Hickox
& Alexander 2018 and references therein).

Despite progress, a complete physical understanding of high-z DSFGs remains
elusive. A comprehensive approach involving galaxy property characterisation,
molecular spectral lines, and spatially-resolved multi-band imaging is crucial.
This approach provides insights into mechanisms and processes across evolu-
tionary stages, offering clarity on the role of DSFGs within the broader context of
galaxy formation and evolution.

Strong gravitational lensing, therefore, offers an exceptional opportunity to
investigate the properties of such objects. In FIR/sub-mm bands, high-z lensed
dusty galaxies are exceptionally bright, while a negligible signal comes from the
foreground lens, which is often a massive evolved elliptical at z < 1. Also, the ob-
scuration from the foreground lens that limits the investigation of the background
galaxy in the optical is negligible in the FIR/sub-mm domain.

Models (Blain 1996, Perrotta et al. 2002, Lapi et al. 2006, Negrello et al. 2007;
Negrello et al. 2010, Lapi et al. 2011) predict a steep luminosity function for
SMGs, resulting in a sharp drop in the number counts at the brightest fluxes
(=~ 80 — 100 m]y at 500 um). Beyond this threshold, various galaxy populations
can be detected, such as low-redshift (z<0.1) late-type galaxies, flat spectrum
radio sources, HyLIRGs, and gravitationally lensed DSFGs at z> 1.

By adopting this simple flux density threshold, combined with shallow optical
and radio data to identify and remove contaminants, gravitational lensing systems
can be efficiently selected. Given the low predicted surface density of these
systems (< 0.5 deg™2), large area surveys are required to detect a significant
number of lensing events.
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In this sense, the capabilities of the Herschel Space Observatory and the com-
prehensive Planck all-sky survey at sub-mm wavelengths (Pilbratt et al. 2010,
Cafiameras et al. 2015), along with the achievements of the SPT in the mm fre-
quency bands (Vieira et al. 2010, Carlstrom et al. 2011, Mocanu et al. 2013), has
been amply proved.

The SPT-Sunyaev-Zel'dovich survey identified 81 strongly lensed DSFGs over
an area of 2500 deg? by adopting a slightly different selection method (S1.4mm > 20
m]y; Vieira etal. 2013, Weifs et al. 2013, Spilker et al. 2016, Everett et al. 2020, Reuter
et al. 2020). Wardlow et al. (2013) identified 11 lensed galaxies over the 95 deg? of
the HerMES survey (Oliver et al. 2012); other 77 candidate lensed galaxies were
found by Nayyeri et al. (2016) in the HeLMS survey (Oliver et al. 2012), and in the
HerS survey (Viero et al. 2014).

In the context of sub-mm/mm selected lensed galaxies, it is important to
emphasise that the interference stemming from the foreground lens — typically a
passive elliptical galaxy — with the sub-mm emission of the background galaxy is
minimal. Consequently, the process of modelling the lensed morphology remains
largely unaffected by uncertainties associated with lens subtraction, a predicament
often encountered in optically chosen lensing systems.

Furthermore, this selection method exclusively harnesses the attributes of the
background galaxy itself, specifically its sub-mm flux density. As a result, any
potential bias against the lens’s redshift and mass is circumvented. Notably, a
handful of confirmed lenses already exist with redshifts surpassing z > 1. This
avenue opens up the opportunity to investigate the mass distribution and the
abundance of dark matter substructures in galaxies reaching significantly high
redshifts compared to previous studies (e.g., Dye et al. 2014; Hezaveh et al. 2016).

2.4.1 The Herschel-ATLAS survey

The H-ATLAS survey (Eales et al. 2010) is the widest area (600 deg?) extragalactic
survey undertaken by Herschel and has provided a sample of more than a hundred
thousand dusty galaxies at high redshift. During the Science Demonstration Phase
(SDP), covering a 16 deg? portion of the sky, Negrello et al. (2010) selected the first
sample of 5 strongly lensed galaxies in H-ATLAS. The area is divided into three
well-studied sky fields, visible in Figure 2.2, located in regions uncontaminated
by the dust in the Galactic plane. The North Galactic Pole (NGP) is centred at R.A.
13h18m and dec +29°130’ (J2000) and extends over 180.1 deg?, covering the Coma
Cluster The equatorial fields cover the GAMA survey along ~ 9h, 12h, and 15h,
measuring 161.6 deg?. Finally, the South Galactic Pole (SGP) covers 317 deg? and
it is centred at R.A. Oh6ém and dec -32° 440’ (J2000). Negrello et al. (2017) further
exploited this survey to extract a catalogue of 80 candidate strongly lensed dusty
star-forming galaxies brighter than 100 mJy at 500 ym, and, with the recent Third
Data Release Ward et al. (2022) found 11 more candidates in the SGP.

The SPIRE photometry is obtained from the point-source Herschel /SPIRE cat-
alogues of the H-ATLAS Data Release 1 and 2, described in Valiante et al. (2016)
and Maddox et al. (2017). The catalogues have been created identifying the 2.5
o peaks in the SPIRE 250 um maps, which are then used as position priors to
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Figure 2.2: Herscel/SPIRE maps of the H-ATLAS fields. Yellow circles represent the

centroids of the 80 candidate strongly lensed galaxies selected by Negrello et al. (2017).
Credits: Negrello et al. (2017).
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Figure 2.3: Integral number counts of the candidate lensed galaxies with Fsooy, > 100
m]y from the sample of Negrello et al. (2017) (purple dots), compared to other candidate
lensed galaxies derived by Nayyeri et al. (2016) from HeLMS+HerS (blue triangles). Error
bars correspond to the 95 % confidence interval. The black line represents the prediction
for the abundance of unlensed DSFGs at z>1.5 from the model predictions of Cai et al.
2013. The red line represents the predicted number counts of lensed sources for different
values of the maximum magnification factor u. Grey squares represent measurements of
the number density of unlensed DSFGs derived from P(D) analysis (Glenn et al. 2010).
Image credits: Negrello et al. (2017).
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measure flux densities in the other SPIRE bands. The instrumental and confusion
noise has been minimised through the use of a matching filter for the creation of
the maps from which fluxes have been extracted. Only sources with a signal-to-
noise ratio > 4 in at least one of the three SPIRE bands have been included in the
final catalogue. As described in Negrello et al. (2017), extended sources have been
detected through optical images and treated as contaminants and, therefore are
not included in the sample of 80 candidate lensed galaxies. The sample galaxies
feature FIR (8-1000 pm) luminosities in the range 13 < log(Lrr/Lo) < 14 (un-
corrected for lens magnification). They span a redshift range 1 < z < 4.5 with
a median value zpyeq = 2.5. However, at the beginning of our analysis, only 21
of the 80 candidates in Negrello et al. (2017) sample were confirmed to be gen-
uine strongly lensed objects through detailed optical /NIR (with HST and Keck;
Fu et al. 2012, Calanog et al. 2014, Messias et al. 2014) or sub-mm (with SMA and
ALMA; Bussmann et al. 2013, Massardi et al. 2017, Enia et al. 2018, Dye et al. 2022,
Maresca et al. 2022) images of their structure, together with spectroscopic redshift
measurements of the background lensed galaxy and of the foreground lens. For
8 sources, the lensing scenario is strongly supported by the redshift difference of
optical/NIR and sub-mm galaxies along the line of sight. The remaining objects
were classified as uncertain because they still missed proper follow-up that could
confirm their lensed nature.

Bakx et al. (2018) extended the selection criteria adopted by Negrello et al.
(2017) by including DSFGs with (sub-)mm color-estimated photometric redshift
Ziphot > 2, and Ssooum > 80 mJy. This sample, namely HerBS, is expected to
contain both lensed and unlensed sources, given that for fluxes Sspoum < 100 the
number density of unlensed DSFGs increases exponentially. In Section 5.2.1, I
will provide further details regarding the HerBS survey and the recent ALMA
follow-ups conducted for this sample.

2.5 Studying lensed DSFGs from observations

The gravitational amplification makes accessible to observations regions of the
luminosity /redshift space that would otherwise be beyond the reach of cur-
rent instrumentation or would require exorbitant amounts of observing time.
Sub-mm-selected samples of lensed galaxies are ideal for follow-up observations
aimed at understanding the detailed properties of starburst phenomena in distant
galaxies.

The investigation of these properties can be pursued through two primary
and complementary strategies, harnessing the potential of multi-wavelength data
from lensed high-redshift DSFGs. In the following section, I outline the rationale
and significant advantages underlying these two methods, which have culminated
in the development of this study.
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2.5.1 Studies of statistically significant samples

The first approach involves the analysis of statistically relevant samples of lensed
DSFGs. This method is centred on the selection of a group of objects sharing com-
mon observational traits. The robustness of this method lies in its ability to yield
a coherent and representative so to be statistically significant sample containing a
substantial number of sources, which is essential for analysing physical attributes.
However, a notable drawback is the scarcity of data, particularly in specific re-
gions of the electromagnetic spectrum. This scarcity can introduce uncertainties
in photometric redshifts, and in some cases, necessitate arbitrary assumptions
regarding under-sampled galaxy properties.

However, when dealing with samples selected using instruments with low
angular resolution, such as the case of lensed galaxies selected with Herschel, the
issue of blending must also be taken into account. Blending in FIR observations,
such as those conducted with the Herschel Space Observatory, refers to the situa-
tion where the emissions from multiple celestial sources overlap or blend within
the telescope’s spatial resolution. This can result in a single observed signal that is
a combination of emissions from multiple individual sources, making it difficult
to accurately identify and characterise each source separately.

The FIR emissions from galaxies, particularly DSFGs, are crucial for study-
ing their physical properties, SFR, and dust content. However, due to the rela-
tively large beam size of FIR telescopes like the Large APEX BOlometer CAmera
(LABOCA) or Herschel /SPIRE (e.g. the SPIRE beam size is of ~ 30 arcsec, while
the LABOCA beam size of ~ 20 arcsec), multiple galaxies within a single beam can
contribute to the observed signal (Hodge et al. 2013). This blending effect can lead
to several challenges, such as source identification, the flux measurement of the
individual source, and therefore the correct estimation of the physical properties
and photometric redshift, for example through SED fitting.

To mitigate the effects of blending, high-resolution follow-up observations at

other wavelengths (e.g., using radio, sub-mm, or optical telescopes) are often
conducted to resolve individual sources within the blended region. These obser-
vations help in accurately identifying and characterising the contributing galaxies,
allowing for more reliable scientific analyses and interpretations.
In the context of gravitational lensing, this approach benefits from the inherent
magnification in the flux density of the objects in question. Consequently, it offers
the great advantage of broadening studies to encompass galaxies that possess
intrinsically lower flux densities and often fall below the confusion limit. This
expansion allows for an investigation of the fainter portion of the luminosity
function, overcoming sensitivity and confusion limits.

Gravitational lensing also offers an extra advantage due to its unique system-
aticbiases when contrasted with field sources. While observations in the field tend
to be biased towards sources with high luminosity or low redshifts, gravitation-
ally lensed sources are biased towards compact, higher redshift objects (typically
z > 1). Moreover, they are less biased against high intrinsic luminosities (e.g.
Swinbank et al. 2010).

However, the primary drawback when examining extensive sets of lensed
DSFGs arises from the lack of uniformity in the angular resolution of the data.
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This aspect becomes particularly critical in the determination of the intrinsic (de-
magnified) physical properties. Lens modelling is indeed a process that can be
accomplished solely for objects with resolved spatial features. Consequently,
when lens modelling isn’t accessible for all objects within the sample, one must
resort to making assumptions about the value of the magnification factor.

2.5.2 Studies of individual sources

The second method centres on the study of limited samples or individual objects
that possess an extensive collection of high-quality photometric and spectroscopic
data. This approach aims to achieve a profound understanding of the ongoing
astrophysical processes.

In the present era, achieving high-resolution imaging is feasible in both the
optical/NIR domain, especially thanks to HST and the new JWST, or adaptive
optics systems, such as the Keck Observatory and in the mm/radio spectrum
using ground-based interferometers such as ALMA and the VLA.

The combination of high-resolution imaging in both the long and short-
wavelength regimes is particularly important in studying a lensing system. In-
deed, one of the significant uncertainties relies on the determination of the stellar
component of the background DSFG, whose light can be captured in the ob-
served optical/NIR regime. However, the light of the lensing system at these
wavelengths is intrinsically faint because of the dust obscuration and the redshift
and is often dominated by the foreground lens” emission (Negrello et al. 2014).
To overcome this issue, an accurate modelling and subtraction of the lens light
profile is required to detect the faint emission from the background source. This
is necessary to perform accurate SED-fitting and disentangle the contributions
from galaxies in the lensing system, and can only be achievable with high-quality
imaging.

Conversely, achieving high-resolution follow-up observations in the sub-mm
and mm wavelengths is essential for unveiling the multiple images of the back-
ground source. Figure 2.4 pictures the situation described above.

Spectroscopic data are extremely important to confirm the source’s redshift,
kinematic, and gas content (e.g. Tadaki et al. 2015, Barro et al. 2016a,b, Decarli
et al. 2016, Talia et al. 2018, Rizzo et al. 2020, Pantoni et al. 2021, Rizzo et al. 2021,
2022). Observing spectral lines in high-z DSFGs requires an enormous amount
of time (several hours), even with ALMA, and therefore it is often only feasible
for individual sources. The magnification offered by strong lensing improves the
performance of these observations. For example, Neri et al. (2020) determined the
redshifts of 13 bright galaxies identified in H-ATLAS with S5 um 2 80m]Jy, includ-
ing several lensing systems. They established robust spectroscopic redshifts for
12 individual sources, relying on the identification of at least two emission lines.
Building on the success of this initial study, a comprehensive and extensive survey,
known as z-GAL (Cox et al. 2023), has recently been conducted employing the
Northern Extended Millimeter Array (NOEMA). This survey yielded dependable
redshifts for all 126 bright Herschel-selected SMGs with 500 um fluxes exceeding 80
m]y. These sources were chosen from the H-ATLAS and HerMES fields situated
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Figure 2.4: Example of the SED for a gravitational lensing system belonging to the H-
ATLAS survey, namely HATLASJ090311.6+003907 or SDP.81 (Negrello et al. 2014). The
SED of the lens and the background galaxy are depicted in blue and red respectively.
The illustration demonstrates how observations at various wavelengths explore distinct
elements of the lensing system. The foreground galaxy is studied in the optical/NIR
range, as exemplified by the upper left inset featuring data from instruments like the HST.
In contrast, the FIR to mm range, as observed by tools like the SMA (depicted in the lower
right inset), uncovers details about the dust-obscured background galaxy. Image credits:
http://www.mattianegrello.com
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in the Northern and equatorial regions of the sky.

The BEARS survey is another recent redshift campaign (Urquhart et al. 2022,
Bendo et al. 2023, Hagimoto et al. 2023) performed with ALMA using both the
12m and the Atacama Compact Array (ACA) arrays and targeting the brightest
sources in the southern field of the H-ATLAS survey. While 81 sources were tar-
geted, 142 objects were resolved and 71 were spectroscopically confirmed through
the detection of [CI], CO, and H,O lines. The outcomes of this redshift campaign
open up several follow-up observations. Bendo et al. (2023) measured the contin-
uum emission reconstructing the SED of these data, and Hagimoto et al. (2023)
estimated the physical conditions of the ISM through the detected spectral lines
[CI], CO, and H,O lines.

Spectroscopic observations of strongly lensed sources can also be exploited to infer
important dynamical properties of distant galaxies with unprecedented angular
resolution. For instance, Rizzo et al. (2020) investigated the dynamics of the
strongly gravitational lensed galaxy SPT-S J041839-4751.9 at z = 4.2. By applying
a three-dimensional lens-kinematic modelling technique to ALMA data, they
found evidence of a dynamically cold and highly star-forming disc.

This approach has been extended in Rizzo et al. (2021) for a sample of five strongly
lensed DSFEGs, exploiting ALMA spectroscopic [CII] data, and reconstructing their
kinematics down to a scale of ~ 200 pc.

2.5.3 Examples of high-quality single source studies in the H-
ATLAS field

Some of the sources in the H-ATLAS sample have been individually studied in
detail exploiting multi-wavelength high-resolution observations. Here I provide
details on the objects that have been analysed among the sample of Negrello et al.
(2017).

* J085358.9+015537 (G09v1.40) has been the target of high-resolution follow-
ups in NIR (Keck/NIRC2 Ks band and HST/WEFC3 F110w) and sub-mm
(SMA), exploited for source reconstruction (Bussmann et al. 2013, Calanog
et al. 2014, Enia et al. 2018), together with high-resolution ALMA observa-
tions presented in Falgarone et al. (2017) and more recently in Butler et al.

(2021). The latter revealed a massive outflow detected via the absorption
OH+(11 - 10) line

e HATLASJ090311.6+003907 (SDP.81) has been the target of observations and
modelling in the ALMA long-baseline campaign (Partnership et al. 2015,
Dye et al. 2015, Hatsukade et al. 2015, Rybak et al. 2015b, Rybak et al. 2015a,
Swinbank et al. 2015, Tamura et al. 2015, Hezaveh et al. 2016). These studies
led to the reconstruction of the matter distribution of the foreground lens
through the detection of low-mass substructures, together with the pixelated
surface brightness distribution of dust in the lensed source. Thanks to
ALMA CO and [CII] spectroscopic data, it was also possible to measure with
high precision the gas mass distribution and the kinematics of the clumps,
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revealing a disturbed morphology of the stellar, gas, and dust components
(Figure 2.6; see also Rybak et al. 2020).

HATLAS]J090740.0-004200 (SDP.9) Has been imaged in the Optical with the
Keck telescope and in the NIR with HST at 1.1 and 1.6 um (Dye et al. 2014,
Negrello et al. 2014). ALMA high-resolution images of the continuum at 1.1
mm and of CO(6-5) (Wong et al. 2017) have been combined and modelled
with X-ray band observations from Chandra to reconstruct the morphology
and characterise the nuclear emission (Massardi et al. 2017, see Figure 2.5).

J091043.0-000322(SDP.11) is another strongly lensed system discovered dur-
ing the H-ATLAS Science Demonstration Phase (Negrello et al. 2010). The
Keck and HST maps revealed the presence of a nearby spiral galaxy whose
NIR emission partially overlaps with the one coming from SDP11. Massardi
et al. (2017) observed this source with Chandra, finding an X-ray emission
originating from the nucleus.

J114637.9-001132 (HATLAS12-00) is a cluster-lensed galaxy identified cross-
matching the Plank ERCSC (Planck Collaboration, 2011) and phase 1 release
of H-ATLAS Examination. The Keck Adaptive Optics (K-band), SMA (880
um), and JVLA CO(1-0) observations confirmed its lens nature (Fu et al.
2012), highlighting the presence of a heterogeneous distribution of various
components in different photometric bands.

HATLAS]J142413.9+022303 (ID141) is one of the brightest lensed SMGs in
the H-ATLAS field, with a SFR of ~2400 Meyr~! and has been extensively
analysed and modelled in several works (Cox et al. 2011, Bussmann et al.
2013, Omont et al. 2013, Dye et al. 2018, Enia et al. 2018, Cheng et al. 2020,
Dye et al. 2022). The Keck K-band images analysed in Calanog et al. (2014)
revealed two compact galaxies interior to the Einstein ring, each consistent
with an early-type morphology. Dye et al. (2018, 2022) performed lens
modelling and source reconstruction for the ALMA continuum, and several
spectral lines such as CO, [CI], [CII], and H;O; the analysis also includes
kinematic modelling of the spectral components.

HATLASJ142935.3-002836 (H1429-0028) is another extensively studied ob-
ject among the sample of Negrello et al. (2017). Messias et al. (2014) studied
the object adopting a broad range of multi-wavelength imaging, including
ALMA Band 3 and Band 6 data at intermediate angular resolution (1.4 arcsec
and 0.6 arcsec respectively). The Keck telescope Optical imaging (Calanog
et al. 2014) revealed the foreground lens to be an edge-on spiral. Further
studies (Dye et al. 2018) modelled ALMA Band 7 continuum at higher an-
gular resolution (~ 0.1 arcsec), finding an extremely high SFR to dust mass
ratio. Messias et al. (2019) presented new APEX observations of the system,
assessing the ISM gas content and the complete CO-SLED of the background
source.

J132427.0+284449 This peculiar object is another galaxy strongly lensed by
a low redshift foreground cluster (George et al. 2013, Timmons et al. 2015).
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Figure 2.5: Image plane and reconstructed source plane of the strongly lensed DSFG
SDP.9. Rainbow colour scale represents the 1.3 ALMA continuum map, HST/WFC3
1.6um emission is shown in grey colours. The green circle represent the position of the
reconstructed X-ray emission peak from Chandra observations. Credits: Massardi et al.
(2017)

The gravitational distortion results in an extended arc (~ 1.5 arcsec) de-
tected in HST/ Keck optical /NIR images and the mm regime with SMM and
ALMA. The first observations are presented in George et al. (2013), includ-
ing dedicated follow-ups at 3.5 mm with the Combined Array for Research
in Millimeter-wave Astronomy (CARMA) and VLA 7 GHz observations to
trace its radio continuum emission. A detailed lens modelling, together with
the derivation of the fundamental physical properties of J132427.0+284449
has been performed by Timmons et al. (2015).
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Figure 2.6: Reconstructed source plane of the strongly lensed DSFG SDP.81. Grey con-
tours enclose the NIR emission from HST/WFC3 data, ALMA 1 mm continuum and the
combined CO(5-4) and CO(8-7) emission is shown in green and red respectively. Credits:
Rybak et al. (2015b)
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Chapter 3

Investigating Radio Properties of a
Sample of (Candidate) Strongly
Lensed DSFGs

In this Chapter I will present the radio-FIR correlation for a sample of 28 (can-
didate) strongly lensed DSFGs in the redshift range 1 < z < 4, observed in the
HATLAS fields and selected from the sample of Negrello et al. (2017). As high-
lighted in Section 2.5, selecting a statistically significant sample of lensed galaxies
can offer the major advantage of the enhancement of the source brightness as a
consequence of lensing magnification. The radio information comes either from
high-sensitivity dedicated ATCA observations at 2.1 GHz or from cross-matches
with the VLA-Faint Images of the Radio Sky at Twenty-Centimeters (FIRST) sur-
vey at 1.4 GHz.

In Section 3.1 I will introduce the FIRRC and the physical mechanisms under-
lying this correlation and its redshift evolution. In Section 3.2 I will present our
proprietary ATCA data, their observations, reduction and imaging to retrieve 2.1
GHz measurements of radio properties for the 30 candidate lensed galaxies in the
H-ATLAS Southern field. In Section 3.3, by combining our data with VLA FIRST
survey data and H-ATLAS catalogued data, I will present the derived FIRRC for
the sample, its redshift evolution, and its luminosity dependence. In particular,
I will compare the results to that of the lensed quasar sample by Stacey et al.
(2018, 2019), highlighting the complementarity of the two selections and, finally
presenting a physically-motivated interpretation in the framework of an in-situ
galaxy evolution model (Section 3.4). Finally, I will summarise the results in Sec-
tion 3.5). The content of this Chapter is primarily based on the findings published
in Giulietti et al. (2022).

3.1 The FIRRC

For several decades the rest-frame 1.4 GHz radio luminosity density L1 4G, (W
Hz™!) emitted by bright dusty star-forming galaxies has been associated with
their FIR luminosity Lgr (8-1000 yum rest-frame) in terms of an empirical relation
between these two quantities, namely the FIR-radio correlation (Helou et al. 1985,
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Yun et al. 2001). Such a relation is found to be roughly linear across ~ 3 orders
of magnitude in luminosity 9 < log (Lpr/Lo) < 12.5 with a rather low 1o scatter
< 0.26 dex; it is often described via the parameter grr (e.g. Yun et al. 2001,
Magnelli et al. 2015) defined as:

Lrr[W]/3.75 X 1012)

- (3.1)
L1scu[WHz™]

grr = log

The tightness of this relation can be ascribed to the common origin of the radio
and FIR emissions as interpreted by calorimetric models (Voelk 1989, Lacki &
Thompson 2010). In this framework, cosmic ray electrons lose all of their energy
prior to escaping the host galaxy, which is assumed to be optically thick to the
UV light coming from young newborn stars. This UV light is absorbed by the
interstellar dust within the galactic medium and subsequently emitted again in
the FIR regime. At the end of their lives, the same massive stars explode as Type
IT supernovae producing cosmic ray electrons and positrons, radiating most of
their energy in the radio band through synchrotron emission before escaping the
galaxy. Additionally, a secondary component of the radio emission comes from
the free-free contribution originated by the hot and ionised HII regions.

The FIR-radio correlation is well established in the local universe (Helou et al.
1985, Yun et al. 2001, Jarvis et al. 2010, Smith et al. 2014, Molnar et al. 2017,
Wang et al. 2019b). Its apparent tightness encouraged the use of radio emission
as an unbiased tracer of obscured star formation in dusty galaxies (Kennicutt &
Evans 2012), and prospectively as a probe to obtain a comprehensive view of the
cosmic star formation history up to very high redshift (Madau & Dickinson 2014,
Delhaize et al. 2017, Novak et al. 2017). This is, in fact, one of the key science
drivers of the SKA and of its pathfinder telescopes such as the Australian Square
Kilometre Array Pathfinder (ASKAP) and MeerKAT (e.g., Jarvis et al. 2015) and
of the next-generation Very Large Array (ngVLA), focused on the investigation of
the emission mechanisms that power the radio continuum emission in galaxies
(Murphy 2019).

For example, early science data at 1.3 GHz from the MeerKAT International
GHz Tiered Extragalactic Exploration survey (MIGHTEE, Jarvis et al. 2016) have
been recently analysed in An et al. (2021), together with radio data from the VLA
and the GMRT, to investigate the radio spectral properties and the FIRRC for a
sample of 2094 SFGs in the COSMOS field. Moreover, future observations with
SKA will enable detailed investigations of magnetic fields in galaxies, which can
be particularly relevant in the FIRRC, especially in the low SFR regimes (Schleicher
& Beck 2016).

To achieve this goal, however, it is necessary to set on a firm basis the con-
nection between radio and FIR emission (hence star formation), and to assess its
redshift dependence, which has been strongly debated in the last decades. From
a theoretical perspective, an evolution in redshift is expected as a consequence of
either the additional energy losses of the cosmic rays interacting with the CMB
photons through inverse Compton scattering (e.g. Lacki & Thompson 2010, Mur-
phy 2009; see also Appendix A.3) or because of the co-evolution of AGNs in dusty
environments with ongoing star formation in the early stages of galaxy evolution
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(Lapi et al. 2018). In fact, sources whose radio emission is dominated by nu-
clear activity show up as outliers of the FIR-radio correlation (Sopp & Alexander
1991, Stacey et al. 2018). A gpr = 1.8 was proposed by Condon et al. (2002)
as the boundary between star-formation and (radio-loud) AGN-dominated radio
emission.

From an observational point of view, evolution is far from being settled. On
the one hand, different works found no significant evidence of a trend with
redshift (e.g. Sargent et al. 2010). On the other hand, several authors pointed
out the presence of a slight decline of the grr parameter: Magnelli et al. (2015)
report evidence of a weak redshift evolution in a mass-selected sample of galaxies,
rendered as grr o« (1 +z —0.12£0.04, 5 similar result was found by Basu et al. (2015)
for a sample of blue cloud galaxies at z < 1.2; Tabatabaei et al. (2016) studied
the radio continuum emission from the KINGFISH sample of nearby galaxies
finding that the FIR to 1-10 GHz luminosity ratio could decrease with the star
formation rate, suggesting a decrease of the ratio at high redshifts where mostly
luminous/star forming galaxies are detected; more recently, Ocran et al. (2020)
analysed the radio properties of 1685 star-forming galaxies selected at 610 MHz
with the GMRT, inferring an evolution gpr o 2.86 + 0.04(1 + z)~9-202002 yyp to
z ~ 1.8; Delhaize et al. (2017) found gir o (1 +2z)~%19%001 for galaxies selected with
the VLA at 3 GHz; Calistro Rivera et al. (2017) obtained ggr o (1 + z)~0-15%003 for
a sample of star-forming galaxies obtained with Low Frequency Array (LOFAR)
at 150 MHz.

This observed evolution would imply that high-z (z > 1) star-forming galaxies
somehow present a more pronounced radio emission (or a lower FIR luminosity)
compared to their local counterparts. Other studies instead argued on the possi-
bility that the observed trend with the redshift may be a consequence of selection
effects (e.g. Sargent et al. 2010, Bourne et al. 2011, Molnar et al. 2021), which
can be ascribed to the difference in depth between radio and FIR surveys and to
flux-limited samples or to selections biased towards more massive galaxies, as
recently reported by different authors (Delvecchio et al. 2021, Bonato et al. 2021,
Smith et al. 2021). In fact, investigations at higher redshifts carried out up to
z 2 2 (Ivison et al. 2010a, Thomson et al. 2014, Magnelli et al. 2015) have been
limited by the availability of very deep radio data and/or redshift measurements.
In this sense, selection biases can be minimised in homogeneous populations of
FIR/sub-mm galaxies (e.g. Algera et al. 2020).

3.2 Radio observations of the H-ATLAS sample

3.2.1 ATCA follow-ups

The sample in the H-ATLAS SGP field comprises 30 sources with 22 < RA < Oh
and —36 < 6 < —28. All these are candidates, i.e. not yet confirmed at the time of
observations, strongly lensed galaxies. Observations were centred at2.1 GHz with
a 2 GHz bandwidth and were carried out with the Australia Telescope Compact
Array (ATCA) on 2017 December 14th and on 2019 July 31st respectively with 6
km and 750 m East-West configurations. The corresponding largest angular scales
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(LAS) are 3.6 and 1.8 arcmin for the first and second configurations respectively.
The expected resolution is ~ 10 arcsec if the farthest antenna, CA06, is included
in the data, as in our case. In 2017 we got 12 allocated hours that allowed us to
perform ~ 7 X 2min cuts on each target. In 2019 we performed 2 X 2min at least
on each source for a total of 4 observing hours. The observing strategy allowed
enough coverage of the uv plane to recover suitable images of the targets. The
weather and system conditions were excellent in both the observing epochs.

I have performed data editing, calibration, and imaging using Miriad (Sault
et al. 1995). Data flagging has been performed automatically through the task
PGFLAG and I have followed the common calibration procedures for 16 cm data
sets. I have manually checked that all the major RFI features were removed, flag-
ging more than 30% of the data, but still recovering a 0.06 mJy beam™! theoretical
noise level (10). PKS1934-638 was observed as a bandpass and flux calibrator.
Two-phase calibrators were observed during the 12-hour and 4-hour observations
(PKS0008-421 and PKS2255-282) and their solutions are merged to correct the data
phases as a function of time. The calibration process scheme with the tasks used
is shown in Figure 3.1. The first step consists of determining the primary calibra-
tor (PKS1934-638) corrections (the task used is MFCAL), as antenna gains, delays
terms and passband responses, by averaging the data. The second task, GPCAL
then is used to determine corrections for both antenna gains and instrumental
polarisation from the primary calibrator. The solutions are then copied through
the task GPCOPY into the phase (secondary) calibrator GPCAL is re-applied to solve
for antenna gains and the XY phases as a function of time. GPBOOT bootstraps
the flux density of the secondary calibrator by knowing the flux density of the
primary. Finally, the calibration solutions are copied on the target.

I have combined the 2017 and 2019 data sets during the imaging process with
the task UVAVER in order to improve the uv-sampling and the dynamic range of
the final image. Furthermore, I have performed self-calibration in each observed
field, exploiting the presence of several bright and point-like sources in the large
tield of view (22 arcmin FWHM), allowing the improvement of the overall signal-
to-noise. Flux densities (Simage) and image noise (Oimage) are then extracted from
the Briggs-weighted continuum images with a robust factor of 0.5. The average
synthesised beam is ~ 7.4 X 3.9 arcsec. Noise is computed as

6Simage = \/(Uimage)2 + (0~05 X Simage)2 (3-2)

to consider the calibration errors. For later use, I convert the ATCA flux densities
from 2.1 GHz to 1.4 GHz assuming a power law spectrum S, = v* with average
radio spectral index & = —0.7 + 0.14, consistently with Stacey et al. (2018).

3.2.2 The FIRST catalog

The FIRST (Faint Images of the Radio Sky at Twenty-cm; Becker et al. 1995)
survey, performed with the VLA reaches a typical rms of 0.15 mJy beam ~! and
a resolution ~ 5 arcsec comparable with those of ATCA observations. FIRST
overlaps with the Equatorial and NGP H-ATLAS fields, thus complementing our
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BAT:?E?(SS/ PHASE TARGET
MFCAL
GPCAL GPCOPY
GPCAL
GPBOOT GPCOPY

Figure 3.1: Flow chart of the calibration process. Blue cells show the tasks adopted and
grey cells represent (from the left) the bandpass/flux calibrator, the phase calibrator and
the target.
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search for radio counterparts for the Negrello etal. (2017) sample. The cross-match
with the FIRST catalogue within 10 arcsec of the Herschel-ATLAS position yields
8 potential counterparts, while 12 objects present a clear > 3 o signal in the FIRST
maps, within the H-ATLAS beam size. For one of the matched sources, namely
H-ATLAS ]J142935.3-002836, the FIRST flux density value has been replaced with
the more reliable one coming from the JVLA 7 GHz high resolution (~ 0.3 arcsec)
and high sensitivity (10 uJy beam™') observations described in Messias et al. (2014)
(converted at 1.4 GHz).

Observations at 6.89 GHz from the JVLA are available for one additional source
(H-ATLASJ133542.94+300401) and are described in detail by Nayyeri et al. (2017).
The image reaches an rms of 7.8 uJy beam™! and a beam size of 1.01x0.81 arcsec;
for my analysis, I use the flux density at 1.4 GHz reported in Table 1 of Nayyeri
et al. 2017.

H-ATLASJ090311.6+003907 (SDP.81) is detected in the FIRST catalogue, was
observed by the Extended Very Large Array (EVLA) at 8.4 GHz (Valtchanov et al.
2011, Rybak et al. 2015b). However, its radio emission is likely to have originated
from the AGN hosted by the foreground lens (Tamura et al. 2015, Rybak et al.
2020); for this reason it has been excluded a priori as a possible counterpart.

3.2.3 Selection of the radio counterparts

The detected sources display a variety of radio morphologies: some of them show
a compact radio emission, and others instead feature a more extended structure
or even multiple components, but the angular resolution of the observations is
not enough to resolve any of the arcs possibly associated with lensing effects.

For this reason, in order to establish whether a radio source is correctly as-
signed as a counterpart of our selected Herschel sample, I selected radio detections
with at least > 30image confidence level and then consider their position with
respect to the optical /IR and the mm high angular resolution imaging.

I consider as a counterpart only the component nearest to the SPIRE peak
position, whose radio-detected emission overlaps with sources detected in NIR or
mm, even though this can result in an underestimation of the radio luminosity in
case of multiple component radio sources. In the NIR I exploit HST/WFC3 wide-
] filter F110 maps described in Negrello et al. (2014) and more recent snapshot
observations covering the Equatorial and Southern fields (PI: Marchetti L., 2019),
both reaching an angular resolution of ~ 0.13 arcsec. The remaining sources are
observed by the UKIDSS Large Area Survey (UKIDSS-LAS; Lawrence et al. 2007)
and the VISTA Kilo-Degree Infrared Galaxy Survey (VIKING; Edge et al. 2013),
reaching angular resolutions < 1 arcsec. Millimetric high-resolution images come
from the ALMA Science Archive available at the time of this analysis: some of
the sources located in the SGP have been targets of Band 4 follow-ups at ~ 1.7
arcsec, while for objects in the Northern and Equatorial fields, I made use of the
images found in Bands 4, 6 and 7, with highest angular resolutions spanning from
~ 1.2to < 0.1 arcsec. For sources without high-resolution imaging, I compared the
uncertainties in the radio positional accuracy (Becker et al. 1995) with respect to the
one from SPIRE/250 um (Bourne et al. 2011), with a ~ 3¢ tolerance. I include only
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objects showing a superimposition between the two centroids and/or between
the SPIRE positional uncertainty and the radio detection.

Following the above criteria I found 11 and 17 sources in ATCA and FIRST
respectively, shown in Figure 3.2 and Figure 3.3. Please note that the HST/WFC3
maps reported here do not take into account the well-known positional offset
between ALMA and HST counterparts (Dunlop et al. 2016, Rujopakarn et al. 2016).
Therefore, combining ATCA follow-up and FIRST cross-matches I collected radio
measurements for 28 out of the 80 galaxies in the original sample by Negrello
etal. (2017). For the remaining objects,  have defined an upper limit for detection
at 30 from the noise at the position of the sources in the FIRST images and as
30image for ATCA images. Table 3.1 summarises the radio and FIR photometry
for our sample. Finally, it should be emphasised that the focus of this analysis is
solely on utilising the existing archived radio data, without delving into detailed
descriptions of individual objects.

I have taken into account the information available in the literature for the con-
firmed cases at the time this analysis has been performed, but for the remaining
unconfirmed ones in the absence of accurate lens modelling and/or higher an-
gular resolution observations, it was not possible to confirm whether or in which
fraction the radio emission is associated to the lensed object. This is also valid for
the SPIRE flux densities in the unconfirmed cases. Indeed, as shown in Figures
3.2 and 3.3, multiple sources entering the Herschel beam are detected in the ALMA
(sub-)mm maps, leading to a possible overestimation of the effective FIR lumi-
nosity of the actual counterpart. A fraction of low-resolution sub-mm detected
sources is indeed expected to be composed of multiple ALMA sources (Hodge
et al. 2013, Smail & Walter 2014, Bussmann et al. 2015). Here I have assumed that
the observed SPIRE flux density mostly originated from the same object and that
no strong FIR contamination from possible nearby sources is present. In any case,
this should not affect the objects confirmed to be lensed. In fact, we expect the
FIR luminosity of the lensed galaxies in our sample to be magnified by a factor
spanning the range ~ 3 — 10 (Negrello et al. 2017, Enia et al. 2018), with a negligi-
ble contribution from possible additional unlensed sources entering the Herschel
beam.

3.2.4 Physical properties of the sample

The rest-frame radio luminosity L1 4GH, at 1.4 GHz for each source (see Table 3.2)

is computed as
_ 471Df(z) Ve @ S
= —(1 n z)1+a Vo V,0 7

where S, « v is the monochromatic flux density at a certain frequency and
a is assumed to be -0.7 as the typical value at 1.4 GHz for FIRST (Kimball &
Ivezi¢ 2008), ve and v, are the emitted and the observed frequency, and Dy, is the
luminosity distance computed for each redshift according to the adopted ACDM
cosmology. Our 28 objects span a range 1.9 X 10** < Lisgn, S 1.8 X 102 W
Hz™! (uncorrected for the lens magnification factor p), with a median value of
LiagH, ~ 24X 10" WHz ™.

(3.3)

v,e
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Figure 3.3: Continued.

The FIR luminosity Lpr (see Table 3.2) is computed for each source in the
main sample of Negrello et al. (2017) by fitting the Herschel /SPIRE photometry
described in Section 2.4. I use a single-temperature modified black body under
the optically-thin approximation with dust emissivity index g = 1.5 (Nayyeri et al.
2016, Negrello et al. 2017), the spectrum normalisation and the dust temperature
(Tqust) are kept as free parameters. The model (S, pest) Wwhich minimises the x?is
then integrated over the wavelength range 8-1000 ym as follows:

4RD% 1000 ym

=t ), Sveetv (3.4)

Lrr

The resulting FIR luminosities (uncorrected for lens magnification) and dust
temperatures are shown in Figure 3.4. The FIR luminosities span the range
1.3 x 108 < Lpr/Lo < 1.1 x 10', with a median value of Lgr ~ 3.5 x 1013
Lo. The median value of the dust temperature for the total sample of candidate
strongly lensed galaxies is Tyt = 35.2 £ 2.1, consistently with what was found by
Negrello et al. (2017) for the same sample.

3.3 The FIR-radio correlation for (candidate) lensed
galaxies

In this Section, I will explore the correlation between the radio and the FIR lu-
minosities for my sample of 28 (candidate) lensed dusty star-forming galaxies,
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#H-ATLAS ID log(L14chz) log(Ler) JFIR
[Lo] [WHz™]

J000007.4-334059  25.86+0.04 13.40+0.05 1.55+0.15
J000722.1-352014  24.62+0.06 13.11+0.02 2.49+0.13
J000912.7-300807  24.29+0.10 13.24+0.01 2.96+0.23
J002624.8-341737  25.13+£0.08 13.59+0.07 2.47+0.24
J010250.8-311723  24.77+0.07 13.41+0.03 2.64+0.17
J012407.3-281434  25.37+0.05 13.58+0.04 2.20+0.14
J013004.0-305513  25.07+0.05 13.15+0.03 2.08+0.12
J013239.9-330906  24.98+0.10 13.48+0.07 2.50+0.28
J085358.9+015537 25.46+0.06 13.68+0.03 2.22+0.14
J090302.9-014127  25.09+0.15 13.72+0.03 2.64+0.35
J090740.0-004200  25.19+0.05 13.57+0.01 2.39+0.12
J091043.0-000322  25.22+0.08 13.55+0.02 2.33+0.20
J091840.8+023048 26.25+0.02 13.39+0.06 1.14+0.15
J114637.9-001132  25.86+0.06 14.03+0.05 2.17+0.18
J120319.1-011253  25.54+0.08 13.40+0.06 1.86+0.23
J125135.3+261457 26.01+0.05 13.87+0.09 1.86+0.23
J125759.5+224558  25.01+0.07 13.21+0.02 2.20+0.17
J131540.6+262322 25.51+0.07 13.21+0.07 1.70+0.23
J132427.0+284449 25.46+0.04 13.37+0.04 1.91+0.12
J133255.7+342207 25.42+0.07 13.33+0.04 1.92+0.18
J133542.9+300401 24.75+0.07 13.45+0.05 2.70+0.20
J133649.9+291800 25.37+0.07 13.59+0.03 2.22+0.18
J134429.4+303034 25.59+0.05 13.83+0.04 2.24+0.15
J142413.9+022303 25.95+0.09 13.93+0.12 1.99+0.34
J142935.3-002836  25.13+0.10 13.57+0.01 2.44+0.23
J230546.2-331038  25.49+0.06  13.58+0.1 2.10+0.27
J232531.3-302235  24.69+0.11 13.63+0.06 2.95+0.30
J232900.6-321744  25.15+0.06 13.45+0.06 2.30+0.19

Table 3.2: 1.4 GHz and FIR luminosities (uncorrected for lensing magnification effects) and
grr parameter for the 28 galaxies in the presented sample.
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Figure 3.4: Dust temperatures against FIR luminosities (uncorrected for magnification)
for the 80 (candidate) strongly lensed galaxies from Negrello et al. (2017). Green and red
dots show respectively sources with and without radio counterparts.

focusing on the observed quantities uncorrected for lensing magnification effects.
For each galaxy, I have computed the grr parameter following equation 3.1.

Figure 3.5 shows the gpr parameter as a function of redshift. I find a weak
yet appreciable decline of gpr with increasing z. My result is compared with
the redshift evolution reported by Magnelli et al. (2015) and Delhaize et al. (2017)
(red and green shaded areas respectively) and with the median value of the grr
parameter for star-forming radio galaxies from Ivison et al. (2010b). Magnelli
et al. (2015) studied a mass-selected sample of star-forming galaxies up to z ~ 2,
finding a slight evolution ggr(z) = (2.35 + 0.08)(1 + z)~912200%; in Figure 3.5 their
relation is extended up to higher redshifts to ease the comparison with our sample.
Similar results were obtained by Delhaize et al. (2017) from a radio-selected sample
of star-forming galaxies extending up to z ~ 6, as described by the relation
grr(z) = (2.52 + 0.03)(1 + z) 0212001 The majority of our sources show values of
grr Within the 20 interval around the median value of Ivison et al. (2010b) for
star-forming galaxies. Three sources lie below the limit of gpr ~ 1.8 established
by Condon et al. (2002) to separate between sources with radio emission powered
by star formation and by AGN, respectively. The AGN-powered objects are all
located at redshifts z > 2.

Figure 3.6 I show the dependence of the grr parameter on the radio luminosity
(uncorrected for lensing magnification). A clear tendency of the grr parameter
to decrease with increasing radio power is visible. The radio excess follows from
the definition given in Eq. 3.1 and, consequently, this observed trend can be
ascribed to the presence of an AGN. Such behaviour is similar to what has been
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Figure 3.5: gpr parameter (see equation 3.1) as a function of redshift. The grey dashed
line corresponds to the median grr for star-forming galaxies as defined by Ivison et al.
(2010b), and the grey shaded area represents the 20 dispersion. Red and black shaded
areas represent respectively the relation by Magnelli et al. (2015) and Delhaize et al. (2017).
Stars are the 28 galaxies in my sample: (blue) the confirmed lensed objects, (yellow) the
likely lensed objects, and (cyan) the uncertain objects. Triangles mark values of grr
computed with 30 upper limits for the remaining undetected sources in the radio band.
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Figure 3.6: The grr parameter, computed using the FIR luminosity, as a function of the
logarithm of the 1.4 GHz luminosity (not corrected for lens magnification). Stars and
triangles mark the same quantities as in Figure 3.5. Circles are the Stacey et al. (2018)
lensed quasars classified according to the origin of their radio emission: (red) jets, (green)
star formation, and (blue) unknown. Squares are from Stacey et al. (2019).
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revealed by Stacey et al. (2018) observing a sample of strong gravitationally-lensed
quasars. Their sample includes 104 quasars lensed by foreground galaxies, listed
in the SQLS catalogue and CASTLES database (Kochanek et al. 1999, Munoz et al.
1999, Inada et al. 2012) and detected in a variety of optical and radio surveys.
For clarity, in Figure 3.6 I have also reported their 31 detected sources that could
be divided into three categories: jetted quasars, where high-resolution radio
data confirmed the emission to be associated with AGN jets; non-jetted quasars,
dominated by radio emission triggered by star-formation; quasars where the
origin of the radio emission is unknown. They assumed a magnification factor of
u = 10:},0 for the majority of their sample, and the estimated median value of the

total infrared luminosity amounts to 3.6f§:2x1011 Lo. Two additional sources are
the gravitationally lensed radio-quiet quasars targeted by the LOFAR Two-metre
Sky Survey (LoI'SS) and detected by Herschel described in Stacey et al. (2019).

19 out of the 31 detected lensed quasars from Stacey et al. (2018) are located
below the threshold of 1.8 and are mostly (with only one exception) classified as
jet-dominated. For the remaining sources, only two quasars are confirmed to be
star formation-dominated sources and are found to be above the 1.8 threshold
within their uncertainties. The nature of the radio emission of the remaining
one-third of the sample (10 sources) is still uncertain. Only the 25% of their
sample has grr < 1.8 and lie in the same region of the jet-dominated quasars of
Stacey et al. (2018), actually aligning onto their trend of ggr with radio luminosity.
Most relevantly, the majority of our sources lie (~ 90%) in the region where radio
emission is dominated by star formation, thus complementing the radio/optical
selection adopted in Stacey et al. (2018) and actually extending to lower radio
luminosities a consistent gpr vs. radio luminosity relation.

As a final remark, I note that the assumption that the FIR luminosity is not
strongly affected by nearby objects entering the Herschel beam is reasonable. If not,
the trend in Figure 3.6 should show a clear offset with respect to the confirmed
lensed galaxies and/or with the points from Stacey et al. (2018, 2019). Another
support to this assumption is given by the fact that our points are consistent within
the uncertainties with the span of the grr — L1 4GH, relation.

3.4 Physical interpretation

In the way of providing a physical interpretation, in Figure 3.7 we compared the
observed FIR-radio correlation from this work and from Stacey et al. (2018, 2019)
to the galaxy formation scenario by Lapi et al. (2014, 2018) described in Section 1.3
(see also Mancuso et al. 2017, Pantoni et al. 2019). As previously described in this
thesis, this scenario envisages star formation and SMBH accretion in galaxies to be
essentially in-situ and time-coordinated processes, triggered by the fast collapse
of baryons in the host dark matter halos and subsequently controlled by self-
regulated baryonic physics, in particular by energy/momentum feedback from
SNe and from the central active nucleus.

The evolution of an individual massive galaxy (say the high-redshift star-
forming progenitor of a present-day elliptical) predicted by the model consists
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of different stages (see Lapi et al. 2018, and Section 1.3). Early on, the balance
between cooling, infall, compaction, and stellar feedback processes sets in a strong
and dust-enshrouded star formation activity (SFR~ several 10> M yr™!), with
a roughly constant behaviour in time (stellar mass increases almost linearly).
Meanwhile, in the inner, gas-rich galaxy regions the central BH undergoes an
exponential growth in Eddington-limited conditions. In this stage, the system
behaves as a bright IR/(sub)mm galaxy with an X-ray active nucleus. When the
central BH has grown to a significant mass, its energy output becomes so large as
to eject gas and dust from the host and eventually quench the star formation and
reduce the accretion onto itself to sub-Eddington values. In this stage, the system
behaves as a powerful AGN with possible residual star formation. Thereafter, the
stellar population evolves almost passively, and the system behaves as a red and
dead massive quiescent galaxy; its further evolution in mass and size toward the
present is mainly due to minor dry merger events.

In the early stages of the evolution when the central BH is still small and the
nuclear power quite limited, the radio emission is mostly associated with the star
formation in the host, implying modest L1 4cH, and standard values grr ~ 2.5.
Later on, when the BH mass has increased to substantial values, the radio emission
from the nucleus progressively overwhelms that from the star formation, driving
grir toward values appreciably smaller than 2.5. Values smaller even than 1.8 are
obtained when jetted emission is produced, preferentially in the late-stage of the
evolution: this is because extraction of rotational energy to drive jets is favoured
in sub-Eddington conditions that set in when the gaseous environment around
the BH has been partially cleaned by the feedback from the nucleus itself (see
above).

The typical model evolutionary track of a radio-loud AGN in the ggr vs. radio
luminosity diagram is illustrated by the black line with arrows in Figure 3.7; the
dark shaded area is the locus expected for such objects taking into account the
relative contribution of sources with different masses, weighted by their statistics
and timescales. For reference, the light-shaded area refers to the typical grr
parameter of star-forming galaxies with negligible contribution from AGNs to
radio emission. The agreement of the model prediction with the data is pleasingly
good and testifies that the behaviour of the FIR-radio correlation is physically
driven by the onset of jetted radio emission, and consistent with a co-evolution
scenario between star formation and BH growth.

3.5 Summary

In this Chapter, I have exploited a sample of sub-mm-selected (candidate) strongly-
lensed galaxy with radio counterparts to investigate the FIR-radio correlation out
to redshift z ~ 4. Specifically:

In Section 3.2 I cross-matched the Negrello et al. (2017) sample with the FIRST
survey at 1.4 GHz and ran a dedicated follow-up with ATCA at 2.1 GHz, finding
16 and 11 matches, respectively; the addition of another source observed at ~ 7
GHz with the JVLA (analysed in detail by Nayyeri et al. 2017) led us to a sample
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Figure 3.7: The FIR-radio correlation in terms of the ggr vs. radio luminosity (uncorrected
for lensing magnification). Data from this work (stars) and from Stacey et al. (2018, 2019).
Circles: red for jetted source, green for star-forming galaxies, and blue for uncertain
ones) are compared with the prediction of the in-situ galaxy formation scenario by Lapi
et al. (2014, 2018) for radio-loud AGNs. Specifically, the dark grey area represents the
locus of radio-loud AGNs and the light-shaded area for SFGs without a significant AGN
contribution to radio emission. The black line with arrows illustrates the typical evolution
of an individual radio-loud AGN at z ~ 2. An average magnification (u) ~ 10 (as
estimated by Stacey et al. 2018) has been applied to the model predictions for a fair
comparison with the data of gravitationally lensed sources.
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of 28 candidate lensed dusty star-forming galaxies with a radio counterpart over
the redshift range 1 < z < 4. In Section 3.3 I derived the radio and the integrated
FIR luminosities for the selected sample (uncorrected for lensing magnification),
that feature radio luminosities in the range 1.9 X 10 < Liscuz [W Hz™l] <
1.8 x 10%® and integrated FIR luminosity in the range 1.3 X 108 < Lpr/Lo <
1.1 x 10'*. By taking advantage of the source brightness possibly enhanced by
lensing magnification I have reconstructed the FIRRC of the sample, identifying
weak evolution with redshift out to z < 4 of the FIR-to-radio luminosity ratio
grIR, consistent with previous determinations at lower redshift based on different
selections.

Moreover, I found that the gpr parameter as a function of the radio power
L1.4GH, displays a clear decreasing trend, similar to the lensed quasars selected in
optical/radio by Stacey et al. (2018, 2019), yet covering a complementary region
in the grr — L1.4GH, diagram.

Finally, in Section 3.4 I have discussed how the behaviour of the FIR-radio
correlation can be interpreted according to an in-situ galaxy evolution scenario, as
the result of the transition from an early dust-obscured star-forming phase (mainly
pinpointed by our FIR selection) to a late radio-loud quasar phase (preferentially
sampled by the Stacey et al. 2018, 2019 selection).
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Chapter 4

Singular Case Study within a
Strongly Lensed DSFG Sample

In this Chapter, I will present the lens modelling, the source reconstruction, spec-
tral line and continuum analysis of HATLAS]113526.3—014605 (J1135 hereafter),
also called G12v2.43 or G12H43, an optical/NIR dark strongly lensed galaxy at
z = 3.1276 belonging to the Negrello et al. (2017) lensed candidate sample, featur-
ing a flux density at 500 um of 204 + 8.6 mJy.

This object serves as a remarkable illustration of an optical/NIR dark, sub-
mm selected strongly lensed DSFG during the peak of the Cosmic SFRD. The
availability of high angular and spectral resolution observations has enabled lens
modelling and the reconstruction of the source’s morphology. Furthermore, I will
present an exhaustive examination of the dust, gas, and stellar content, evolution-
ary stage, and physical properties of this heavily obscured galaxy:.

In Section 4.1 I describe the observed properties of optical /NIR dark galaxies.
In Section 4.2 I will present J1135, its ALMA high-resolution observations (includ-
ing continuum and spectral line analysis), and ancillary multiwavelength data.
Section 4.3 describes the lens modelling and source reconstruction technique
adopted to analyse ALMA data. In Section 4.4 I will illustrate the broad-band
SED-fitting procedure and the resulting physical properties. Section 4.5 and 4.6.3
overview the ISM conditions of J1135, with a particular focus on the water spectral
lines. In Section 4.7 I will investigate and provide interpretations of the outcomes
within the context of the in-situ evolutionary framework. The concluding Section
4.8 offers an overview of the Chapter’s contents.

This chapter is based on the discoveries presented in two publications: Giulietti
et al. (2023) and Perrotta et al. (2023).

4.1 The most obscured objects

In the last years, an even more extreme population of heavily obscured SMGs has
been discovered. These objects are missed in optical /NIR surveys and have been
found up to very high redshifts (z~ 6; Riechers et al. 2013, 2020, Marrone et al.
2018). These heavily obscured star-forming galaxies often lack a counterpart even
in deep NIR observed-frame HST (Wang et al. 2019a, Alcalde Pampliega et al.
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2019, Gruppioni et al. 2020) or either show extreme red colours (H — 3.6 um > 4;
see e.g. Wang et al. 2016) and are visible only from observed-frame MIR images
performed e.g. with the Spitzer /IRAC. Samples of optical /NIR dark objects have
been detected by observing deep CO line emission (Riechers et al. 2020), and have
been efficiently selected in sensitive radio observations (Talia et al. 2021, Enia
et al. 2022). These peculiar objects provide a significant and previously unknown
contribution to the cosmic SFRD at z>3 estimated to be at least 10% up to 25—-40%
with respect to the one inferred from UV-selected populations (Wang et al. 2019a,
Williams et al. 2019, Gruppioni et al. 2020, Talia et al. 2021, Enia et al. 2022).

The studies conducted so far concerning these elusive objects are however
limited by the poor angular resolution and sensitivity in MIR/FIR and sub-mm
bands, causing confusion problems and prohibiting a detailed investigation of the
physical properties of optical /NIR dark galaxies and the conditions of their ISM.
In the last years, ALMA deep field observations strongly improved the quality
of the observations of high redshift dusty galaxies, detecting SMGs up to flux
density limits of 5870Hm ~ 0.1 =1 mJy (Aravena et al. 2016, Walter et al. 2016,
Dunlop et al. 2017, Franco et al. 2018, Hatsukade et al. 2018), and were crucial to
establishing the physical properties of these bright sources (Sgzoym > 1 —2 mJy),
typically found in at z~2.5-3.0 (e.g. Simpson et al. 2014, 2017, Dudzeviciite et al.
2020, Simpson et al. 2020).

4.2 The Target

J1135 is part of the sample of 80 (candidate) strongly lensed galaxies (Negrello
etal. 2017) located in the equatorial GAMA 12" field (RA=11:35:26, dec=-01:46:07,
J2000). Among the other sources in the sample, it emerges for its rich profusion
of available ancillary data, while its lensed nature is still being debated. J1135 is
therefore chosen as the target for our analysis aiming to address its nature. The
spectroscopic redshift of z = 3.1276 of the background lensed source was obtained
from blind CO searches with the Zpectrometer ultrawideband spectrometer on the
Green Bank Telescope (GBT) (Harris et al. 2012) and confirmed by the Northern
Extended Millimeter Array (NOEMA) observations (Yang et al. 2017). So far,
no redshift measurement is available for the foreground lens. Andreani et al.
(2018) presented observations of high CO transition (J=7-6) obtained with the
APEX/SEPIA band 5 receiver for the background object. From the comparison of
the CO(7-6) transition with the CO(1-0) and CI(2-1) the authors pointed out the
presence of a large excitation status in the ISM of J1135.

Moreover, Vishwas et al. (2018) reported bright [OIII] 88 ym emission for J1135
detected through the ZEUS-2 instrument on APEX, attributed to ionised hydrogen
regions around massive stars. From the SED-fitting of the multi-band photometry
of J1135, the authors predicted J1135 to be a young, gas-rich starburst galaxy.

The object has also been targeted by the SMA high spatial resolution (~ 0.8
arcsec) observations described in Bussmann et al. (2013) but only marginally re-
solved. For this reason, its lensed nature has been debated in the works described
above.
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In the following, I will describe the data publicly available for J1135 exploited
in the analysis of this target.

42,1 ALMA observations

The objectis part of low (< 2 arcsecs) resolution observations in Band 3 (2017.1.01694.S,
PI: Oteo) aimed at tracing dense molecular gas through J=4-3 transitions of HCN,
HCO+, and HNC molecules. In this thesis, this data set is used for a preliminary
analysis of these spectral lines and is further described in Section 4.7.1.

J1135 was also included in a project (2019.1.00663.S, PI: Butler) whose main goal
was to investigate outflows in high redshift star-forming galaxies by tracing OH+
and CO(9-8) lines.

In the following, we describe the calibration, imaging, and analysis of further
data sets with the highest angular resolution available in the ALMA Science
Archive for J1135. These spatially resolved ALMA follow-ups reveal an almost
complete Einstein ring, confirming out of any doubt the lensed nature of this
system.

The object has been the target of ALMA Cycle 4 high-resolution follow-up in

band 8 (2016.1.01371.S, PI: Vishwas) aimed at resolving the lensed morphology
of the source and tracing the continuum at ~ 0.7 mm and the [CII] 158 ym FIR
line. The continuum was observed exploiting four basebands of width 1.98 GHz,
centred at 472.284, 470.451, 460.409, 458.534 GHz, each one composed of 128x
15.62 MHz channels.
The second examined data set is part of the ALMA Cycle 6 project (2018.1.00861.S,
PI: Yang) carried out with the goal of tracing H,O and CO (J=8-7) lines in candi-
date lensed galaxies at high redshift (z ~ 2—4) in Band 6 and 7. Both observations
are performed with the same configuration with a maximum baseline of 1397 m,
corresponding to a ~ 0.2 arcsec resolution in both bands. Band 6 targets the spec-
tral line emission of HyO(J=2¢-11,1) and CO(J=8-7) with two spectral windows
centred at 239.376 GHz and 223.583 GHz respectively, while other two windows
centred at 235.940 and 221.705 GHz are dedicated to continuum observations. The
H>O(J=32,1-31,2) and HyO(J=4; »-41 3) spectral lines are targeted in Band 7 with two
spectral windows, centred at 281.766 and 292.621 GHz respectively. The remain-
ing two windows centred at 280.314 and 294.266 GHz observe the continuum
emission. In both the bands, each spectral window has 1.875 GHz bandwidth and
240x7.8 MHz channels.

I calibrated the raw data calibration by running the available pipeline scripts
using the Common Astronomy Software Applications (CASA, McMullin et al.
2007) package version 4.7.2 and 5.4.0-68 for Cycle 4 and Cycle 6 data respectively. I
have manually subtracted the continuum using the task uvcontsub and performed
interactively imaged the data adopting a Briggs weighting scheme, which assumes
a robustness factor of 0.5. The properties of the generated images are reported in
Table 4.1, and the continuum-cleaned images are shown in Figure 4.3.

In Figure 4.4 I have reported the image plane moment maps of J1135 from
ALMA observations, showing zero, first, and second momenta for the [CII], the
CO(8-7), and the three HyO line transitions observed in J1135, corresponding
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Cycle 4 B8 Cycle 6 B6 Cycle 6 B7

Project ID 2016.1.01371.S 2018.1.00861.S 2018.1.00861.S
Spectral set-up [MHz] 4x128x15.63  4x240x7.81 4x240x7.81
Restored beam axes [arcsec?] 0.14x 0.07 0.29x0.25 0.23x0.2
Continuum sensitivity [m]y beam™!] 0.541 0.043 0.025

Table 4.1: Overview of ALMA observations used in the analysis of J1135.

Transition Vrest Ewp logA; ALMA Vobs Beam PA. pixel scale rms
[GHZz] K] [s™1 Band [GHz] [arcsec?] [deg] [arcsec]  [m]y beam™! km s7!]

p-HyO 2p-111  987.927 100.8 -2.23 6 239.376 0.305x 0.270 -86.74 0.048 0.44

0-HO 331-312 1162912 305.2 -1.64 7 281.766 0.259 x 0.226 -77.51 0.039 0.26

p-HyO 4p0-413  1207.639 4543 -1.55 7 292.621 0.251 x0.220 -78.19 0.039 0.24

CO(J=8-7) 921.800 199.1 -4.29 6 223.583 0.328 x 0.289 -85.21 0.048 0.35

[CIT] 1900.548 91.25 -5.6 8 460.510 0.142 x0.076 -62.45 0.011 3.30

Table 4.2: Properties of water, [CII], and CO(J=8-7) spectral lines and their respective
ALMA images. From the left: the line transition, rest-frame frequency, upper-level
energy, the logarithm of the critical density, observed frequency, angular resolution,
position angle, pixel scale, and rms.

respectively to the integrated brightness, velocity distributions, and velocity dis-
persion. Moments are computed considering the velocity range v, + FWHM
reported in Table 4.3 (see Section 4.2.2) and including only pixels above a 5¢
threshold, where o is the rms of the map.

The main features of the ALMA data analysed in this work and the properties
of the final images are reported in Table 4.1.

The flux densities derived for the continuum emission of the lensed source are
reported in Tab. 4.4. We also include the flux density value measured from the
archival image of the Band 3 continuum emission mentioned in Section 4.2. Flux
density uncertainties are computed including at least a 5% estimation of the flux
calibration accuracy:

5Simage = \/N(aimage)z + (0.05 X Simage)?, 4.1)

with Oimage being the rms and N the number of resolution elements inside the
aperture adopted to extract the flux density.

4.2.2 Spectral line profiles

Figure 4.1 reports the observed (magnified) [CII], CO(8-7), p-H2O (202 — 111), o0-
H>0 (321 — 312), and p-H,O (422 — 443) lines of J1135. The intensity of the water
lines is smaller (by a factor 2-4) but comparable to that of CO, with H,O covering
the same velocity range as CO and [CII]. The [CII], CO(8-7), and water emission
line profiles, scaled to the peak value of the [CII] profile for better visualisation of
the line profiles, are shown in Figure 4.2. The CO(8-7) and the water vapour lines
show consistent velocity dispersion, suggesting that they plausibly stem from the
very same physical region inside the galaxy.
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The shape of each spectral line was reconstructed exploiting a Bayesian Monte
Carlo Markov Chain (MCMC) framework, implemented numerically via the Python
package emcee (Foreman-Mackey et al. 2013; further details on the fit proce-
dure and the resulting contour plots can be found in Appendix B). Each spectral
line is fitted with a single Gaussian function, described by the parameter vector
0 = {Sp, vp, ov} where S;, stands for the peak flux, v, represents the position of
the peak in the velocity axis, and oy is the standard deviation of the Gaussian
(also called Gaussian RMS width). The main parameters of the spectral line fit are
reported in Table 4.3, along with estimates of the FWHM of the fitting functions,
line flux, the mean, and the standard deviation of the residuals of the fits.

The FWHM values for all the spectral lines are in concordance with what is
found by GBT and NOEMA CO and HO lines analysed in Harris et al. (2012)
and Yang et al. (2017). The peak of the brightest spectral lines is detected at
Vobs = 460.504 +0.003 GHz for [CII] and vops = 223.356 +0.0011 GHz for the CO(8-
7), confirming the redshift estimate by Harris et al. (2012) of 3.127 whose associated
uncertainties are dzcy = +0.005 and 6zcpg-7) = +0.003 respectively. In order to
identify possible signatures of rotations or outflows, we also performed a fit of the
profiles using two (and even three) Gaussian components, without finding any
striking statistical evidence in favour of any of these supplementary components.

The observed magnified line profiles measured within a region containing
the whole source emission are shown in Figures 4.1. Following Carilli & Walter
(2013a) we compute the observed magnified line luminosities expressed in units
of Kkm s™! as:

2
L. =325%107 X SjineAv ——=——. 4.2
line line (1 N Z)3V§bs ( )
Where SineAv is the measured flux of the line profile (in units of Jy km s Hand
Dy, is the luminosity distance. The luminosities expressed in Ly are computed as
Liine = 3 X 10‘11vfestL{ine. The final values computed for the [CII], the CO(8-7), and
water lines are summarised in Table 4.3.

4.2.3 Other bands

J1135 is covered by several surveys, such as the Kilo-Degree Survey (KiDS, de
Jong et al. 2013) and the Hyper Suprime-Cam Subaru Strategic Program in the
UV /optical bands (HSC, Aihara et al. 2018, 2022), the VIKING (Edge et al. 2013),
and the UKIDSS-LAS (Lawrence et al. 2007) surveys in the NIR, the Wide-field
Infrared Survey Explorer (WISE, Wright et al. 2010) in the MIR. PACS and SPIRE
FIR observations are reported in H-ATLAS First and Second Data Release cata-
logues (Valiante et al. 2016, Maddox et al. 2017). Moreover, the source is covered
by the VLA FIRST survey (Becker et al. 1995) in the radio band, where no emission
is detected.

High-resolution NIR follow-up observations are available for J1135. The target
was observed as part of the Cycle 19 HST /WFC3 snapshot program (PI: Negrello)
at a wavelength of A = 1.15 um (see Negrello et al. 2014 for further details of the
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Figure 4.1: Targeted lines as observed in ALMA Bands 6, 7, and 8. Lines are extracted
within a region enclosing pixels above ~50 drawn from the moment-0 map. The zero
velocity corresponds to the rest-frame frequency of the spectral line. Data are represented
by the blue step function along with the associated errors, i.e., the grey bars. The fit of the
spectral lines is represented by the black solid line. In the bottom boxes, we have shown
the magnitude of the residuals (red step function) relative to each fit together with their
mean value (black solid line) and their standard deviation (spanning the grey-filled area).
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0.5
— H20 (J=2,2 - 11,1)
—— Hx0 (J=33,1 - 31,2)
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[CH]

Snorm [Jy]

400 —300 —200 —100 O 100 200 300 400
v [km s71]

Figure 4.2: Water emission line profiles superimposed to the CO(J=8-7) and [CII] lines
and scaled to the [CII] peak. The velocity scale is relative to the systemic velocity of J1135.

- O @
Continuum-band 8 Continuum-band 7 Continuum-band 6

Figure 4.3: ALMA Bands 8, 7, and 6 continuum emission for J1135. White contours
display the emission at 9,7,5 and 3 ¢. The synthesised beam is displayed in the bottom-
right corner, postage stamps are 3x3 arcseconds.
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Line Sp Vp Oy FWHM S, Xx FWHM (Sy) Oy uL ul
[mJy] [kms™!] [kms™'] [kms™] [Jykms™] [107#]y] [107*]y] [10%Le]  [10°Kkms™!]
p-HyO 2p0-117 183 +4 18+3 108 +3 255+7 47 +0.2 1.5 19 8.22 +0.35 28.4+0.1
0-H,O 371-31, 204 +4 9+2 100 £2 235 +4 4.8 +0.2 0.43 8.2 9.88 +0.41 209+09
p-HyO 420-413 10.7+3 10+3 92+3 218 + 8 2.3+0.2 -0.17 8.9 492 +0.43 9.31 £0.81
CO(8-7) 404 +5 11 929+08 2192 8.8+0.2 2.7 17 144 +0.3 61+1.4
[CII] 424 +11 8«2 76 +2 179 +5 71+ 4 -15 260 240 + 12 116 + 6

Table 4.3: Observed emission lines parameters derived from the Bayesian MCMC Gaussian fit. Here S, is the Gaussian’s peak, v}, is the
peak position on the velocity axis, oy is the standard deviation (or the Gaussian RMS width) and FWHM represents the full width at half
maximum of the Gaussian, computed as FWHM = 2V2In20,. The product S, - FWHM represents the line flux. (S;) and o, respectively
represent the mean fit residuals and their standard deviation. The last two columns report the inferred magnified line luminosity expressed
in Lo and Kkm ™ pc?. The fit refers to the lensing-magnified line profiles in Figure 4.1.
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Figure 4.4: Moment maps for the spectral lines of J1135. From the left: integrated intensity,
line-of-sight velocity, and velocity dispersion. The synthesised beam is displayed in the
bottom-right corner, postage stamps are 3x3 arcseconds.
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observations) and with the Keck telescope in Adaptive Optics (AO) in the Ks band
(Calanog et al. 2014). No successful detection has been found in the Ks image,
while a marginal emission (< 30) is present in the HST image, however, given the
insufficient sensitivity and angular resolution it is not possible to unambiguously
confirm whether it is associated with the foreground lens or the background
source.

The object is also detected in MIR observations available in the Spitzer /IRAC
Data Archive (PI: Cooray, ID: 80156) and described in Ma et al. (2015), covering
IRAC channel 1 and channel 2, at 3.6 ym and 4.8 um respectively.

The target also benefits from EVLA radio data available from the NRAO
Archive. In particular, follow-ups in C-band centred ad ~ 6 GHz (project code:
16A-240, PI: Smith). I have processed the data by running the calibration scripts,
cleaning is performed manually with CASA adopting an interactive mask. The
final image reaches a mean rms of ~ 0.013 mJy beam™! and a restored beam ellipse
of 1.13x0.84 arcsec (see Figure 4.5).

The multi-band (optical-to-MIR) image cutouts of J1135 are reported in Figure
4.5. A faint emission at ~ 4 0 emerges starting from the VIKING H-band and is
detected in both IRAC channels with a SNR > 6, but the angular resolution is not
sufficient to resolve any lensing features (e.g. arcs) in the NIR/MIR regime. Flux
densities are estimated by performing aperture photometry with a diameter of
2 arcsecs for NIR VIKING images and 6 arcsecs for Spitzer /IRAC images. Table
4.4 summarises the photometry for J1135, also reporting upper limits for non-
detections (i.e. emission with S/N < 3).

4.3 Lens modelling and source reconstruction

In order to reconstruct the intrinsic background source morphology I have per-
formed the lens modelling analysis with the open source Python 3.6+ code
PyAutoLens (Nightingale et al. 2018, 2021b). The code’s features include a fully
automated strong lens modelling for galaxies and galaxy clusters, exploiting the
probabilistic programming language PyAutoFit (Nightingale et al. 2021a).

PyAutoLens includes several model-fitting algorithms (e.g. MCMC, maximum
likelihood estimators, etc...) used to determine the best-fit parameters for mass
and light profiles. For this analysis, the non-linear search fit is performed through
the nested sampling algorithm Dynesty (Speagle 2020), which samples the param-
eter space and computes the posterior probability distributions for the parameters
of a given lens model.

PyAutoLens also implements the Regularised SLI Method (Warren & Dye
2003) together with the adaptive source plane pixelisation scheme described in
Nightingale & Dye (2015) extended to interferometric data as done in Massardi
et al. (2017), Dye et al. (2018), Enia et al. (2018), Dye et al. (2022), Maresca et al.
(2022) and detailed in Chapter 2.

For a fixed mass model, the image plane pixels are traced back to the source
plane and grouped together by means of a k-clustering algorithm, comparing each
source pixel with the neighbours sharing a direct vertex. This procedure results
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4.3. Lens modelling and source reconstruction

&

ALMA band 3 EVLA - 6 cm

Figure 4.5: Cutouts of optical-to-radio images for J1135 centred on the Herschel position.
Contours display ALMA Band 8 continuum emission at 9,7,5xX0 The postage stamps are
10x10 arcsec.
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! From the WISE All-sky Data Release Wright et al. (2010)

2 From the H-ATLAS Data Release 1 catalog described in Valiante et al. (2016)
3 From the H-ATLAS Data Release 2 catalog described in Maddox et al. (2017)
4 From the HerBS sample (Bakx et al. 2018)

5 From SMA observations described in Bussmann et al. (2013)

Wavelength  Flux density

Instrument
(pm) (m]y)
0.47 <0.09x1073 HSC/g
0.61 <0.17x1073 HSC/r
0.77 <0.26x1073 HSC/i
0.89 <0.41x1073 HSC/z
0.97 <0.43x1073 HSC/y
1.15 <0.91x1073 HST/WEFC3
1.64 (6.9+1.2)x1073 VIKING/H
2.15 (7.8+1.2)x1073 VIKING /Ks

3.55 (37.1£6.2)x1073  Spitzer/IRAC1
4.49 (58.2+7.5)x1073  Spitzer/IRAC2

11.6 <0.45 WISE/W3!
22.1 <3.83 WISE /W4l
100 <136.3 Herschel /PACS?
160 151.5+50.3 Herschel /PACS?
250 278.8+7.4 Herschel /SPIRE?3
350 282.9+8.2 Herschel /SPIRE%?
500 204.0+8.6 Herschel /SPIRE?3
640 163.7+8.4 ALMBA /B8
850 118.8+8.5 SCUBA-24
880 48.6+2.3 SMA®
1043 29.4+1.5 ALMA /B7
1300 16.2+0.8 ALMA/B6
3450 0.71+0.04 ALMA /B3
48100 0.09+0.01 EVLA/BC

Table 4.4: Photometric data for J1135. References for flux densities (in mJy) taken from
the catalogs described in Sec 4.2.3 are shown, while the remaining values are extracted
through aperture photometry. Upper limits are reported at the 3o level.
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4.3. Lens modelling and source reconstruction

Q]IEl'ilflss ymass Xmass q (P
0.0005 0.0005 0.0011 0.001 0.04
0.4241+00005  _2329+0.0005  )1494+0.0011  0,637+0001 35 31+0.04

Table 4.5: Fit parameters of the lens modelling of J1135. From the left: the Einstein radius,
the lens centroid positions, the ratio between the semi-major and semi-minor axis, and
the positional angle defined counter-clockwise from the positive x-axis.

in a new source plane’s centres, used to trace a Delaunay grid. When dealing with
a large number of visibilities, the computational efficiency and the memory costs
are greatly improved by performing non-uniform Fast Fourier Transform (NUFFT)
algorithm, implemented in PyAutoLens exploiting the PyNUFFT (Lin 2018) library
and the linear algebra package PyLops (Ravasi & Vasconcelos 2020).

4.3.1 Lens model

In reconstructing the source’s light profile we first need to assume a density
profile for the mass of the foreground object. The lens is modelled as a SIE profile
(Kormann et al. 1994), i.e. an elliptical power-law density distribution which
goes as p oc =7, with r being the elliptical radius and with a fixed slope value
y = 2. The profile is described by five parameters: the Einstein radius O, the
lens centroid positions x, y., the first and the second ellipticity components of
the elliptical coordinate system (ey, ;). The latter originates from two quantities:
the positional angle (¢), defined counter-clockwise from the positive x-axis, and
the factor f = (1 — g)/(1 + q) where g is the ratio between the semi-major and
semi-minor axis. The final expressions for the elliptical components are:

ey = f Xsin(2¢),

ex = f X cos (2¢). (43)

From several tests, I have verified that the shear component does not improve the
model, but instead worsens the fit results, and for this reason, it is omitted.

The search chain consists of two steps: 1) I searched for the best-fit lens model
through non-linear parametric fitting. I assumed the source light to be described
by a Sérsic profile and fit simultaneously the ALMA data in all of the three bands
(including spectral lines). 2) Using the best-fit lens model parameters obtained in
the first step as priors, I performed the inversion.

The fit is performed on several pixels delimited by a circular mask, where the
radius changes according to the resolution of the cleaned ALMA image, to obtain
a satisfactory fit without exceeding in terms of computational cost.

4.3.2 Results of the lens modelling

The best-fit lens model parameters and their uncertainties are reported in Table
4.5
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The resulting reconstructed source contains only pixels excluded from the
masked lensed image area. Magnification factors are computed as i = Aip 55/ Asp 50-
Where Arp 5, and Asp 5, are the areas enclosing significant (i.e. > 50) pixels in the
reconstructed image plane (IP) and the reconstructed source plane (SP) respec-
tively. The noise is estimated as the rms in the reconstructed source map. From
the area enclosing all the pixels with signal-to-noise ratio > 3 and > 5 in the recon-
structed source plane, the effective radius can be computed as 7 = (Asp/m)">.
In order to determine the uncertainties of these parameters, we exploit the set
of samples provided by the non-linear search performed during the inversion.
Each sample corresponds to a set of inversion parameters (i.e. the regularisation
coefficient and the pixelisation’s shape) that were evaluated and accepted by the
non-linear search. Uncertainties are then retrieved as the 16th and 84th quantiles
of the parameter distribution drawn from ~ 200 accepted samples. The results
are reported in Table 4.6. This key information allows us to retrieve the intrinsic
properties of the lensed background object, which will be discussed in detail in
Section 4.5.

Itis crucial to point out that the robustness of these quantities strongly depends
on the noise covariance which, in the case of interferometric source reconstruction
is difficult to quantify (Stacey et al. 2021, Rizzo et al. 2021). In order to under-
stand how much the estimation of the noise impacts our results, we compare the
effective radii inferred from the source reconstruction with the best-fit effective
radii of the Sérsic profile (Re,par) used in the non-linear parametric fit described
in Section 4.3.1. The values are shown in Table 4.6. The effective radii inferred
from the two different methods are broadly consistent with each other. The only
exception is for Band 7, where Ref par is higher with respect to the values com-
puted from the source reconstruction, likely due to a higher noise level. Therefore,
the parameter uncertainties from the inversion are likely to be underestimated.
Figure 4.6 and Figure 4.7 show the original lens-plane image, the model image,
the normalised residual map, and the reconstructed source for the three ALMA
continuum bands and the CO(8-7) and [CII] emission lines respectively. Differ-
ences in the retrieved physical scale values reflect the heterogeneity of the data
adopted in this work, which are the product of different array configurations and
angular resolutions. The central feature emerging in the normalised residuals of
the continuum in Bands 8, 7, and 6 could originate from the faint foreground lens,
whose nature is discussed in detail in the next Section. The attempt to remove
the emission by light-profile subtraction was unsuccessful, mainly because of its
extremely compact size and faintness compared to the background lensed source.
However, the presence of this central feature in the continuum bands is not im-
pacting considerably on the lens model in bands 8 and 7, where its contribution is
estimated to be not higher than ~ 4% with respect to the lensed source flux density
(i.e. computed including only the light originated by the arcs in the lens plane).
One caveat concerns the Band 6 continuum, where the contribution of the central
emission is estimated to be up to ~ 28% of the lensed source flux density, and
where the lens modelling results are more difficult to interpret. In this case, the
uncertainties impact the estimates of the magnification factors and effective radii
and are included in the errors of these quantities. Since the Band 6 continuum is
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Figure 4.6: Results of the lens modelling and source reconstruction procedure for contin-
uum data. From the first column to the right: the ALMA dirty image, the best-fit lensed
model dirty image, the residuals, the image plane’s model, and the reconstructed source
plane. The white circle represents the mask used in the lens modelling. Note that surface
brightness values of the former are de-magnified. The colour bar indicates the surface

brightness in units of Jy arcsec™2.

only used in the SED fitting (see Section 4.4) its overall impact on our analysis is
negligible. Even if uncertain, the lens modelling and the estimated quantities are
still reported in Table 4.6 and Figure 4.6, since they can be informative for future
works regarding J1135.

Moreover, I have reconstructed the velocity map for the CO(8-7) line by divid-
ing and modelling the emission in three different velocity bins. As there is no
significant difference in the reconstructed emission in the bins, we cannot claim
any indication of rotation or outflow (see Figure 4.8). This is also noticeable in
the CO(8-7) first moment maps shown in Figure 4.4, where no strong velocity
gradients are visible along the width of the arcs. The velocity dispersion peak is
co-spatial with the integrated brightness peak, located in the southern region of
the arc and corresponding to the northern clump in the reconstructed. The at-
tempt to reconstruct the [CII] velocity field was unsuccessful, because of the poor
signal-to-noise of the individual velocity bins, even though a modest velocity
gradient is visible in 4.4 peaking at the same position as the velocity dispersion.
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Figure 4.7: Same input and output as is Figure 4.6 for spectral line emissions.

70



4.3. Lens modelling and source reconstruction

Y30 5o Ref30  Reff50  Reff,par

(po) (pc) (po)

Band 8 12.657047  12.80%032  541*18  392*°.  57171%
Band 7 751102 83402 518" 314%S; 99573
Band 6 6511138 55909 1146718 770717 789*7
[CIT] 8.9407.  6.01%)5: 59675 525730 7641L°
CO(8-7) 6.22*075 549703 1200%0° 970*%. 936278
p-HO Qop-111) 7677050 6737078 1043*2°  9127¢7 1148737
0-HyO (321-312)  12.74%0%7 12.23'031  739*>7 672" 611%7,
p-HyO (4p-413) 1204715 10.83710° 782476 745%52 5300

Table 4.6: Output properties of the lens-modelling and source reconstruction analysis.
From the left: magnification factors and effective radii computed for the 30 and 5¢
emission. For comparison, the last column reports the output effective radius of the Sérsic

profile adopted in the non-linear search.

[CO(8-7) reconstructed velocity map)

_

~ -115 km s~1
~ 4120 km s71

Figure 4.8: Reconstructed velocity map for CO(8-7) line emission. Each contour encloses

the reconstructed ~ 30 surface brightness for 3 different velocity bins.
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4.3.3 The lens

A peculiar aspect of J1135’s foreground lens is its lack of clear detection in the
deepest UV /optical images available from Hyper Suprime-Cam Subaru Strategic
Program (Aihara et al. 2022, capable of detecting a 50 limiting magnitude of 27.5
in the g band). As shown in analogous studies and as revealed by HST/NIR
high-resolution images (e.g. Negrello et al. 2014), the foreground object usually
dominates the emission in those bands, with a progressively higher contribution
coming from the background source at higher wavelengths. For this reason, in
order to achieve reliable results from the SED-fitting procedure, it is essential to
fit and subtract the light profile of the foreground galaxy. In this case, however,
only a marginal emission (< 30) comes from HST WFC3/F110 data and it is not
possible to establish a priori whether it originated by the lens or by the lensed
object.

Albeit this, the reason for the unusual faintness of this galaxy in the spectral
bands in which one would expect it to dominate the total emission of the system
is still unclear.

The first possibility assumes the lens to be itself a dust-obscured star-forming
galaxy. Indeed, a faint (> 40) central emission is detected in the normalised
residuals of the lens modelling and visible in Figure B.1 in Appendix B.

Moreover, the resulting best-fit lens centroid displacement with respect to
the centre of ALMA observations coincides with the origin of the faint residual
emission. This hypothesis would also be reinforced by the lack of the optical /NIR
image of the lens and by the ALMA flux density values measured from the central
component (see right panel of Figure 4.9), which are consistent with the threshold
sub-mm galaxy (e.g. Casey et al. 2014). However, with the current observations,
it is not clear whether it could be unambiguously associated with the lens or with
some spurious emission related to the noise.

A second possibility is that the faintness of such a foreground object could be
due to its unusually high redshift. Assuming that the lens is a massive elliptical
and its mass consists mainly of stars, its lack of detection in the optical and NIR
bands would place upper limits on its SED, making such galaxy likely to be at
z 2 1.5, as shown in the left panel of Figure 4.9, where the SED contributions of
template massive ellipticals are shown as a function of the lens redshift. The SED
of the foreground object is modelled constraining its from the Einstein (total) mass
resulting from the lens modelling (Mg ~ 1.15x 10" Mg), which is compatible with
the lens to be a massive elliptical galaxy. Specifically, I adopted the template for
an elliptical galaxy with 2 Gyr age from the SWIRE library (Polletta et al. 2007).
The threshold z > 1.5 is well distant from the redshift distribution’s bulk of lenses
in systems like this one, typically around z ~ 0.7 — 0.8 (Lapi et al. 2012, Negrello
et al. 2017). Moreover, finding the lens at z > 2 would make this definitely a rare
object, whereas we do not expect at all such a massive elliptical to be at z > 2.5
since the redshift distribution of these lenses tends to zero after such threshold
(Lapi et al. 2012).

In such a case, the central feature detected through ALMA observations could
correspond to a third, highly de-magnified image of the source located close to the
centre of the lens. Several works attempted to detect this feature in similar objects

72



4.4. SED fitting

Lensz~1.5 102
I Lens z~2.0
Lensz~2.5

— Lensz~0.5
-- Lensz~1.0
Lensz~2.0

—— Lensz~2.5

10°

Sy (m)y)

107t

1072

3 )
102 10° 10 102 10° 104

Aobs (um) Aobs (Hm)

Figure 4.9: Left: SED templates of a passive elliptical galaxy at redshift 1.5 < z < 2.5
compared with the photometry of J1135. The flux densities reported in Table 4.4 from
HSC/g to WISE-4 (22um) are represented as red points. Upper limits at 30 are shown as
arrows. Right: best-fit SED obtained with CIGALE (see Appendix D) for the ALMA Band
8,7, and 6 flux densities extracted from the central component including optical-to-MIR
upper limits, here assumed to belong to the lensing object. Here I have assumed a redshift
range 0.5 <z < 2.5.

drawn from the same sample of J1135 (e.g. SDP.81 and SDP.9, Wong et al. 2015;
Wong et al. 2017) without success, given that the lens modelling theory predicts
a de-magnification reaching factors of ~ 10? — 10* (Muller et al. 2020).

In both assumptions, the contribution from the lens is negligible for flux den-
sities from the H and Ks VIKING bands up to the higher wavelengths. Hence,
with the current data and under this assumption, lens subtraction is not needed.
The situation is less clear for the marginal HST WFC3/F110 detection, and, for
this reason, I have considered this value as an upper limit. From the lens mod-
elling of ALMA observations, I inferred the intrinsic emission coming from the
two images of J1135, however, uncertainties remain for flux densities probed by
Herschel, where the poor angular resolution prevents disentangling between the
contribution of the lens and the background source.

In the following analysis, I will adopt the second hypothesis (i.e. the lens is a
massive elliptical galaxy at high redshift), however, it should be noted that if the
tirst hypothesis (i.e. the lens is a DSFG) is confirmed, it could affect the estimate
of physical properties such as the SFR, the dust mass, and the dust temperature
of the lensed galaxy. Further observations are needed to probe this assumption,
and correctly settle the actual contribution of J1135’s background and foreground
objects to the total emission.

4.4 SED fitting

As described in the previous Section, in the following analysis I assumed that
the contribution of the lens to the total light is negligible. By correcting the
available photometric information for the magnification factors we can retrieve
the intrinsic physical properties of J1135. For this purpose, we have adopted
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GalaPy, a new extensible API for broadband galaxy SEDs modelling (Ronconi et
al. 2023, submitted to Ap]J).

GalaPy enables the modelling and fitting of galactic SEDs from the X-ray to
the radio band, as well as the evolution of their components and dust attenua-
tion/reradiation. GalaPy incorporates both empirical and physically-motivated
SFHs (e.g. constant, delayed exponential, etc.), in which the physical properties
of the synthetic galaxy are derived analytically with a minimal parameterization,
and also non-parametric interpolated SFHs that allow modelling the emission
from galaxies simulated with hydro-dynamical N-body codes. The unattenuated
stellar emission is computed via state-of-the-art single stellar population synthesis
libraries. The dust model features two components: a compact warmer medium,
rendering the contribution due to birth clouds, and a colder one rendering diffuse
dust. Asin the classic code GRASIL (Silva et al. 1998), this dust model evolves with
time, encoding the gradual evaporation of birth clouds due to intense high energy
emissions from young stars, implementing an age-dependent energy conserva-
tion scheme to account for the absorption and emission at longer wavelengths
due to dust, in order to bypass the computational cost of radiative transfer and to
account for the absorption and emission at longer wavelengths due to dust. This
age-dependent scheme self-consistently computes the total energy absorbed and
re-emitted by dust at each galactic age instead of assuming the temperatures of
dust as free parameters. This approach allows the derivation of physical atten-
uation curves that vary with time due to the co-evolution of stellar populations
and dust components. This latter feature is becoming increasingly relevant for
the analysis of galaxies at their formation epoch, a regime that has been disclosed
by the advent of JWST. Furthermore, GalaPy also includes additional sources
of stellar continuum such as synchrotron, nebular/free-free emission, and X-ray
radiation from low and high-mass binary stars.

On the computational side, GalaPy exploits a fully Bayesian parameter space
sampling, which allows for the inference of parameter posteriors and thus facili-
tates the study of the correlations between the free parameters and the other phys-
ical quantities that can be derived from modelling. Two libraries for parameter-
space sampling are available for the user: the Markov-chain Monte Carlo affine-
invariant ensemble sampler provided by emcee (Foreman-Mackey et al. 2013) and
the dynamic nested sampling approach offered by dynesty (Speagle 2020), of-
fering different possibilities for addressing the challenge of multi-dimensional
sampling. Moreover, GalaPy is the fastest SED generation tool of its kind, with a
peak performance of almost 1000 SEDs per second. The models are generated on
the fly without relying on templates, thus minimising memory consumption.

I have exploited the available broad-band photometry described in Section
4.2.3 and the continuum ALMA emission, including upper limits for non-detections.
For ALMA Bands 8, 7, and 6 I have corrected the flux density values for the respec-
tive magnification factors reported in Table 4.6, while I used an average value of
u ~ 9.2 for low-resolution photometric data. As described in Section 4.3.3, I have
adopted the assumption that the observed photometry belongs only to the lensed
source. In Appendix C I describe the hyper-parameters chosen for the SED-fitting
procedure of J1135. Upper limits are treated by GalaPy by considering them as
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SED-fitting results

log age [yr] 8.40J_r0';°’19 [8.62]
log SFR [Mo, yr~!] 2.91f8?0§ [2.77]
TvclK] 45.14@‘5833 [63.23]
ToplK] 45.5ofg~'gg [43.06]
10g Mdust [Mo] 9361050 [9.34]
log Mgas [Mo] 10.763;% [10.57]
log My [Mo] < 11.19  [11.54]

Table 4.7: Output properties from GalaPy. From the first raw: galaxy age, SFR, temper-
atures of the dust for the MC and DD components, dust, gas and stellar masses. The
median values are reported with the uncertainties of the parameters, corresponding to
the 68% percentile around the median. The best-fit value of each quantity is enclosed in
square brackets.

regular points entering the same x? likelihood used for detections.

The resulting best-fit SED and parameters, along with their posteriors are
shown in Figure 4.10, Table 4.7 and Figure 4.11. In Figure 4.10 upper limits are
marked as circles with arrows, while detections are round markers with error
bars. The lower panel shows standardised residuals and the x? associated with
the best-fitting model. Figure 4.11 also shows the median and the uncertainties
of the parameters, corresponding to the 68% percentile around the median.

Besides the solid value of the reduced y? statistics, we can notice that the
grey 20 confidence contour in the upper panel shows the NIR-MIR region of the
spectrum is just upper-limited, as a result of having just observed upper limits in
this wavelength range. This is of course expected, as one of the free parameters
of the model (i.e. the fraction of diffuse dust emission that is in PAH, fpan) is
completely and only determined by measurements in the NIR to MIR.

I conclude this Section by highlighting the excellent agreement between the
parameter values derived with GalaPy with respect to the values obtained from
CIGALE (Boquien et al. 2019), where the analysis has been performed with differ-
ent, but compatible, methods. The SED-fitting procedure performed CIGALE is
described in detail for comparison in Appendix D. I note that in this case, I have
adopted a delayed exponential SFH, a Bruzual & Charlot (2003) synthesis spectra
library for the stellar component, a modified Charlot & Fall (2000) law for dust
attenuation, and Draine et al. (2014) model for dust emission. It is also worth
noticing that the synchrotron emission is treated with a separate module.

4.5 The Interstellar Medium of J1135

Taking advantage of the SED-fitting results and the reconstructed morphologies,
we are able to investigate the ISM conditions of J1135 and its evolutionary state.
In the first part of this Section, I will focus on the dust, gas, and stellar properties
of J1135, inferred from the continuum data and [CII] and CO(8-7) spectral lines.
As the water lines warrant a separate discussion, their analysis will be treated
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Figure 4.10: Best-fit model (black line) and 1- and 2-0 confidence intervals around the
mean of samples (dark and light grey shaded areas, respectively) of the UV-to-radio SED
of J1135 performed with GalaPy (Ronconi et al. 2023, submitted to ApJ). The total best-
fitting model is decomposed into the different emission components: green and red solid
lines show respectively the un-attenuated and dust-attenuated stellar emission (including
line and free-free emission from nebular regions as well as the supernova synchrotron
continuum), the yellow and purple solid lines mark the grey-body emitted by the two
assumed dust components with temperatures of about ~ 40 K and ~ 60 K respectively.
Round markers with error bars represent the detected fluxes while round markers with
downward arrows represent 1o upper limits.
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Figure 4.11: Corner plot obtained with GalaPy for J1135, showing the 1- and 2-d
marginalised posteriors for a subset of the parameter space dimensions. The dark (light)
shaded area represents the 1-0 (2—0) confidence interval. Dashed black lines mark the
position of the best-fitting parameters, while the values above the diagonal show the
median and 68% percentile around the median (~ 1o confidence in a Gaussian approxi-
mation).
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separately in Section 4.6.

4.5.1 Dust properties

Table 4.7 reports the best-fit dust mass estimated by GalaPy. The SED-fitting
also provides the estimates of the dust luminosity of J1135. We got log LTir =
13.03 £ 0.06 Ly and logLpr = 13.01 £ 0.05L¢ for the total (estimated in the
range 3 — 1100 um) and the FIR (estimated in the range 8 — 1000 ym) luminosi-
ties, with a small difference between the two estimates. The value of Mgy is
consistent with what is obtained with CIGALE by choosing the Draine et al.
(2014) multi-parameter library. This is a physically motivated model, where the
dust is described as a mixture of carbonaceous and amorphous silicate grains.
This results in a more robust estimate of the dust mass (Mgyst) with respect to a
single-temperature MBB fit, which tends to underestimate Mgt by a factor of ~ 2
(Magdis et al. 2012, Berta et al. 2016), resulting in a wrong gas-mass derivation. I
will further explore this discrepancy in the case of J1135 in Section 4.5.2.

Concerning the dust temperature estimation in high redshift SFGs, different
results in the literature (e.g. Riechers et al. 2013, Spilker et al. 2016, Scoville
et al. 2017a, Simpson et al. 2017, Jin et al. 2019, Cortzen et al. 2020, Jin et al.
2022) suggest that the widely adopted optically-thin MBB approximation, may
not be sufficient to infer the highest dust temperatures for dusty and optically-
thick galaxies. For example, Jin et al. (2019, 2022) reported the presence of a
population of compact, high-redshift (z ~ 4) starburst selected in the FIR with
Herschel and detected with ALMA and NOEMA, showing abnormally cold dust
temperatures. This behaviour can be associated either with a low star formation
efficiency accompanied by a rapid enrichment of metals or to dust continuum in
a FIR optically thick regime (Cortzen et al. 2020).

Here, following Cortzen et al. (2020), I explore this problem by estimating
different dust temperatures with three different approaches and then comparing
the values with the results from GalaPy.

The first estimate comes from the results obtained with the alternative SED-
fitting code adopted in this analysis (i.e. CIGALE, see Appendix D). The other two
estimates are obtained assuming an optically thin, and an optically thick MBBs.
For the first case, the Draine & Li (2007); Draine et al. (2014) model assumes an
optically thin dust emission and does not provide a luminosity-weighted tem-
perature. However, following Draine (2011) the retrieved dust temperature as

Tqust,DL14 = ZOLIrln/if1 K, where Upnin is the value of the minimum intensity of the
radiation field inferred from CIGALE. From the best-fit value of Ui, = 44.3+10.6
we obtain a dust temperature of Tgystpri4 = 37.7 £ 1.5K.

Exploiting the available FIR-to-mm photometry I have then computed the
dust temperature by fitting a single temperature MBB under the optically-thin
approximation, described as:

13+B

Sv o e(hv/kpTamhin) — 1"

(4.4)

kg is the Boltzmann constant, and f is the dust emissivity index, here assumed
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Figure 4.12: Best-fit FIR to sub-mm rest-frame SED of J1135. Red points are the observed
flux densities and errors, and the black and the blue lines are the best-fitting modified
black body spectrum in the optically thin and thick regime respectively. The grey shaded
area represents the 68% confidence interval for the best-fit model.

tobe g = 2.
Similarly, for the optically thick regime, I fit the single temperature MBB de-
fined as:

13

e(hv/kpTy i) — 17

Syoc(l—e™™) (4.5)

with 7, = (v/v)f and vy being the rest-frame frequency corresponding to a
dust opacity equal to unity.

The best-fit results for both the optically thin and optically thick approxima-
tions are represented in Figure 4.12. The resulting dust temperatures are respec-
tively Tgust thin = 38.6 + 1.1 K and Tyuet thick = 64.8 = 2.8 K, where the former is
consistent with Tqust DL14-

From this analysis, I derived a significant discrepancy between Tqygt thin and
Tqust thick, apparently in agreement with what is observed for similar objects in
literature. This discrepancy, and the values obtained from the MBB fitting, are
in agreement with the dust temperatures retrieved by GalaPy assuming the age-
dependent two-component dust model. The recent work of Jin et al. (2022) pre-
sented useful diagnostics which can be used to identify whether an optically thick
model is more appropriate to describe dust emission (e.g. the SFE, and their
position relative to the infrared luminosity surface density diagram). Taking ad-
vantage of these indicators, I investigate here the nature of the dust continuum
emission of J1135. The star-formation surface density computed in Section 4.5.3 is
well above the threshold suggested by the authors for the optically thick regime
(i.e. Zspr 2 20 Meyr~tkpc2). Moreover, the dust temperature inferred from the
optically-thin approximation implies Ljg > 1.5 x 10°T#2! inconsistently with

dust, thin”
the Stefan-Boltzmann law, which represents an upper boundary for an object to
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emit as a black body. In Figure 4.13 I show the dust temperature against the
intrinsic infrared luminosity (ec SFR) and colour-coded for the effective radius for
J1135. J1135 is compared to other samples of DSFGs according to its position with
respect to the modified Stefan-Boltzmann law inferred by Yan & Ma (2016) for
different effective radii. As expected, temperatures of the order of Tyyst thin and
Tqust,pL14 (corresponding to the diffused component in the GalaPy model) would
imply effective radii > 1.5 kpc at the inferred Ltr, which are well above with
respect to what we measure from the reconstructed dust continuum morphology.
In Figure 4.13 I have therefore assumed the case Tyqust = Tqust thick, Obtaining a
more consistent result. This is indeed in concordance with what was predicted
by Jin et al. (2022) for apparently cold starburst, disfavouring the low-efficiency
star-formation mechanism accompanied by a fast metal enrichment. In order
to compare J1135 with other samples of DSFGs I have included the sample of
FIR selected apparently cold starburst from Jin et al. (2022) in the redshift range
3 < z < 6, the sample of FIR/sub-mm selected lensed quasars (1.5 < z < 2.5)
from Stacey et al. (2021), and finally a sample of lensed DSFGs selected in by Her-
schel (Nayyeri et al. 2016, Negrello et al. 2017) analysed in the works by Nayyeri
et al. (2016), Dye et al. (2018) distributed over the range 1 < z < 4 (values are
reported in Table A.1. of Stacey et al. 2021). J1135 shows smaller sizes compared
to other lensed DSFGs at similar luminosities (Ltr = 1013 L) and temperatures
comparable with some of the warmer lensed quasars.

In conclusion, I have shown that when considering the dust emission origi-
nated by the most compact component in J1135, an optically thin MBB is likely
not appropriate to infer the dust temperature. Moreover, for starburst systems
such as J1135, the dust emission is best reproduced by two components (diffuse +
molecular clouds) which can be modelled with innovative approaches such as the
one implemented with GalaPy. I will focus on this latter aspect in Section 4.6.3, in
the context of the emission from water lines as thermal diagnostics for the dust.

4.5.2 Stellar and gas content

The bunch of available data allows us to estimate the gas content by adopting sev-
eral empirical calibrators. First, we directly estimate the gas mass from the [CII]
following Zanella et al. (2018), we assumed a|crj = Mgas/Lici = 22Me /Lo, which
is calibrated on starburst galaxies spanning a redshift range z ~ 2—6. Secondly, the
molecular gas content (Mp, ) is estimated by deriving L/ from the demagni-

CO(1-0)
fied L’CO(8_7) luminosity. We then follow Fujimoto et al. (2022) adopting a conver-
sion factor of L/ = 1.5L] estimated for high redshift starburst galaxies

CO(1-0) CO(7-6)
in literature (e.g. Riechers et al. 2013). This conversion factor is referred to a differ-
ent transition, corresponding to higher luminosity values of the CO-SLED (Yang

etal. 2017), for this reason, the resulting value of L’Co(l_o) ~1.6x101°Kkms™! pc2

is considered as an upper limit. This estimate is consistent with the value of

L,CO(l—O) ~ 1.5 x 101 Kkm s™ pc? found by Harris et al. (2012) adopting an in-
dicative magnification factor of 10. The molecular gas mass is then computed by

assuming two different values of aco = 0.8 —4.6. The value of a = 0.8 is calibrated
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Figure 4.13: Dust temperature vs infrared luminosity colour-coded according to the
effective radius. Dashed lines represent the modified Stefan-Boltzmann relation (Yan &
Ma 2016). Circles show the sample of lensed quasars from Stacey et al. (2021). Triangles
report the sample of FIR selected starburst from Jin et al. (2022); squares show a sample
of lensed DSFGs selected by Herschel (Nayyeri et al. 2016, Dye et al. 2018), the original
values are taken from Table A.1 of Stacey et al. (2021). The star symbol shows J1135.

81



Chapter 4. Singular Case Study within a Strongly Lensed DSFG Sample

Calibrator log Mgas [Mo]

[CIT] 11.04 +0.04
CO(1-0) < (10.2-10.9)
850um 11.5+0.2
QGDR (10.51-11.04)+0.05

Table 4.8: Values for the molecular mass computed from different calibrators.

from local ULIRGs with super-solar metallicity (Downes & Solomon 1998), while
the higher value is calibrated in the Milky Way (Solomon & Barrett 1991).

The molecular gas content can also be estimated by means of the empirical
calibration (Scoville et al. 2017b) as & =< Lgsoum/Mgas >= 6.7 1.7 x 10" erg s™*
Hz ! ML

Finally, the dust content can be converted into gas mass assuming a variable
gas-to-dust ratio of 6gpr = 30 — 92 referred to typical solar and super solar
metallicity following Magdis et al. (2012) and Fujimoto et al. (2022). The values
obtained for the molecular gas masses are reported in Table 4.8. These estimates
are in good agreement with the value inferred from GalaPy. For consistency we
adopted the dust mass value inferred from GalaPy, however, it is worth checking
how the dust opacity could affect our results. However, we caution the reader
against deriving the dust mass through the effective dust temperatures inferred
from a single-temperature MBB, as this estimate does not reflect the actual dust
content of the ISM (see e.g. Scoville et al. 2016). The temperature-weighted
dust masses in the optically thick regime are computed by adopting the value
of Tyust thick- Obtained in Section 4.5.1 as. The inferred value is log Mgyst thick =
8.7 + 0.05 M, which is ~ 4.6 times lower than the GalaPy estimate and would
result in a gas mass range of log Mgas Gpr ~ (10.2 — 10.7) Me.

The stellar mass estimate in output from the SED fitting must be considered as
an upper limit. Indeed given the lack of a clear detection in NIR images it is not
possible to correctly estimate the contribution coming from the lens (see Section
4.3.3 for a further discussion). Moreover, the dark nature of this object hinders a
complete sampling of the optical and NIR parts of the SED. Aside from the values
reported in Table 4.7 and D.1, I have computed the stellar mass assuming a typical
stellar-to-dust mass ratio of 6spr =~ 100, obtaining a value of METD ~2.2x 101
Mo, in agreement with the SED fitting estimate.

4.5.3 Morphology and timescales

From the reconstructed continuum originated by the dust (Figure 4.6), a clear
"clumpy" double-peaked structure is visible. First, I compare the effective radii
inferred from the dust continuum at different wavelengths. Excluding the lower
angular resolution reconstruction at 1.3 mm (Band 6), the most resolved 0.64 and
1.0 mm emissions do not show particular differences in their spatial extension
ascribable to a dust-temperature gradient, even though further observations are
needed in order to explore this possibility. Then, as shown in Figure 4.14 the
source-plane maps reconstructed from our lens modelling for three different trac-
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ers are overlapped. The [CII] and CO(8-7) line emission and the dust continuum
at 640 um are shown, the latter corresponding to the data set with the highest an-
gular resolution. The first visible difference between the three emissions concerns
their spatial extension: while the [CII] and the dust continuum occupy a similar
area, the CO(8-7) is more extended. The size discrepancy is most likely associated
with the difference in angular resolution of the respective data set (see also Reg
and O values reported in Tab.4.6) more than an intrinsic morphological difference.
I also note that this difference is present in the dust continuum for the same data
set as CO(8-7) (i.e. Band 6), where the estimated effective radii reach up to 1.1 kpc
at 30. This comparison shows a co-spatial emission for the dust continuum and
[CII] line, even though the peaks are located at different positions. The clumpy
structures are also present in the reconstructed [CII] line emission, while it is
likely to be not resolved for the CO(8-7) line, which extends in a more ellipsoidal
profile. Further details on the CO(8-7) profile are provided in Section 4.6.2.

The [CII] is a fine structure line predominantly originated from high—z photon-
dominated regions and is typically used as a cool interstellar gas tracer and as a
SER estimator (see Casey et al. 2014 for a review). A well-known deficit in the
[CII]/FIR ratio is observed in both nearby (e.g. Luhman et al. 2003, Diaz-Santos
et al. 2017, Smith et al. 2017) and high-redshift star-forming galaxies (Stacey
et al. 2010, Gullberg et al. 2015). This drop is found to reach very low values
(Lic/Ltir ~ 107%) in spatially resolved studies (e.g. Gullberg et al. 2015, Lagache
et al. 2018, Rybak et al. 2019). For J1135, I infer a [CII]/FIR ratio of Licyj/Lrr ~
3.9 x 107%. Similar values are found for other strongly lensed galaxies among the
H-ATLAS sample. For example, Rybak et al. (2020) reported a deficit down to
~ 3x107* for spatially resolved ALMA data of SDP.81 (Partnership et al. 2015, Dye
etal. 2015, Hatsukade etal. 2015, Rybak et al. 2015a,b, Swinbank et al. 2015, Tamura
et al. 2015, Hezaveh et al. 2016) at z = 3.042. Lamarche et al. (2018) found similar
values (~ 2 X 107%) for SDP.11 at z = 1.7, even though our galaxy shows a more
compact morphology in the [CII] emission with respect to other objects. I have
computed the star-formation surface density using the mean of the effective radii
of the 50 continuum dust emission at 640ym and 1.1 mm reported in Table 4.6. The
inferred value of gpr > 1200 Mg yr~! kpc~2 (higher when considering the SFR in
output from CIGALE reported in Appendix D) is consistent with a galaxy being
on the verge of the Eddington limit for a radiation pressure supported starburst
(Andrews & Thompson 2011, Simpson et al. 2015). This result is compatible with
the possible explanation of the deficit to be attributed to a lower increase of the
[CII] emission with respect to the IR.

From the average of the gas mass values reported in Section 4.5.2, the estimated
depletion timescale is Tqep1 = Mgas/SFR = 108 y1, which translates to a high star
formation efficiency reaching up to ~ 1078 yr~!. Moreover, the inferred age of ~
few 10® yr is indicative of a young galaxy, offset from the main sequence locus of
SFG at z~3 (Speagle et al. 2014).

Our results are consistent with the expectations reported in Vishwas et al.
(2018), where the analysis of the Lyman continuum photons required to sustain
the luminosity of the [OIII] 88 um line pointed out the presence of young and
massive stars ionising the surrounding HII regions. The same authors found no
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Figure 4.14: Comparison between the source reconstructed emissions of the ALMA
continuum at 640 um and the spectral emission of the CO(8-7) and [CII] lines. Contours
are displayed at 9,7,5,3 Xo, filled circles represent the position of the peak for each
emission.

significant AGN contribution from the SED analysis, consistent with what we
infer from the FIRRC for J1135 (qr = 2.8, see Table D.1), which is indicative of a
star-formation-dominated object. However, it should be pointed out that lacking
a good sampling of the MIR part of the SED, the presence of the AGN in J1135
is still arguable. Moreover, the CO(8-7) line associated with high transitions, can
point towards the presence of large amounts of energy linked with a heavily
dust-embedded central nucleus activity as well as a strong star-formation activity.

The hypothesis of J1135 being a compact starburst is also supported by the
source reconstruction of the highest angular resolution ALMA dust continuum
emission at 640 ym and 1.1 mm shown in Figure 4.6, where the effective radius
reaches an average value of ~ 350 pc.

4.6 Resolving water emission in J1135

4.6.1 Water emission in high-redshift galaxies

Another interstellar molecule of key importance in the astrophysical environments
of star-forming galaxies is H,O. Milky Way observations (Caselli et al. 2010)
suggest that water abundance in the gas phase, defined as [H,O] /[H;] = X(H,0),
is quite low in cold molecular clouds, where it is strongly depleted on dust grains
to levels X(H,O) < 107. However, water becomes the third most abundant
species (after H, and CO) in dense warm regions, where star formation raises the
dust temperature above the ice evaporation limit, or in shock-heated regions such
as those dominated by AGN-driven winds (Bergin et al. 2003, Cernicharo et al.
2006, Gonzalez-Alfonso et al. 2013). This makes water a unique and powerful
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tracer of the gas component involved in the highly energetic processes associated
with compact nuclear starbursts or with the extreme environments of AGNs,
potentially even more reliable than other molecular gas tracers (such as CO and
HCN) traditionally used to probe the densest ISM regions. In fact, the H,O lines
offer diagnostics of warm gas regions which are usually deeply buried in dust
and in star-forming regions and they can be almost as intense as CO lines and
more prominent than HCN, as observed in the ULIRG Mkr 231 (Aalto et al. 1995,
van der Werf et al. 2011,Feruglio et al. 2015). All in all, we can consider H,O
as a 'beacon’ signalling the molecular clouds energy repository (Liu et al. 2017,
hereafter L17, van Dishoeck et al. 2021).

Because of its high dipolar moment, extremely rich spectrum, and high-level
spacing (compared to other molecules with low-level transitions in the millimetric
range), HyO is strongly coupled with the FIR radiation in compact and warm star-
forming regions; in this vein, Omont et al. (2013) and Yang et al. (2013) found
a strong correlation Ly,0,,,. « Lir® with a ~ 0.9 — 1.2, extending from local
to high-z sources. In addition, the excitation of water lines is also sensitive to
collisions with Hydrogen molecules. Since the lowest vibrational band of H,O
lies at ~ 6.3 um (shorter than collisionally excited lines, e.g. HCN at ~14.7um),
the continuum radiation is too weak to excite H>O vibrational states: the relevant
water transitions involve rotational states at the ground vibrational level. Pumping
through pure rotational transitions, over the lowest vibrational level, is particularly
important for an asymmetric top molecule like H>O, since it makes the energy
level structure more complex than the simple rotational ladder typical of linear or
spinless molecules like HCN or CO.

The importance of radiative pumping in water vapour rotational transitions
has been extensively discussed by Gonzalez-Alfonso et al. (2004, 2008), Weif3
et al. (2010), Gonzélez-Alfonso et al. (2010, 2014), Pereira-Santaella et al. (2017)
Gonzalez-Alfonso et al. (2021, 2022), and L17. Absorption of FIR photons can
populate mid /high-energy (Eyp > 150 K) rotational levels, which decay through
a cascade process in which sub-mm photons are emitted; such energy levels are
then radiatively excited even when collisions alone are ineffective due to their
inadequate kinetic energy. However, the relative importance of collisions and
IR pumping on water excitation in extragalactic sources turns out to be strongly
dependent on the ambient ISM conditions.

4.6.2 Water excitation

H>O lines are among the strongest molecular lines in high-z ultraluminous star-
burst galaxies. They serve as a powerful tool for investigating the physical, geo-
metrical, and dynamic characteristics of the ISM within the unique and extreme
conditions of star-forming molecular clouds. However, extracting essential infor-
mation from these lines is not a straightforward task. This is primarily because
most observed water lines have high optical depths, which hinders the direct in-
ference of column densities from the measured line intensities. Additionally, the
water spectrum is more intricate compared to other gas tracers, such as CO, due
to the complex and fuddled interplay between collisional and radiative excitation
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Figure 4.15: Energy levels of rotational water transitions. Red arrows indicate the FIR
pumping from dust photons; the corresponding wavelengths are also indicated. Down-
ward arrows indicate the radiative cascade of de-excitations in the pumping cycles. The
three purple downward arrows highlight the three emission lines that are observed in
J1135. Collisions may partially contribute to the population of the backbone levels. The
energy levels are taken from LAMDA database, Schoier et al. (2005).
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processes.

H»O can effectively cool the dense, warm ISM when primarily excited through
collisions below the critical density. In such cases, interactions with a colliding
partner (typically Hy or He) result in the release of kinetic energy from the gas
through spontaneous decay, where each collision emits a photon (Draine 2011),
leading to level de-excitation.

Nevertheless, the water molecule’s high dipolar moment (1.85 Debye) and its
strong coupling with the background radiation field introduce another significant
excitation mechanism via the FIR continuum. FIR photons excite water molecules
from low-lying "base" levels, initiating a cascade process that eventually returns
the water molecules to their initial state. This cyclic process triggers the emission
of observed sub-mm lines.

In other words, both collisions and photon absorption can potentially popu-
late an energy level, but the de-excitation mechanism responsible for the observed
lines is predominantly radiative and requires subcritical density. In Figure 4.15 the
red downward arrows highlight the three water transitions targeted by ALMA ob-
servations of J1135: namely, a "low excitation" (Eyp, <250 K) line, p-H2O (202 —111),
a "medium excitation" (150<Eup <350 K) line, 0-H>O (321 —312), and a "high excita-
tion" (Eyp >350 K) line, p-H>O (422 — 413). They are pumped in the corresponding
cycles by dust-emitted photons at 101, 75, and 58 um, respectively.

Radiative excitation and collisions are not mutually exclusive; in fact, collisions
can play a significant role in populating the lower backbone level of a pumping
cycle, thereby enhancing the FIR pumping process. Specifically, the collisional
excitation of the 111 and 21, rotational energy levels can have a notable impact on
the pumping cycles associated with the absorption of dust-emitted photons at 101
pm and 75 ym. This enhancement also leads to increased emission of two of the
studied lines: the p-HzO (202 — 111) and the 0-HO (321 — 312).

Moreover, the emission of the p-H»O (292 — 111) line may experience further
enhancement in regions characterised by low continuum opacity but warm and
dense gas. In such regions, the population of the upper-level p-H,O 2¢, may
receive contributions from both collisional processes and the decay of 21; within
the FIR pumping cycle (Gonzélez-Alfonso et al. 2014). To fully grasp the relative
significance of FIR pumping and collisions, a comprehensive radiative transfer
model must incorporate parameters related to the dust radiation field, as well
as those describing the physical properties of the gas component. Generally,
lines connected with the ground state levels of 0-H,O and p-H,O serve as prime
diagnostics of the cold gas (Yang et al. 2013, van Dishoeck et al. 2021). These lines
often exhibit significant self-absorption or may even be entirely in absorption.
On the other hand, the "medium level" lines are indicative of warm gas and are
less influenced (if affected at all) by absorption. The "high-level" excited lines
originate from energy levels that are exclusively populated in high-temperature
gas and intense shock environments.

The analysis of observed line intensity ratios requires a radiative transfer
model for the ISM in LTE, considering the interactions between collisions and
FIR-pumping. However, this is beyond the scope of our current investigation.
Nonetheless, an existing physical model (primarily focusing on in-situ processes)
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Figure 4.16: Water line transitions for cold, warm, and hot ISM components. Solid
(dashed) arrows indicate the strongest (weaker) lines and dotted arrows show the weakest
transitions. Purple arrows refer to the three transitions observed in the spectrum of J1135.

that is independent of the source’s redshift can be utilised for this purpose. To do
this, the radiative transfer models previously used in the study conducted by L17
on local star-forming galaxies can be used to derive some general insights about
J1135.

L17’s model was employed to analyse a survey involving multiple velocity-
resolved water vapour FIR spectra from various local galaxies with diverse nuclear
environments, ranging from pure nuclear starbursts to starburst nuclei hosting an
AGN. To examine the significance of collisions and FIR pumping on line emission,
they treated each component of the ISM as a collection of clumps with identical
physical properties, while varying parameters related to the radiation field and
gas within each clump model.

In this approach, water excitation within a multi-phase ISM is achieved using
an extended 3D escape probability method to solve non-LTE radiative transfer,
accounting for dust emission as well. The ultimate goal of this method is to explore
the physical and chemical conditions within the nuclei of actively star-forming
galaxies.

Water excitation is calculated for three typical ISM components: a cold ex-
tended component (with gas and dust temperatures of 20 — 30K, the density of
the order ~ 10* cm™ and column density ~ 10* cm™2); a warm component with
gas and dust temperature between 40 and 70 K, typical densities of the order
~ 10° — 10° cm™3, and column density of ~ 10%* cm™2; and a third, hot and dense
component, needed to explain the high excitation transitions (such as those ob-
served in Arp 220 and Mrk 231, which are commonly thought to host an AGN in
their nuclei, see e.g, Soifer et al. 1999, Downes & Eckart 2007, Aalto et al. 2009,
Fischer et al. 2010, Rangwala et al. 2011, van der Werf et al. 2011, Gonzélez-Alfonso
et al. 2014). The latter has gas and dust temperatures of ~ 100 — 200 K at densities
n(H)> 10%cm™3, with high column densities Nig > 5 x 10** cm™2. Figure 4.16
reports the excitation model of L17 for these ISM components; this will be used
as a reference model to interpret ALMA water lines observations of J1135.

From the moment maps reported in Figure 4.4, besides random pixels of no
statistical significance, the three water transitions in J1135 seem to arise from the
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same physical region, a nucleus stretched into an Einstein ring up to the size
of a few kpc in the image plane. The observed emissions are consistent with a
single molecular component, due to the strikingly similar kinematic properties;
in addition, average velocities and velocity dispersions show no indication of
merging nor rotation of the emitting cloud.

The left panel of Figure 4.17 shows the contour plots of the same lines at 5, 6, 9,
and 12 o and the peak of the corresponding emissions, superimposed to the con-
tinuum emission at 640 ym. For completeness, the figure also shows the emission
peak and contours of the CO(8-7) emission. In the right panel of Figure 4.17, the
30 and 110 contours of the same lines in the source plane are superimposed to the
continuum in Band 8. The reconstructed image reveals the H,O with a resolution
of < 500 pc scale. Notice that the comparison is made between observations at
different ALMA resolutions: the low-level line is observed in Band 6, where the
resolution is lower with respect to the other lines. However, it is still possible to
locate a central nucleus, showing a clumpy structure corresponding to a region
of less than 500 pc, where all the water lines have their peak of emission, super-
imposed to the CO(8-7) emission peak and adjacent to the 640 ym continuum
peak. The reconstructed low-level transition peak is slightly (<500 pc) displaced
from the peak of the other two lines but still located in the central region. The 3¢
contours level of this line shows a tail of a few hundred parsecs stretching from
the nucleus, resulting in a more extended region in which the low-level line emis-
sion is appreciably detectable, with respect to the medium and high-level lines.
Noticeably, the peaks of CO(8-7) and p — HyO(422 — 443) turn out to be completely
superimposed to each other on both observed and reconstructed maps: the ab-
sence of differential lensing between these two emissions is another confirmation
that they stem from the very same physical region. The extended emission tail of
the water low-level transition is only weakly widening the velocity profile of the
line shown in Figure 4.1. This result is confirmed by the mapping represented in
Figure 4.17, evidencing a central, compact nucleus of <500 pc where CO (8-7) and
the water lines have their maximum. As for the low-level line, the reconstructed
emission of p-HyO (20 — 111) (right panel of Figure 4.17) is spread over a larger
zone, approximately delimited by its 30 contour extending for about 1 kpc. In the
next Section, I will focus on the observed emission of the water line transitions in
J1135 in terms of the physical properties of the underlying gas and dust.

4.6.3 Qualitative thermal diagnostics

The < 0.2 arcsecs resolution ALMA images presented here provide one of the
highest angular resolutions of water emission ever reached in observations of
high-z star-forming galaxies (see also Dye et al. 2022). As discussed in Section
4.6.2, the reconstructed emission of water of J1135 reveals that this target galaxy
has a central, homogeneous, and compact zone (< 500 pc) where low, medium,
and high E, water transitions are ignited by FIR pumping and collisions, to-
gether with collisional excitation of CO(8-7) and, partially, of the low-level water
line. The latter is also weakly excited in a more extended region of the ISM.
Though the rigorous diagnostic from these observations would require a full Ra-

89



Chapter 4. Singular Case Study within a Strongly Lensed DSFG Sample

Image plane Reconstructed source plane

Figure 4.17: Left panel: Lensed image of J1135 ALMA Band 8 continuum at 640 ym. The
superimposed contours of water lines and CO(8-7) moment 0 maps are shown at 5, 7, 9,
12 ¢ levels. Circles represent the position of the respective peak emissions. Right panel:
reconstructed (de-lensed) source and line emissions. Contours are shown at 3 and 11 ¢
levels.

diative Transfer model, some general considerations can be done by sticking to
the detailed models of L17 and Gonzalez-Alfonso et al. (2010, 2014, 2022). The
L17 model was specifically developed in order to produce a diagnostic tool for
the ISM in the nuclei of star-forming galaxies. Several nuclear environments are
covered, from pure nuclear starbursts to starburst nuclei hosting an AGN. Each
galaxy is modelled with different ISM components, where each component is an
ensemble of molecular clumps with identical physical properties. The excitation
temperature and level population of the gas molecules in a cloud are determined
under different physical conditions of the dust and of the gas itself. The SED mod-
elling of J1135 by Ronconi et al. 2023 (submitted to Ap]), shown in Figure 4.10,
successfully reproduces the continuum emission with two dust components: one
is associated with the molecular clouds hosting star formation, where the young
stellar populations, still embedded in their dense envelope, are heating the dust
up to Tgqust ~ 60 K; the second component is associated to the diffuse, optically
thinner ISM: here, the diffuse dust is heated by the radiation field of the old stars
populations and by the photons which could escape the molecular clouds sites of
star formation, making a diffuse cold component at Ty, ~ 40 K. In the starburst
core, the molecular clouds hosting young stellar populations are assumed to be
embedded in the diffuse component. I will take these fiducial values of Tyygt
together with the L17 model as starting points to interpret the thermal status of
the ISM associated with the observed water excitation. For each of the two dust
components, the total flux (integrated over the whole galaxy) expected from the
SED modelling at the water-pumping frequencies we are interested in is reported
in Table 4.10, normalised to the flux at 101 ym.

The L17 model analyses, in particular, the water excitation, in terms of levels
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population, in a single clump having characteristic parameters of a typical warm
molecular component, with gas kinetic temperature Tx=50 K, number density
n(H)=10> cm™ and water abundance X(H,0O)=10">, for increasing dust tempera-
tures. Ignoring the effect of pumping (i.e., setting Ty,s+=0 K), collisions alone excite
p-H>O (0-HO) up to levels with upper energy 250 K (350 K). This scheme is almost
unchanged until the dust temperature increases to a value of 40-50 K when FIR
pumping starts to populate levels with 250 — 350K < E,/Kp < 500 — 700K. The
line strength of transitions is sketched in Figure 5 of L17: the strength of transitions
with Eyp > 250 K (350 K) (as the p-H2O(422 — 413) line) increases rapidly with dust
temperature, while the strength of transitions with Eyp < 250 K (350 K) (as the
0-H»O(321 — 312) line) has a weak dependence on Ty, and some of the lines with
Eup < 200 K even tend to decrease for increasing Tyust, due to the increased de-
population by the continuum photons. In this framework, line p-HyO(202 — 111) in
this dense, warm gas (Tgas ~ 50 K) component, and for dust temperatures > 50K,
teels the combined effect of collisions (populating levels 111 and 2») and the weak
effect of pumping, which populates level 25y through the transition 111-259 while
depopulating the same level 25y through the transition 259-331. The last two effects
balance, in such a way that the pumping effect on the transition p-H>O(2p2 — 111)
is subdominant with respect to the collisional excitation. This explains the weak
dependence on the dust temperature of this line at this relatively high density,
and thus we can infer with a certain level of confidence that this line is mainly
collisionally excited in the ISM component associated with the "molecular" warm
dust.

The L17 analysis of the level population fractions shows that the collisional
excitation drives the p-H>O (0-H>O) lines with Ey, < 100 (200) K toward a Boltz-
mann distribution at the gas kinetic temperature (thermalising these levels) and
dominates the population of levels with Eyp < 250 (350) K, almost independently
on the dust temperature. Therefore, line p-H,O(2¢, — 111) is collisionally excited,
as long as the gas density is as large as n(H)=10" cm™>.

Noticeably, this thermalisation can also occur at gas densities much smaller
than the critical density of these water transitions (it ~ 108 —10%cm 3, reflecting
the large values of the Einstein coefficients for water rotational transitions), due
to the small escape probability of the emitted photons and the consequent large
optical depth and important radiative trapping which lowers the effective density
for thermalisation. For Ey, > 250-350 K, the excitation is almost completely
determined by the FIR pumping alone. In this range, the population of the levels
is driven towards a Boltzmann distribution at the dust temperature.

At the typical gas density of dense molecular clouds, p-HyO(422 — 413) line is
excited by pumping from dust photons (58 um) only for dust temperatures above
50 K, and the level population of 45, with respect to 31 increases for increasing
Tqust- We can infer that also the intensity of line p-HyO(42 — 413) with respect
to 0-HyO(321 — 312) is increasing with T4y, although their ratio depends on line
optical depths, and the solution of the radiative transfer equation is necessary to
diagnostic the dust temperature from the line ratios.

Considering the nuclear region of J1135 depicted in Figure 4.17, roughly de-
limited by the 30 contours of the medium and high-level water lines, we can
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compare the observed excitation of the lines with the trend arising from the ther-
mal model of L17. I will analyse this nucleus separately from the extended tail of
line p-H2O(2¢2 — 111) later in this Section.

Adopting the continuum modelling of J1135 previously described, the obser-
vations of the water line in the central core are consistent with a ~500 pc extended
ensemble of molecular clouds hosting bursts of star formation activity, featuring a
warm "molecular” dust component at a temperature of Ty, ~ 60 K or higher, em-
bedded in a diffuse dust component, and warm gas with density n(H)~ 10° cm™>
and Tgas ~ 50K.

The contribution of the colder, diffuse dust component at ~40 K (in which the
warm component is embedded), adds up to contribute FIR photons, in the central
starburst region, although with fractional fluxes different than in the "molecular"
warm component (see Table 4.9). This means that the FIR photons from the
diffuse dust component are more effective in exciting the low-level line, with 101
pum photons than the medium and high-level, which require continuum injection
of 75 um and 58 um photons respectively.

Summarising, the water emission in the core region of the starburst J1135 wit-
nesses the effect of radiative pumping on all three water lines, due to FIR photons
injected by both the molecular (warm) and diffuse (colder) dust component, as
well as the effect of collisions on the low-level (and, partially, on the medium level)
line. In the denser ISM, the p-HyO (202 — 111) line is mostly excited by collisions,
while the medium and high-level lines are mostly excited by FIR pumping. In the
diffuse, colder ISM, in which warm molecular clouds are embedded, FIR pump-
ing is mostly exciting the low-level line. In the core of the galaxy, we assume these
components are mixed.

It is important to stress here that the relative balance between FIR pumping
and collisional excitation of the low-level lines is strongly dependent on the gas
and dust environment parameters, which present a plethora of conditions in a
different context (see, e.g. Gonzélez-Alfonso et al. 2021).

While the aforementioned L17 model refers to a dense and warm gas com-
ponent, we can then tentatively interpret the more extended emission of the
low-level line (Figure 4.17) as arising far from the dense clouds cocooning young
stellar populations, i.e. in a region where only the "diffuse dust" component is
contributing to the local radiation field. Here, the effect of collisions is reduced
with respect to the central nucleus, due to the lower gas density, though they
are still efficient in populating level 111, the basis of the 101 ym pumping. The
continuum from the diffuse dust component is then appreciably populating the
low energy water levels by absorption of 101 um photons, but it is ineffective in
exciting the medium and high-level lines, due to a reduced injection of photons
with the proper pumping frequencies (see the second row of Table 4.10). The
abundance of H>O molecules may also be reduced here since the lower tempera-
ture of the radiation field lowers the fraction of water evaporation from the dust
grains ice mantles into the gas component. The low-level line in this extended tail
is then plausibly FIR pumped by the 101 um photons of the colder, diffuse dust
component, in a less dense and more extended region where the other lines do
not emit, owing to the weaker FIR continuum at 75 and 50 um.
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Translating level populations into line intensities is not trivial, since the ob-
served emission lines are differently affected by radiative trapping and, ultimately,
by their line and continuum optical depths. Usually, while the low-level lines in
the water spectrum feature high optical depths (7jine > 1) (and lower escape prob-
abilities, which allows them to trace densities much lower than the line critical
density), the medium-high lines are found to be optically thinner (Tjine ~ 1) be-
cause of the higher energy required for excitation. Because of the different optical
depths of those lines, the interpretation of their flux ratios requires the solution
of the full radiative transfer problem, which will be the subject of a forthcoming
study (Perrotta et al. 2023, in preparation).

Finally, it is worth noticing that we assumed an a priori value of Tyyust ~ 60
K, as derived from the SED fitting, but the observed excitation of the high-level
water line is also consistent with a higher dust temperature Tq,st ~ 100 K (the
"hot" component in the L17 model). Nevertheless, the possible contribution of
this hot dust component to the integrated continuum emission is expected to
be subdominant, as it might be compact and deeply buried. The continuum
emission by this component would be attenuated by the dense surrounding ISM,
making J1135 strongly obscured at optical /NIR wavelengths. Due to the lack of
MIR detections, this possible hot dust component is still largely unconstrained
although it could still be included consistently with the upper limits in the MIR.

The ratios of the line intensities, after correcting for lensing magnification,
are represented in the left panel of Figure 4.19, where they are compared with
the results of Yang et al. (2013) for two samples taken from the NASA /IPAC
Extragalactic Database (NED), and with the lensed QSO APM08279+5255 (van
der Werf et al. 2011). One sample has optically identified, strong, AGN-dominated
sources (Seyfert types 1 and 2), and the other sample has star-forming-dominated
galaxies, possibly with mild AGNs (classes HII, composite, and LINER of Kewley
et al. (2006), “HII+mild-AGN”). The two groups show similar ratios in H,O
emission, indicating that a strong AGN may have little impact on water excitation.
Noticeably, the ratio of the high to the medium water lines of J1135 (which are
the lines excited mostly by FIR photons from dust) is analogous to that of the
sample containing a mild AGN. In each sample, as well as in our target galaxy,
collisions alone cannot explain the relevant excitation of the medium and high-
level transition. One could formulate a dubitative hypothesis since, up to date,
there is no striking evidence for an obscured AGN (the radio luminosity of 1135
at 6 cm from available EVLA observations is consistent with the star-formation
activity so that no significant contribution from a central AGN is emerging, see
Vishwas et al. 2018). Our results seem to point to a hot nucleus possibly powered
by a starburst and maybe hosting a mild AGN in J1135. This possibility will be
further explored in Section 4.7.

4.6.4 The Ly,0-L1ir relation and SFR calibration

Multi-wavelength observations, ranging from UV to radio frequencies, have
greatly improved our understanding of the SFR calibration. Direct tracers, like
UV emission from newborn stars, recombination lines such as H, or FIR cooling
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Dust component Fss/Fi01  Fr75/F101
Dense molecular clouds 1.66 1.40
Diffuse dust 0.66 0.95

Table 4.9: Flux ratios of J1135 FIR pumping photons from dust associated with the dense
molecular clouds (warm dust component) and from the diffuse (cold) dust component,
having dust temperature, respectively, of ~ 70K and ~ 40K (from the SED modelling by
Ronconi et al 2023, represented in Figure 4.3). Fsg, F75, F1o1 are the fluxes at 58, 75, 101
um, respectively, integrated over all the source.

lines like [CII] at 158 um are, however, largely affected by dust attenuation (Casey
et al. 2014). In contrast, the TIR luminosity Ltr is a promising SFR indicator
precisely because of dust: in the limit of high obscuration, essentially all of the
UV-optical light from young stars is absorbed and re-emitted into the IR. Thus,
the TIR luminosity should be one of the best SFR indicators in those situations,
such as for starburst galaxies. The SFR-Ltir correlation is much more robust than
it is for the [CII] fine structure line or for the CO(J=1-0) line, which is sublinearly
correlated with Lpr even when only pure star-forming galaxies are considered
(Solomon et al. 1997, Diaz-Santos et al. 2013, Aravena et al. 2016). The TIR lu-
minosity of galaxies has been used to infer the SFR of galaxies for decades (see
Kennicutt 1998 and Kennicutt & Evans 2012 for reviews). The SFR is generally
estimated from the scaling relations of Kennicutt & Evans (2012), that assumes a
Salpeter IMF in the mass range 0.1-100 My, solar metallicity and for continuous
bursts of age 10-100 Myr:

SFR [Moyr'| » 1.47 x 10Lyg [Lo] (4.6)

A caveat to take into account is that Ltir may overestimate the SFR in all
those cases in which dust heating is enhanced by physical mechanisms other than
star formation, for example, extra UV emission or X-rays, as arising in the light
of evolved stars or AGNs (Kennicutt et al. 2009, Murphy et al. 2011, Hayward
et al. 2014). In all those cases, converting the TIR luminosity into an SFR using a
standard calibration will overestimate the true SFR. Besides this caveat, retrieving
Ltr requires a good sampling or modelling of the source SED, which is not
always available. A way to encompass this possible lack of detailed information
about the SED is to use tracers of LtR itself. Ly,0 was found to have a strong
dependence on the IR luminosity, varying as Ly,0 ~ Ltr!? (Omont et al. 2013,
Yang et al. 2013, Yang et al. 2016), slightly steeper than linear, and equivalent to
a linear relation in log-log space with a slope very close to unity. It extends over
four orders of magnitude of the luminosity range, regardless of whether or not a
strong AGN signature is present. This relation is indicative of the fundamental
role of radiative IR excitation of the water lines and implies that high-z galaxies
with Lir 2 10'3 Lg tend to be very strong emitters in HyO, that have no equivalent
in the local universe.

The modelling of J1135 SED with a warm dust component and a cold, diffuse
one (Section 4.4), allowed us to infer for the total IR luminosity a value of Ltjgr ~
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1.1 X 10'3 Ly, (consistent with the value obtained from the SED-fitting performed
with CIGALE, see Table D.1) and a FIR luminosity, integrated into the (42.5-
122.5 um) band, Lrr@25-122.5um) ~ 7.05 X 10'? Lo, after correcting for lensing
magnification. By inserting the value of Lrir(42.5-122.5um) in Equation (4.6) it is then
possible to estimate a SFR of ~ 1.77 X 10° Mg yr~!. After the de-magnification of
the water line intensities given in Table 4.6, for each transition, the corresponding
ratio to the total IR luminosity is computed along with the steepness a for the
relation Ly,0= L{;, where, for each water emission line, the luminosity Ly,0 is in
units of 10” Ly and Lig in units of 10'? L. The results are reported in Table 4.10
and compared with the best-fit values for the sample by Yang et al. (2013), initially
performed on a sample of 45 water-emitting galaxies spanning a luminosity range
(1-300x10'° Ly) and on high-z dusty star-forming galaxies, and later also including
lensed hyper-luminous IR galaxies at z~ 2 — 4 (Yang et al. 2016, 2020).

Comparing the ratios reported in Table 4.10 with Yang et al. (2013), we find
a consistent value (within 30) for all the transitions. In particular, this confirms
the trend, already found in Yang et al. (2013), that the inclusion of high-z DSFGs
at the high Ltr end of the Ly,0-L1ir relation has the effect of slightly increasing
Ly,0/Ltir when looking at the 2¢, — 111 transition.

The effect is explained by noting that, according to the interpretation of the
J1135 water emission described in Section 4.6.3, the 988 GHz line gets a significant
boost due to collisions. As collisions do not directly indicate the warm/hot phase
of the star-forming ISM, relying on this low-level line could introduce bias into
the Ly,0-L1ir correlation. Therefore, using the H20O,,,_1,, line to trace IR emission
might lead to an overestimation of the SFR. This mechanism might be at play in
high-z DSFGs, which might explain the observed steeper increase in the Ly,0-Ltir
relation for this specific group of sources, including J1135.

Likewise, the analysis of both J1135’s source reconstruction and the modelling
of its dust component suggests that relying solely on the total IR luminosity might
not yield precise outcomes. The flux spanning from 3 to 1100 um could indeed
contain minor contributions from older stellar populations and potentially rele-
vant AGNs. Consequently, using Ltir as a direct indicator of dust emission closely
tied to star formation could lead to an overestimation of the SFR. Conversely, em-
ploying water lines exclusively excited by IR pumping (like HyO4,,—4,, or higher
Eyp) as calibrators might result in underestimating the SFR. This is because Ltr,
which is at the denominator of the ratio, is higher with respect to the emission
from the effective warm/hot dust component (which is smaller than Ltr). For
this reason, the FIR(42.5 — 122.5 um) luminosity is a more reliable SFR indicator
than the total IR luminosity.

According to Kennicutt (1998), the effectiveness of FIR luminosity as an in-
dicator of SFR relies on the extent to which young stars contribute to heating
dust and the optical depth of dust in star-forming areas. The simplest scenario
occurs when newly formed stars dominate the UV-visible radiation and dust
opacity is widespread, implying the FIR luminosity to be a reliable estimate of
the starburst’s bolometric luminosity. In this situation, FIR luminosity becomes
the ultimate SFR tracer. Consequently, in cases of high optical depths commonly
found in starbursts, integrating Lrr across the 42.5-122.5 ym rest-frame wave-
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length range demonstrates its reliability as a star formation indicator, potentially
surpassing iLTR.

In the context of this analysis, focusing on high FIR luminosities typical of
starbursts (Lrr(42.5-122.5um) = 10'%L), we find a linear correlation between the lu-
minosity of the p-HyO(202—111) (Vrest = 988 GHz) spectral water line and Lgr. This
suggests that the luminosity of this specific water line (Ly,0(2,-1,,)) could serve
as a suitable SFR calibrator for high-redshift starbursts. Notably, this correlation
is likely explained by the partial contribution of 101 um photons from the diffuse
dust component, within which the denser component is embedded (Jarugula et al.
2019, van der Werf et al. 2011, Yang et al. 2013, 2016). However, it is important
to acknowledge that the excitation fraction resulting from this process depends
on gas and dust parameters. The L17 model and our discussions in Section 4.6.3
demonstrate that FIR pumping of this line in a dense warm ISM component be-
comes relevant for Tyus > 40K, especially in the less dense ISM component, while
collisions in a dense ISM contribute to line excitation even without a FIR radiation
field.

Noticeably, Jarugula et al. (2019) found that the 988 GHz line is correlated
with Lrr not only on global scales but also on resolved kiloparsec scales within
starbursts and AGNSs, in source regions with uniform dust temperature and opac-
ity. In this context, higher-resolution observations could effectively isolate water
emissions originating from specific zones centred around the peaks of line lumi-
nosities, enabling a high signal-to-noise ratio and consistent physical conditions.
Considering the entire emission area of the p-H20(2¢, — 111) transition, we es-
tablished a lower limit due to the inclusion of line flux from regions not directly
connected to the molecular clouds hosting star formation. Specifically, we derived
Li,o/Lar ~ (1.63+0.03) X 1076, which closely aligns with the findings of Jarugula
et al. (2019) for a sample of gravitationally lensed DSFGs at around redshift z~3.
This reinforces the hypothesis that p-H,O(20, — 111) in such galaxies is correlated
with the FIR luminosity of the starburst. However, we suggest that a more reli-
able diagnostic of the SFR in dusty starburst galaxies based on the thermal dust
emission should better rely on the high-level H,O transitions (like the 49, — 413
transition detected in J1135). Indeed, in this case, the ratio Ly,0 / Lrir@42.5-122.5um)
is dominated by IR pumping (actually, almost purely pumping induced), thus
it is expected to increase for increasing dust temperatures and SFR, unlike the
low-level transition at 988 GHz, whose upper energy level tends to depopulate at
increasing temperatures. The J1135 calibrations for the SFR/Ly,0 are reported
in Table 4.10 and are obtained from Equation 4.6. The Ltir/LFr(42.5-122.5um) Ta-
tio, corresponding to the value 1.72, is computed from the values obtained from
SED-fitting performed with GalaPy.

4.7 Evolutionary interpretation

In Chapter 2 I have provided a physical interpretation behind the evolution of
the FIRRC for a sample of (mostly unresolved) candidate strongly lensed DSFGs.
Here, I discuss how the observed resolved properties of a single strongly lensed
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Line Lm,o  (Lmo/Ltr) X 10° (Lp,o/Ltr)™@ X 10° o a®@ SFR/Lu,0

[10” Lo] [Moyr™ L'l
p-HyO 20p-117 11.4+0.2 94+16 7.6 097+0.06 1.12+0.04 1.56x107°
0-HyO0351-31 7.9+0.6 6.6 +0.6 10.7 0.83+£0.03 1.11+0.05 225x107°
p-HyO 4p0-413 43+0.8 3.6+0.6 5.7 0.58+0.07 094+0.12 4.13x107°

Table 4.10: From the left: de-magnified luminosities of J1135 water lines; ratios of water
luminosities to the TIR total luminosity of J1135; where the index (a) refers to the results
reported in Yang et al. (2013); a coefficient for the relation Ly,0= L7z; SFR vs. water line
luminosity. The SFRs were obtained from Equation 4.6 and linked to the luminosities of
the water transitions.

galaxy can be exploited with the aim of interpreting and comprehending the
evolutionary phase that this object is undergoing.

From the inspection of HST/WFC3 image, no evidence for galaxy companions of
J1135 is found within a radius of at least ~ 5 arcsec, corresponding to ~ 40 kpc,
although the detection of the possible closer and fainter source is hindered by
the current data sensitivities and angular resolutions. Moreover, from the CO(8-
7) reconstructed image and [CII] and water lines first-moment maps, we find
no clear evidence of a complex kinematic possibly associated with an ongoing
merging event. With no further hints pointing towards this scenario, we are led
to interpret the ISM conditions and the physical properties discussed so far in the
light of in-situ galaxy formation scenarios (Lapi et al. 2014, 2018, Mancuso et al.
2016a; Mancuso et al. 2016b, 2017, Pantoni et al. 2019). In particular, the properties
of J1135 are consistent with a compaction phase (Barro et al. 2014, Ikarashi et al.
2015, 2017, Kocevski et al. 2017, Silverman et al. 2019, Stacey et al. 2021, Valentino
et al. 2020, see Section 1.3) in which the dust-enshrouded star-formation activity
increases at an almost constant rate in the inner regions of the galaxy where the
stellar mass is being accumulated. At this stage, the in-situ scenario envisages
the galaxy to be an off-main sequence object in an early evolutionary stage, which
will eventually move towards the main-sequence locus as the stellar mass content
increases. Finally, the star formation will either progressively decrease as the
galaxy exhausts its gas reservoir or will be abruptly stopped by the action of the
feedback from an AGN (Mancuso et al. 2016a; Mancuso et al. 2017).

4.7.1 IsJ1135 hosting an AGN?

From the galactic evolutionary point of view, an important issue is to determine
whether the obscured compact cores in high-z star-forming galaxies are powered
by very compact starbursts and/or AGNs, from which strong emission is pro-
duced in very compact regions around the central accreting BH. The vigorous
star formation requires a large amount of gas, suggesting that the host galaxy’s
ISM significantly contributes to the obscuration of the UV and X-ray emissions
originating in the central nuclear region (Hickox & Alexander 2018), up to the
Compton-thick regime (N(H) > 10** cm™2), in addition to the pc-scale torus
(D’Amato et al. 2020, Peca et al. 2021, Gilli et al. 2022). The fraction of obscured
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AGN:s is found to be higher at earlier epochs (3 < z < 5) up to ~ 80% (e.g. Vito
et al. 2018) with respect to that in the local Universe (Burlon et al. 2011), likely
driven by the increase of the gas content in distant galaxies (e.g., Carilli & Walter
2013b).

Given the hypothesised evolutionary stage of J1135, it is natural to inquire
whether it contains an obscured AGN and if the inferred physical conditions of
the object align with this possibility.

The analysis of the water excitation presented in this Chapter points toward
the presence of a high excitation status in the ISM associated with the central
region, but how could we distinguish between a pure starburst excitation and
a (buried) starburst+ AGN mechanism? Being J1135 obscured in the optical and
NIR wavelengths, and due to the lack of data in the X-ray band, the question of
whether it hosts a buried AGN is still open.

The CO high-]J transition line (J=8-7) in J1135 reveals the presence of warm high-
density molecular gas, which can be either associated with the far-UV photons
produced by star formation processes or to the X-ray emission originated by the
AGN (e.g. Vallini etal. 2018). Indeed, the inner regions of the galaxy (~ 0.5 kpc) are
the most affected by the photons coming from the AGN, which penetrate deeply in
the Giant Molecular Clouds (GMCs) generating X-ray-dominated regions (XDRs,
Maloney et al. 1996).

Generally, the extremely compact nature of high-z galaxies hinders establish-
ing the extension of the XDRs even with high-resolution observations performed
with ALMA (e.g. Schleicher et al. 2010), and the effects of the AGN could be
visible on the global CO SLED.

Moreover, the lack of a good sampling of the MIR part of the SED of J1135
prevents the characterisation of the central BH properties. Indeed, the AGN’s
emission heats up the surrounding dust creating an excess in the MIR band if
compared with the MIR emission of galaxies with intense star formation but no
strong AGN contribution. Such MIR excess is an important hint signalling the
possible presence of AGN activity in these galaxies (Stern et al. 2012, Bonzini et al.
2013, Padovani et al. 2015, Delvecchio et al. 2021). The only hint of a possible
MIR excess in J1135 is inferred from its CO-SLED. Figure 4.19 adapts the results of
Kirkpatrick et al. (2019) adding the CO-SLED of J1135, which includes data from
the IRAM-30 m (Yang et al. 2017) and the Green Bank telescopes (Harris et al.
2012). From this comparison, J1135 is found to be consistent with the CO-SLED
of high-redshift sources with MIR AGN fraction > 0.5. However, Figure 4.19
should not be considered as a diagnostic, as one cannot find from the analysis
of Kirkpatrick et al. (2019) a robust statistically significant difference between the
CO excitation of star-formation dominated galaxies and AGN using the line flux
alone.

The reconstructed and resolved CO(8-7) emission extension for J1135, leads to
a quite large effective radius of Reg ~ 1.2 kpc (see Table 4.6). This result strongly
hints toward the presence of a heavily obscured AGN activity in J1135 at the
stage of its accretion or, alternatively, of feedback associated with the central star
formation activity (Vallini et al. 2018).

Besides the indications from mid and high-water excitations and from the
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CO(8-7) transition, previously discussed, one of the keys to discerning between
a starburst and a putative AGN, or the ensemble of both, relies on the different
mechanisms ruling their energetic mechanisms. Specifically, the main powering
source in starbursts is nuclear fusion, while in AGNSs is accretion into a super-
massive BH. As a consequence, UV is the predominant energetic radiation in a
starburst, while an AGN strongly emits in the X band in addition to the UV. How-
ever, this has consequences on the physical properties and on the excitation state
of the dust and molecules surrounding the nuclei.

In particular, a peculiar and sensitive probe of the excitation mechanism resides
in sub-mm and mm wavelength emission lines (weakly affected by dust extinction)
from those molecules which mostly characterise these very dense regions where
star formation takes place, i.e. HCN and HCO®, and in their abundance ratio.
Both HCN and HCO" are powerful tracers of the densest (ny, > 10* cm™ )
molecular gas, thanks to their high dipole moment, so their intensity ratio is
insensitive to the fraction of dense molecular gas, relative to diffuse. While their
typical ratio in our galactic molecular cloud is ~ 1 (Blake et al. 1987; Pratap
et al. 1997; Dickens et al. 2000), an overabundance of HCN relative to HCO™ is
predicted for dense molecular gas when illuminated by an X-ray emitting source
(Meijerink & Spaans 2005, Krips et al. 2008). Observations of the HCN and HCO™"
(J=1-0), J=2-1), (J=3-2), and (J=4-3) transitions initially confirmed this trend since
it was found that the HCN emission is systematically stronger than the HCO* in
AGN-dominated galaxy nuclei than in starburst galaxies. The trend of a strong
(> 1) HCN(1 - 0) to HCO*(1-0) emission ratio was further confirmed in luminous
buried AGN candidates (Imanishi et al. 2004, Kohno 2005, Imanishi et al. 2006,
Imanishi & Nakanishi 2006, Riechers et al. 2006, Gao et al. 2007, Imanishi et al.
2007, Krips et al. 2008, Bussmann et al. 2008, Gracid-Carpio et al. 2008, Imanishi
et al. 2009, Juneau et al. 2009, Imanishi et al. 2010, Aalto et al. 2015, Imanishi et al.
2016, Oteo et al. 2017). For this reason, enhanced emission from the dense gas
tracer HCN (relative to HCO™) has been proposed as a signature of active galactic
nuclei (AGN). However, this diagnostic was later questioned by Privon et al.
(2020), following the hard X-ray observations of a sample of four galaxies with
HCN/HCO™(1-0) intensity ratios consistent with those of many AGN. No X-ray
evidence of an obscured AGN was found, indicating that HCN/HCO™ intensity
ratios are not driven by the energetic dominance of AGN, nor are they reliable
indicators of ongoing supermassive BH accretion (Costagliola et al. 2011, Snell
etal. 2011). Low HCN/HCO™(1-0) intensity ratios were also found in AGNs (Sani
et al. 2012). This inconsistency could be due to spectral contamination from a
coexisting starburst activity that dilutes emission from an AGN. Furthermore, the
reason for the HCN /HCO* enhancement in AGNis is still not totally clear: it may
reside in high temperature-driven chemistry (Izumi et al. 2013), a non-collisional
excitation such as an IR pumping through the reradiation from UV /X-ray heated
dust (Aalto et al. 1995, Sakamoto et al. 2010, Garcia-Burillo et al. 2015), or in
shocked regions at a few hundred parsecs from the supermassive black holes due
to outflowing material (Martin et al. 2015). Different heating mechanisms, higher
gas opacities, densities, and temperatures, abundance variations, can contribute
to this enhancement.
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The HCN and HCO™* (J=1-0) transitions have rest wavelengths Asest = 3.385
mm and Apst = 3.364 mm respectively, thus suffering the limited resolutions
of current observations. Izumi et al. (2013) proposed a possibly more reliable
diagnostic based on the so-called "submillimeter HCN-enhancement", making
use of the HCN/HCO" (J=4-3) ratio, whose integrated intensity seems again to be
higher in AGNs than in starburst galaxies. These higher-J lines have sub-mm rest
frame wavelengths so that higher angular resolution is easily achievable compared
to (J=1-0) transitions; this is especially important to exclude contaminations from
starburst activity to the line emission from AGN-heated gas. Moreover, such sub-
mm lines can be covered by ALMA up to a redshift of ~ 3-4. Since this feature
could potentially be an extinction-free energy diagnostic tool for nuclear regions
of galaxies (Izumi et al. 2015, 2016), I have performed a preliminary analysis in
J1135 of the ratio HCN(J=4-3)/HCO™*(J=4-3) for purely rotational transition in
the fundamental vibration state, whose rest frequencies are vyt = 354.5 GHz
for HCN (J=4-3) and vyest = 354.5 GHz for HCO™" (J=4-3). For the purpose of
this analysis, I have adopted the pipeline-reduced ALMA Band 3 cubes directly
available from the ALMA Science Archive (Project: 2017.1.01694.S, PI. Oteo).
Figure 4.18 represents the spectral profiles of the two lines extracted from a region
of the cube images containing ~ 30 of the emission. The HCN/HCO" ratio
turns out to be ~ 2.2; this observed value of the HCN-to-HCO™ (J=4-3) suggests
possible AGN coexisting with a starburst-dominated region. Further observations
are required, though, to confirm this result, which would be an important piece
of information for the galaxy evolution scenarios.

4.8 Summary

In this Chapter, I have investigated the nature of the strongly-lensed galaxy
HATLASJ113526.2-01460 (namely, J1135) at redshift z = 3.1, discovered by the
Herschel satellite in the GAMA 12" field of the Herschel-ATLAS survey. I have
performed detailed lens modelling and have reconstructed the source morphol-
ogy in three different (sub-)mm continuum bands and the spectral emission of
the [CH], CO(8-7), HzO(]=20,2-11,1), H20(]=32,1-31,2) and HzO(]=42/2-41/3) lines. I
have also exploited a wealth of photometric ancillary data to perform broadband
SED-fitting and to retrieve intrinsic (i.e., corrected for magnification) physical
properties. Our main findings are summarised below:

* The lens modelling indicates that the foreground lens is constituted by a
(likely elliptical) galaxy with mass > 10! M, at z > 1.5, while the source is
found to be an optical /NIR dark, dusty star-forming galaxy whose (sub-)mm
continuum and line emissions are amplified by factors yu ~ 6 —13.

* The continuum emission of J1135 is extremely compact, with sizes < 0.5 kpc
for the star-forming region and < 1 kpc for the gas component.

* An accurate fitting of the line profiles showed no evidence for outflows nor
rotation of the central nucleus from which the water lines arise. This is also
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Figure 4.19: Left: integrated fluxes of the three J1135 de-magnified water lines (gold
stars), in Jy kms~!, compared with the sample analysed in Yang et al. (2013). The fluxes
are normalised to the intensity of the p-HyO (202 — 111) line. Right: median CO SLEDs
and line ratio uncertainties for selected sources with MIR AGN fractions > 50%(yellow)
and MIR AGN fractions < 50% (purple) from Kirkpatrick et al. (2019). Green points/line
refer to J1135, including data from Harris et al. (2012) and Yang et al. (2017).
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consistent with the reconstructed moment 1 of CO(8-7), obtained from 3
velocity bins. A single-Gaussian fit turned out to reproduce the water, the
[CII], and the CO(8-7) emission lines at a high confidence level, indicating
that the mid- and high-level water excitation region encompasses the same
dense gas region where CO is collisionally excited.

* J1135 features a very high star-formation rate > 10> M, yr~!, that given the
compact sizes is on the verge of the Eddington limit for starbursts. The radio
luminosity at 6 cm from available EVLA observations is consistent with the
star-formation activity, so no significant contribution from a central AGN is
emerging (see also Vishwas et al. 2018).

* J1135 is found to be extremely rich in gas ~ 10" My, and dust > 10° Mo.
The stellar content < 10 Mg, places J1135 well above the main sequence
of star-forming galaxies, indicating that the starburst is rather young with
an estimated age ~ 10° yr and that the stellar mass should at least double
before star formation is quenched.

* The imaging and line analysis of water transitions have been compared to
the existing radiative transfer models which account for the effect of dust-
emitted photons in the excitation of ISM molecules as well as of the collisional
excitations. This comparison is suggestive of a warm, or even hot (> 70K),
dust component in the central nucleus, which, together with a colder, diffuse
component, could explain the observed excitations.

* The robustness of the water lines as possible SFR calibrators has been dis-
cussed, comparing water luminosity-IR luminosity correlation with the
values obtained in literature for samples of local and high-z sources and
strongly lensed dusty star-forming galaxies. The presented physically moti-
vated analysis, based on the high-resolution imaging of the targeted source,
suggested that the better SFR indicators should be the high-level water tran-
sitions, since they are exclusively excited by FIR pumping from dust, with
negligible contribution from collision, and direct tracers of the warm and
hot dust typically powered in star-forming environments

* The properties of J1135 can be consistently explained in terms of in-situ
galaxy formation and evolution scenarios as typical of a rather young dusty
star-forming galaxy caught in the compaction phase. The lack of X-ray ob-
servations and MIR detections of the continuum are currently preventing
us from discerning the nature of this central hot nucleus. This perspective
is further supported by the distribution of water lines, revealing a clear link
between the central nucleus—potentially a site of starburst activity—and
the most intense spectral lines. These lines are particularly sensitive to FIR
photon emissions originating from a warm dust component with an approxi-
mate temperature of 60 K, reinforcing this connection. Specifically, lines such
as 0-HxO(321 — 312) and p-HyO(422 — 443) align with this central nucleus in
visual imaging. Although there is a slight shift, the lower-intensity line
p-H2O(202 — 111) also peaks within the same central nucleus, but exhibits
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more widespread emission. The excitation of this line on both the core and
the extended region is likely a result of diverse combinations of collisions
and FIR photon pumping at 101 ym, stemming from a denser, warmer dust
component and a diffuse, colder one.

In the future, observations coming from JWST will be crucial to shed further
light on the nature of this obscured object and its foreground lens in the near- and
MIR regime. Moreover, X-ray follow-up, coupled with the available ALMA data,
is required to establish the presence of the dust-enshrouded AGN and to better
investigate the interplay between star formation and nuclear activity (Massardi
et al. 2017).
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Chapter 5

Conclusions

This Chapter summarises the main results of this thesis and provides insights into
possible future perspectives.

5.1 Main results of this work

The goal of this thesis is to gain insights into the properties and evolution of
DSFGs by leveraging the physical phenomenon of gravitational lensing. To this
purpose, I have exploited high-quality wavelength observations of multiple trac-
ers and modern analysis techniques of SED-fitting, lens modelling, and source
reconstruction. Using my composite approach, which combines exploring em-
pirical relationships among samples of strongly lensed DSFGs and conducting a
detailed investigation of the morphological and physical properties of individual
objects, I have demonstrated that:

* Building a statistically significant sample of strongly lensed DSFGs at the
peak of Cosmic SFH holds the potential to uncover empirical relationships
among various physical properties of these objects, such as the FIRRC. This
is especially valuable in a luminosity-redshift range that is typically chal-
lenging to observe.

* Resolved observations of strongly lensed DSFGs can efficiently be exploited
to gain a comprehensive view of the chemical composition, morphology,
and sub-structure distribution of individual objects. These results have
been instrumental in probing the evolutionary stage of a single object and
the analysis presented here can be expanded to similar sources.

In the following, I provide a summary of the work described in this thesis
and possible future applications. My investigation started from a sample of
(candidate) strongly lensed DSFGs in the Herschel-ATLAS survey (~ 570 deg?).
This sample was originally selected in the work of Negrello et al. (2017), by
means of a simple flux density threshold corresponding to S50 ym > 100 mJy. The
redshift distribution is in the range 1 < z < 4.5, and the apparent IR luminosities
are compatible with the most luminous systems in the Universe in these bands
(ULIRGs and HyLIRGs), where 103 < Lir/Le < 10%.
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Thanks to these properties, this sample is the ideal test bench to investigate
the evolution of DSFGs at the peak of the SFH and the interplay between black
holes and their host galaxies.

The H-ATLAS survey offers a significant multi-wavelength coverage and a
plethora of photometric and spectroscopic data, which are pivotal pieces of infor-
mation in the understanding of the overall astrophysical properties characterising
galaxy evolution.

5.1.1 Exploiting lensing for the investigation of DSFGs

To achieve this goal I followed two approaches: the first involved the study of a
collection of objects, where the investigation focused on a few specific physical
properties of the galaxy population. The second strategy relies on the detailed
study of a few objects, exploiting a wealth of spectroscopic and broad-band photo-
metric data. Both methodologies benefit from an additional advantage offered by
gravitational lensing, which enables access to regions of the luminosity /redshift
space that would otherwise be beyond the reach of current instrumentation or
would require exorbitant amounts of observing time. For the former approach,
lensing allows studies to be expanded toward fainter luminosity regimes, while
for the latter, the magnification in sizes permits access to the details of the mor-
phologies and structures composing the ISM of distant and compact objects such
as DSFGs. This can be achieved through the accurate lens modelling and source
reconstruction techniques which I have overviewed in Chapter 2.

In Chapter 3 I took advantage of available radio data from the literature, from
the VLA-FIRST survey at 1.4 GHz, and from dedicated ATCA follow-up at 2.1
GHz, in order to build a sample of 28 candidate lensed DSFGs with a radio coun-
terpart over the redshift range 1 < z < 4 and reconstruct their FIRRC. The FIRRC
is an empirical relationship observed between the FIR and radio continuum emis-
sions from galaxies, strictly connected together by the star-formation process.
This correlation suggests a connection between the processes of star formation,
the generation of cosmic-ray electrons in galaxies, and the presence of magnetic
tields and is widely used to estimate the SFR in galaxies, especially when other
indicators are unavailable. Sub-mm-selected samples of gravitationally lensed
galaxies provide a valuable opportunity for follow-up studies, offering insights
into starburst characteristics in distant galaxies. This extends the FIR /radio corre-
lation across a wide range of redshifts and radio luminosities, contributing to our
understanding of how intense star formation influences the energy equilibrium in
the ISM. This influence is seen through processes like cosmic ray injection, accel-
eration, magnetic field amplification, and their effects on star-forming regions. In
Chapter 4 I have exploited a detailed-single object analysis. For this purpose, the
target is the strongly optical /NIR lensed DSFGs J1135 at zgpec = 3.127, belonging
to the sample of Negrello et al. (2017). These heavily obscured galaxies represent
a fraction (~ 20%, Chen et al. 2015) of sub-mm selected DSFGs, and often remain
undetected even in deep HST imaging. The detailed knowledge of optical /NIR
systems is still limited, however, it is becoming clear that they may play a crucial
role in the determination of cosmic SFRD towards earlier epochs (e.g. Wang et al.
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2019a, Talia et al. 2021, Enia et al. 2022). Therefore, J1135 presents an ideal case
for investigating the physical characteristics of these elusive galaxies, for which
only the average statistical properties have been examined so far. Moreover, the
investigation involved detailed observations of sub-mm continuum and spectral
emission lines such as [CII], CO(8-7), and multiple H,O transitions.

5.1.2 Main achievements in the description of DSFGs properties

For what concerns the investigation of properties for a statistically relevant sample
of DSFGs, in Chapter 3 I have presented the FIRRC for a sub-sample of (candidate)
strongly lensed DSFGs with a radio counterpart, and originally drawn from the
selection of Negrello et al. (2017). The key outcomes of this analysis are as follows.

* The resulting FIRRC for a sample of 28 (candidate) strongly lensed DSFGs
with a radio counterpart demonstrates a weak redshift evolution, aligning
with earlier findings based on different criteria at lower redshifts.

* The gpr parameter, when plotted against radio power Lj4GHz, shows a
clear decreasing pattern. This trend resembles the behaviour seen in lensed
quasars identified through optical/radio methods by Stacey et al. (2018,
2019), but the lensed galaxies studied here occupy a distinct region on the

grr — L1.4GHz graph.

* This trend can be effectively interpreted within the context of in-situ galaxy
evolution, signifying a transition from an earlier phase of dust-obscured
star formation (highlighted by our FIR selection) to a subsequent phase as
radio-loud quasars (predominantly captured by the Stacey et al. (2018, 2019)
criteria).

I have then analysed in detail the optical /NIR dark lensed system J1135. I have
exploited all the available ancillary multi-wavelength photometry and ALMA
high-resolution (< 0.1 arcsec) (sub-)mm (A ~ 0.64 — 1.3 mm) continuum and
spectroscopic observations. The latter enabled the lens modelling and the source
reconstruction of J1135’s emission in different tracers. The main results of my
analysis are the following;:

* The analysis of the CO(8-7), [CII], and water spectral lines revealed no clear
evidence of a complex kinematic, likely excluding the possibility of an on-
going merger.

* The lens modelling indicates a massive (Mg > 10! M) lens, which can
be compatible with the assumption of an elliptical galaxy at z > 1.5. On
the other hand, the source galaxy exhibited high magnification factors (u ~
6 — 13) and extreme compact sizes (~ 500 pc) in sub-mm emissions and ~ 1
kpc for the gaseous component.

e Through the SED fitting of broad-band photometry of J1135 I have retrieved
the intrinsic physical properties of the object. The system showcases a large
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reservoir of gas (~ 10! M), which is being rapidly converted into new stars,
placing this object well above the main sequence of SFGs.

The high dust content (~ 10° M) is well modelled by a two-component
emission. The first one is associated with the molecular clouds embedding
the star formation and heating the dust up to Ty,st ~ 60 K; the second com-
ponent is associated with the diffuse, optically thinner ISM and corresponds
to colder dust at Tyys ~ 40 K.

By reconstructing the de-lensed morphology of the different tracers I have
found that the majority of the intense star formation takes place in a central
and dusty region of the DSFG and settles the object close to the Eddington
limit for starbursts, with radio luminosity favouring star-formation domi-
nance over AGN activity.

I have discussed the implications of water lines as SFR calibrators and the de-
lensed morphology reconstruction indicates an alignment of specific water
line transitions with the central nucleus, reinforcing J1135’s characterisation.

I have discussed how the presence of a hidden mild AGN activity in J1135
is suggested by the ratio of high-excitation emission lines such as HCN
to HCO™ and HyO(J=4;-41,3) to HyO(J=3,,1-312). This idea is backed up
by the galaxy’s global CO-SLED, consistent with the CO-SLED of a high-
redshift source with MIR AGN fraction > 0.5 compatible with (obscured)
AGN activity.

I have compared the above findings with the predictions of the I scenario of
galaxy formation (Lapi et al. 2018), finding that these results are consistent
with the hypothesis of J1135 being a young compact dusty starburst (see
also Vishwas et al. 2018), likely to host an obscured, pre-quenching ANG,
compatible with the "compaction" stage of its evolution.

J1135 is therefore found to be a rather young object, with an estimated age
and gas depletion time of ~ 108 yr. Its inferred stellar mass (< 10! My)
should at least double before star formation is quenched.

In conclusion, my composite approach, which involves examining both sam-

ples of objects and individual sources, has demonstrated the efficiency of utilising
the strong lensing phenomenon to gain valuable insights into the evolutionary
sequence and the specific details of the evolutionary phases of massive objects
during the Cosmic Star Formation peak.

5.2 Future Perspectives

5.2.1 Expanding the analysis to larger samples

Future applications of the analysis presented in this thesis will encompass extend-
ing the detailed investigation described in Chapter 4 to a significant number of
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objects within the sample of strongly lensed DSFGs selected in the H-ATLAS sur-
vey. So far, such lensing systems have been mostly analysed individually, because
of the heterogeneity of data available. Achieving this goal implies confirming
the lensing nature of the selected candidates (Negrello et al. 2017, Bakx et al.
2018, Ward et al. 2022), their spectroscopic redshifts, and the properties of the
lenses. This forthcoming progression owes its feasibility to the increasing num-
ber of observations, and candidates strongly lensed sources, within H-ATLAS
fields, predominantly facilitated by ALMA. This enhanced observational scope
will permit performing the lens modelling, source reconstruction, magnification
assessments, and finally an accurate SED-fitting analysis of a sample of objects
sharing the same selection and, likely similar physical properties.

In this Section, I will describe the preliminary analysis and results achieved
for a small sample of 3 sources. The findings discussed here will be the object of
a forthcoming paper (Giulietti et al. in preparation).

Additionally to the Negrello et al. (2017) and Ward et al. (2022) targets, I
have exploited the BEARS sample drawn from the HerBS survey (Bakx et al.
2018, Urquhart et al. 2022, Bendo et al. 2023, Hagimoto et al. 2023) which I have
described in Section 2.5.2, and containing 85 bright SMGs. The sources have been
selected following the criteria adopted by Bakx et al. (2018), obtaining a subset
of 85 fields from the HerBS survey. In particular, sources have been identified
applying a 500 um flux density > 80m]y threshold, excluding known blazars
or bright local galaxies (as described in Negrello et al. 2010), with photometric
redshifts estimated from Herschel /SPIRE zppot > 2, and located in the H-ATLAS
SGP field. Several ALMA observations have been conducted for the sources in the
BEARS sample. Band 3 Cycle 4 and 6 observations (programmes 2016.2.00133.5
and 2018.1.00804.S, PI: Serjeant) were obtained with the ACA, and all the 85 fields
were observed during Cycle 7 in Band 3 and 4 with the 12-m Array (programme
2019.1.01477, PI: Urquhart) at low angular resolution (~ 2 arcsec). The latter
follow-up was conducted in a frequency set-up optimised to efficiently measure
robust redshifts (Bakx & Dannerbauer 2022).

From these observations, robust spectroscopic redshift measurements were
obtained for 71 sources (Urquhart et al. 2022) by targeting the brightest mm-
wavelength lines, such as the CO (J, J-1) transitions. Continuum emissions for the
85 fields were presented in Bendo et al. (2023), where almost half of the Herschel
500-um sources were resolved into multiple ALMA sources. Moreover, a fraction
of these sources are expected to be lensed because of the nature of their selection.
ALMA continuum measurements were also utilised to improve the photometric
redshift estimate based on Herschel photometry. Hagimoto et al. (2023) conducted
an analysis of the CO, [CI], and H>O emission lines of the 71 sources and their
stacked spectrum, uncovering ISM conditions akin to those found in local IR-
luminous galaxies and high-redshift DSFGs, albeit characterised by denser gas
and more intense Far-UV radiation fields compared to typical SFGs.
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Target sample selection

Starting from the ALMA Archival data, I have searched for candidate strongly
lensed sources with no prior analysis, among the Negrello et al. (2017), Ward
et al. (2022), and BEARS samples and with high angular resolution data sets
available. In particular, I have exploited recent ALMA Cycle 8 observations
for a sub-sample of 16 objects selected from the BEARS survey (project code
2021.1.01628.S, PI: Bakx), covering Band 3-to-Band 8. These follow-ups have
been conducted with higher angular resolution than the previous observations
described above, spanning from ~ 0.09 for Bands 7 and 8 to ~ 0.25 for Band 3. The
angular resolutions are thus comparable with those of the ALMA observations of
J1135 and represent the highest resolutions within the H-ATLAS survey, with the
exception of other well-known gravitationally lensed sources analysed extensively
in the literature (e.g. SDP.81, SDP.9, SDP.17, ID141).

The high quality and the broad spectral range of these ALMA data motivated
the selection of the sources object of the analysis presented in this Section.

Among this sample, I have identified sources which appear clearly lensed
from the ALMA images and with a high-resolution HST/NIR counterpart. AsI
mentioned in Sections 2.5.2 and 4.3.3, the presence of a counterpart in the NIR
regime is crucial to disentangle the contributions of the lens and the background
source to the overall SED (e.g. Negrello et al. 2014) and is therefore a minimum
requirement for this selection. For this purpose, I have exploited Archival HST
observations, finding 3 counterparts included in the Cycles 25 and 26 snap-shot
programmes 15242 and 16015 respectively (PI: Marchetti).

The final sample consists of 3 strongly lensed sources among the SGP field, namely
HerBS-22 (or HATLASJ002624.8-341737), HerBS-87 (HATLASJ002533.5-333825),
and HerBS-155 (HATLASJ000330.6-321136).

HerBS-22 is part of the samples of Negrello et al. (2017) and Bakx et al. (2018),
and it was also analysed in Chapter 3 as it shows a radio counterpart from ATCA
follow-ups. HerBS-87 and HerBS-155 were originally selected from the sample of
Bakx et al. (2018), and are also included in the BEARS sample, even though no
robust spectroscopic redshift estimate is available for HerBS-87 to date.

I have calibrated and imaged the ALMA data following the same procedure
described in Section 4.2.1, using the CASA version 6.2.1.7. The preliminary anal-
ysis described here focuses on continuum Bands 6 and 7 data and will be further
expanded including data from Bands 3,4,5, and 8 and searching for spectral line
emissions. Band 7 observations exploit four basebands of width 1.875 GHz,
centred at 280.155, 282.010, 292.155, and 294.010 GHz, each one composed of
1920 x 0.97 MHz channels. Band 6 observations share an analogous set-up, with
basebands centred at 223.879,225.734,238.379, and 240.234 GHz. The final cleaned
images and their properties are reported in Figure 5.1 and Table 5.1.

Ancillary data

As for J1135, aside from ALMA, HST and Herschel observations, all three targets
have ancillary multi-wavelength data in the KiDS, VIKING and WISE surveys,
covering the UV /optical-to-MIR regime. Figures 5.2, 5.3, and 5.4 show the cutout
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Figure 5.1: ALMA Band 7 and 6 images of the 3 HerBS sources, the beam is shown as a
grey ellipse. Postage stamps are 5x5 arcseconds and are centred at RAa1ma and Decarma.
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Band 7 Band 6
Source ID Beam PA angle Cont. Sensitivity Beam PA angle Cont. Sensitivity
[arcsec?] [deg] [m]y] [arcsec?] [deg] [m]y]
HerBS-22  0.141x0.083 74.52 0.116 0.156x0.128 78.56 0.077
HerBS-87  0.140x0.082 75.06 0.101 0.157x0.127  80.27 0.071
HerBS-155 0.141x0.082 76.42 0.106 0.160x0.126 82.48 0.073

Table 5.1: Properties of ALMA Band 7 and 6 continuum images of the three HerBS targets.
Columns show the final beam size, the positional angle, and the continuum sensitivity.

of the multi-band counterpart for each object in our sample with ALMA Band
7 contours superimposed. Conversely to J1135, the foreground object is clearly
visible in the optical/NIR regime. The KiDS DR4 photometric catalogue (Kuijken
et al. 2019) also provides an estimate of the photometric redshift of the lenses
based on the 9-band optical-to-IR measurements. The properties of the sample of
the three HerBS gravitationally lensed systems are summarised in Table 5.2.

Lens modelling

I have performed the lens modelling and source reconstruction of ALMA contin-
uum Band 6 and 7 of the three systems following the same procedure described
in Section 4.3 assuming an SIE mass profile for the lens. The best-fit lens model
parameters are summarised in Table 5.4. The results of source reconstruction are
reported in Figures 5.5, 5.6, and 5.7, and Table 5.3, where the parameters of the
source reconstruction are computed as described in Section 4.3.1.

Lens subtraction

The availability of high-resolution NIR data from HST for the three sources enables
us to infer the properties of the unobscured stellar component of these systems.
A necessary step involves the subtraction of the lens light from the NIR image,
where it dominates with respect to the background sources. For this purpose,
I have modelled the lens emission in the HST/WFC3 F110W images through
PyAutolens via a parametric non-linear fit with the same procedure adopted to
model the source’s light described in Section 4.3. Here I report the preliminary
result of this procedure applied to HerBS-155. The lens emission is modelled with
two Sérsic profiles, and the results are reported in Table 5.5 and Figure 5.8. The
normalised residual map shows an arc-like structure similar to that present in the
ALMA continuum maps of HerBS-155 belonging to the background source. The
emission peak reaches a 50 significance, and it should be tested whether or not
the SNR of the background source is sufficient for the lens modelling.

I will extend the lens-subtraction analysis for the remaining two objects, with
the goal of reconstructing the de-lensed NIR emission of the background source.
The relative sizes of the dust and unobscured stellar emission will be then com-
pared to investigate the evolutionary phase of these sources as done for J1135.
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HerBS-ID H-ATLAS ID RA Dec  RAaLma DeCaiMA  Zsource Zlens F250um Fs50um Fs00um Fs50um
[deg]  [deg] [deg] [deg] [m]Jy] [mJy] [m]y] [m]y]

HerBS-22  J002624.8-341737 6.6035 -34.2938 6.6042  -34.2939 3.05° 1.11 137.745.2 185.9+5.8 148.846.8 91.9+12.8
HerBS-87  J002533.6-333826 6.3899 -33.6406 6.3903  -33.6406 236 098 114.745.2 127.846.1 96.0+7.3 30.3£8.0
HerBS-155 J000330.7-321136 0.8778 -32.1934  0.8777  -32.1931 3.077° 043 599+5.8 942458 85.6+7.2 46.0+10.6

Table 5.2: The table summarises the main information on the three HerBS sources object of this analysis. From the left: source name in the
HerBS catalogue (Bakx et al. 2018), source name in the H-ATLAS survey (Eales et al. 2010), coordinates centred on Herschel position, coordinates
centred on ALMA position, (J2000), redshift of the background source measured either from CO spectral lines (Urquhart et al. 2022, denoted
by ®) or from Herschel photometry. The photometric redshift of the foreground lens, retrieved from the optical-to-NIR photometry of the KiDS
DR4 catalogue (Kuijken et al. 2019). The final four columns report the Herschel /SPIRE and SCUBA photometry from the H-ATLAS survey.
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HerBS-22

g band

Figure 5.2: Cutouts of optical-to-NIR images for HerBS-22 centred on the ALMA position.
Contours display ALMA Band 7 continuum emission at 9,7,5,3xo The postage stamps are
10x10 arcsec.

Band 6 Band 7
Source ID 3, Hs0 Reft3s  Reff,50 H3o Hso Refizs  Refiso
[pcl  [pc] [pc]  Ipd
HerBS-22  10.35%192 12.37+117 1125%72 8465 | 13.66*35 15.30%33; 83770 472%2%
HerBS-87  12.22*22 25.12%2%% 104655 626733 | 9.35°187 184793 88675 3657
HerBS-155 10.31%33¢ 14.86*3%% 113780 664750 | 17.52*13) 14.8171¢7 102873 960773

Table 5.3: Parameters in output from the source reconstruction of ALMA continuum Band
6 and 7 data of the three HerBS sources. Columns report the 30 and 50 magnification
factors and effective radii.
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Figure 5.3: Same as Figure 5.2 for HerBS-87.

Source ID GEESS ymass xmass q (P 1 Vo
[arcsec] [arcsec] [arcsec] [deg]
0.004 0.004 0.0057 0.01 0.01 0.006 0.006
HerBS-22  0.639*00%%  —0.016*00% 0.1305*0.09%7 0.54*091 —46.19%001  _0,032*0.006  _0.157+0.006
0.008 0.004 0.003 0.03 0.1 0.01 0.01
HerBS-87  0.425%0008  _0,027+0004 00067000 0.67+003 29501 _0,0293*000  —0.00641001
0.004 0.005 0.004 0.01 3 0.0048 0.005
HerBS-155  0.7317 )0 —0.0497502  0.046% 00, 0.970 8*3 —0.0009% joss  0-0147 002

Table 5.4: Best-fit parameters from the lens modelling of the three HerBS sources, as
described in Table 4.5, the last two columns report the shear elliptical components of the

mass profile.
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Figure 5.5: Same as 4.6 for HerBS-22.
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Figure 5.6: Same as 4.6 for HerBS-87.
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Figure 5.7: Same as 4.6 for HerBS-155.

Lens subtraction: HerBS-155

Components q Teff n

[deg] [arcsec]
Sérsic 1 0.79 +0.03 -29.2+0.1 0.096 + 0.002 0.34 +0.07

Sérsic 2 0.857p-003 ~7.4%02 0.88 +0.01 3.04 +0.04

Table 5.5: Output parameters from the lens-subtraction procedure performed with PyAu-
toLens for HerBS-155. The lens light is modelled with two Sérsic profiles. From the left:
axis ratio, positional angle, effective radius and Sérsic index.

116



5.2. Future Perspectives

Model Image

Image

Normalized Residual Map

4.51
3.83
5.0

11"
1.1"

0.0"
225e st
0.0"
1.92 e s71
0.00

11"
-1.1"

Q
S}

-5.0

11" 0.0" 1.1"

11" 0.0" 1.1"

11" 0.0" 1.1"

Figure 5.8: Results of the lens subtraction for HerBS-155 HST/WFC3 F110W image.
Panels show the original map, the model and the normalised residuals.

5.2.2 Improving the information in the radio continuum domain

Addressing the issue of coevolution between galaxies and SMBHs involves not
only a knowledge of the SFR but also of the AGN feedback mechanisms (jets or
winds), concurring in the quenching of the star formation. Obtaining indepen-
dent measurements of star formation and AGN activity is essential, especially in
quasar-host galaxies which are rich in gas and dust (Hopkins et al. 2005).

One important issue regards the main driver of radio emission in heavily
obscured accreting SMBHs (Alexander & Hickox 2012), and its connection with
galaxy properties such as the age, the sSFR, and the obscuration.

From the FIRRC an excess in radio emission is expected from radio-loud AGNss,
which is mainly detected at fluxes S1.4,cH, = 0.1 m]y (e.g. Mignano et al. 2008).
This population progressively recedes towards fluxes below this threshold, mak-
ing way for the emerging category known as radio-quiet AGNs (e.g., Simpson
et al. 2006, Seymour et al. 2008, Smolci¢ et al. 2008). This also corresponds to a
gradual change in the physical processes probed by deep radio surveys. How-
ever, the results of the radio emission mechanisms (AGN, star formation, or a
composite of both) have been largely debated (e.g. Barthel 2006, Kimball et al.
2011, Padovani et al. 2011, Bonzini et al. 2013, Condon et al. 2013, Bonzini et al.
2015, Padovani et al. 2015, White et al. 2015, Herrera Ruiz et al. 2016, Kellermann
et al. 2016, Herrera Ruiz et al. 2017, White et al. 2017).

I demonstrated that the in-situ scenario provides a plausible evolutionary
framework for the evolution of radio-loud AGNs (see also Mancuso et al. 2017).
In this view, samples of strongly lensed quasars and DSFGs can be exploited to
overcome the limits in sensitivity of the current surveys, where the majority of
these objects often remain undetected. However, most lensed quasars still lie
below the detection limits of all-sky surveys such as FIRST and even forthcoming
surveys such as VLASS, and samples of strongly lensed objects are still limited.
Even though significant progress has been made in characterising the faint radio
population with deep surveys of single fields, such as the VLA-COSMOS 3 GHz
survey (Smolcic et al. 2017), these predictions need to be tested in detail in order to
fully understand the mechanisms that give rise to radio emissions in radio-quiet
AGNSs, in particular, the impact of radiative feedback processes and whether
or not radio emission in these objects is primarily governed by star formation.
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In the future, the radio domain will soon open a new observational window,
provided by the upcoming ultradeep radio continuum surveys planned on the
Square Kilometre Array Observatory (SKAO) and its pathfinder telescopes, such
as ASKAP, MeerKAT, and LOFAR (see Norris et al. 2013, Prandoni & Seymour
2015).

For what concerns SKA precursors, recent studies have exploited the low-
frequency regime (v < 150 MHz), currently explored by LOFAR (van Haarlem,
M. P. et al. 2013) and soon with SKA, to detect the emission originated by star
formation at high-z through the steep negative spectrum of synchrotron radiation,
where the observed radio luminosities are higher. This alternative method to
identify extreme cases in which the radiative output from the AGN is heating the
cold dust at FIR wavelengths can be also applied in the case of gravitationally
lensed systems, where the magnification in sizes and luminosity enable the study
of the FIR and radio properties for individual objects otherwise undetected (see
Stacey et al. 2019).

SKA path-finders such as ASKAP are built to perform high-speed surveys with
an instantaneous field of view up to 30 deg®. The ASKAP Evolutionary Map of
the Universe survey (EMU, Norris 2017; Norris et al. 2011) is planned to conduct
all-sky deep observations. One of the key objectives of the survey is tracing the
co-moving SFRD up to z ~ 2 for starburst galaxies and up to z ~ 0.3 for Milky
Way-like galaxies, along with radio-loud AGNs up to z > 4 and radio-quiet AGNss
up to z ~ 2. The pilot EMU survey (Norris et al. 2021) was conducted in the
southern field (over ~270 deg?) in the frequency range 800 — 1088 MHz, produced
images reaching a sensitivity of ~ 25 — 30uJy beam™!, with an angular resolution
of ~ 11 — 18 arcsec and resulted in a catalogue of ~ 220000 sources. At the end of
2022, the main EMU continuum survey started and is planned to reach a better
sensitivity and dynamic range with respect to the pilot project.

In the context of future radio observations, the work described in this thesis
has paved the way for new deep observations. In particular, my analysis of
ATCA follow-up at 2 GHz conducted in 30 non-contiguous fields within the H-
ATLAS SGP (Section 3.2) unveiled a substantial number of previously undetected
radio sources. The identification of these new objects prompted the initiation of
the Serendipitous H-ATLAS-field Observations in Radio-bands of Extragalactic
Sources (SHORES) survey (PI M. Massardi). This comprehensive radio survey
spanned over 200 hours of observing time and encompassed a total area of 15
deg?, reaching sensitivities of approximately ~ 30uJy. These depths are on par
with surveys projected for the SKA pathfinders (see Figure 5.9). Notably, a specific
deep field has been surveyed down to ~ 5uJy at 2.1 GHz. Follow-up ATCA
observations at 5.5 and 9 GHz were also in one (Deep) field, reaching down to
50 uJy. The SHORE’s Deep Field also boasts a wealth of supplementary data,
including partial coverage from ASKAP and data from Spitzer, WISE, and HST.

The main objectives of SHORES include the characterisation of the radio lumi-
nosity function and multi-band analysis of faint radio-emitting objects. Moreover,
SHORES is observed in polarisation, which indicates AGN presence and opens
the investigation of the extragalactic foreground (i.e. polarisation coming from
star-forming galaxies and AGNss).
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Figure 5.9: Cutout partially covering one of the SHORE's fields compared with previous
NVSS observations of the same region of the sky.

The next-generation radio astronomy facility SKAO is planned to commence
scientific operations by the end of the current decade. One of the primary objec-
tives of SKAO is to investigate the history of cosmic star formation, even reaching
extremely distant cosmic epochs. The initial phase, referred to as SKA1, was
originally designed to be executed across two distinct locations, each with differ-
ent arrangements of baselines. The first site, labelled SKA1-low, comprises 512
stations with 256 antennas each and is located at the Murchison Radio-astronomy
Observatory in Western Australia. This array was designed to operate within the
frequency range of 50 to 350 MHz. The second site, SKA-mid, was projected to in-
corporate a combination of 133 SKA 15-meter dishes and 64 MeerKAT 13.5-meter
dishes situated at the Karoo site in South Africa. SKA-mid’s observation range is
planned to range from 350 MHz to 15.4 GHz, with the goal of reaching 24 GHz in
the future, and is planned to be divided into at least 4 bands.

The first SKA science data challenge (Bonaldi et al. 2021) provided the proper-
ties of SKA-MID continuum imaging products, addressing the issues associated
with their analysis. The images are simulated at three frequencies (150 MHz, 1.4
GHz and 9.2 GHz) and three depths (8 hours, 100 hours and 1000 hours). The
rms for the deepest observations reaches ~ 250, 73 and 38 nJy in the three bands
respectively.

According to projections from Mancuso et al. (2015), a survey reaching an
rms sensitivity of ~ 0.25uJybeam™" at 1.4 GHz could potentially identify ~ 1200
strongly lensed galaxies per square degree above a 50 detection threshold, even
at redshifts up to 10. Notably, the impressive angular resolution of SKA1-mid
(ranging from 0.03 to 1.4 arcsec) ensures that at least two images from around
30% of these sources will be detected, allowing for the direct confirmation of their
lensed nature.

The capabilities of SKA1-mid and its predecessors promise a comprehensive
insight into the history of star formation during the EOR. This data will remain
unaffected by dust extinction, thereby enabling a thorough exploration of both
SFG and radio-quiet AGN populations. These observations will achieve unprece-
dented levels of sensitivity (sub-uJy) in the deepest fields. Additionally, they will
generate extensive samples over wide areas at the same depth (~ p]y), to date at-
tained only by the smallest and most in-depth radio surveys. In conjunction with
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in-depth multi-wavelength data, this approach will provide an unbiased per-
spective on the interplay between star formation and nuclear activity throughout
cosmic history.

5.2.3 Improving the sub-mm/NIR spectral and continuum infor-
mation

Aside from the radio band, the launch of JWST in 2022 has inaugurated a new
perspective on the distant Universe in the NIR and MIR regime. Deep imaging of
JWST’s imaging cameras (NIRCam and MIRI), demonstrated the ability of JWST
to identify optically and NIR dark sources missed even by Spitzer because of their
fainter luminosities. By selecting galaxies based on their broadband colours and
brightness drop (referred to as the Lyman Break or the Lyman Forest), the explo-
ration of numerous extremely high-redshift (up to ~ 16) Lyman-Break Galaxies
(LBGs) candidates (e.g. Bradley et al. 2022, Castellano et al. 2022, Finkelstein et al.
2022, Naidu et al. 2022, Adams et al. 2023, Atek et al. 2023, Bouwens et al. 2023,
Donnan et al. 2023, Finkelstein et al. 2023, Labbé et al. 2023, Harikane et al. 2023,
Morishita & Stiavelli 2023, Rodighiero et al. 2023, Yan et al. 2023) was made pos-
sible. Along with this, the accuracy of JWST’s spectrography (performed with
NIRSpec and NIRIS) confirmed the presence of galaxies up to z ~ 13.2 (Robertson
2022, Curtis-Lake et al. 2023).

In addition to these thrilling discoveries, the high-resolution imaging capabil-
ities of JWST to capture the stellar distribution of DSFGs hold a pivotal role in
comprehending the mechanisms driving the triggering of starbursts, as well as
their subsequent transformation into quiescent galaxies.

In particular, JWST can overcome the high-z DSFG’s extremely low brightness
in (rest-frame) optical wavelengths, the distribution of stars within intense star-
bursts remains largely unexplored and often beyond the capabilities of the HST
and 8-10 m telescopes. Only a few galaxies have been detected by IRAC/Spitzer in
the mid-infrared, but the resolution of these detections is insufficient for studying
their structure. The JWST, combining sub-arcsecond angular resolution and sig-
nificantly improved sensitivity compared to previous telescopes across the near-
and mid-infrared spectrum (i.e., 1-28 uym), introduces the opportunity to, for
the first time, investigate the stellar light and ionized gas structure within these
galaxies at sub-kiloparsec scales.

NIRCam attains higher angular resolutions and sensitivities compared to HST,
with its angular resolutions more closely resembling those of ALMA. This out-
come will allow JWST to explore the spatial segregation between obscured and
unobscured star formation, even in HST-dark entities like J1135, with an unprece-
dented level of detail. This factor holds significance in the evaluation of predic-
tions made by evolutionary models. For instance, within the in-situ framework,
the stellar component is anticipated to span an area larger than a kiloparsec, while
obscured star formation occurs within a notably more concentrated sub-kiloparsec
region (Lapi et al. 2018). This anticipation has undergone testing on DSFG sam-
ples (Pantoni et al. 2021) and a few strongly lensed DSFGs (e.g., Massardi et al.
2017), showcasing strong alignment with model projections. The capabilities of
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JWST will expand these investigations to unprecedented angular resolutions and
extend them to fainter and distant galaxies.

The unmatched angular resolution of MIRI overcomes the challenges of object
blending commonly observed in instruments working within comparable wave-
length ranges, such as Spitzer and WISE. Furthermore, MIRI imaging holds the
capability to delve into the stellar and ionized gas structure in the rest-frame NIR
of these galaxies, even during the Era of Reionization. For instance, a recent inves-
tigation by Alvarez-Mérquez et al. (2023) showcased MIR sub-arcsecond imaging
and spectroscopy of the farthest lensed hyper-luminous infrared system discov-
ered to date (SPT0311-58, at z = 6.9). Through observations employing the MIRI
IMager (MIRIM) and Medium Resolution Spectrometer (MRS), the study unveiled
the structural characteristics of stellar emission (at rest-frame 1.26 ym) and the
ionized medium on kiloparsec scales within the system.

Hence, MIRI and NIRCam possess the complete capability to distinguish arc-
like characteristics within lensed galaxies at high redshifts, like J1135, during
the peak of Cosmic SFH. This becomes notably significant when considering
intricate lens modelling or conducting SED-fitting analyses, as the resolution and
segregation of the background source’s emission within the system are important
aspects to be taken into account. Additionally, for the latter objective, JWST /MIRI
can effectively track potential excess originating from obscured AGNs within such
sources.

Finally, the synergy between JWST and ALMA can be exploited to identify
the physical properties of candidate strongly lensed DSFGs and dig into the star
formation events. Of particular importance will be the forthcoming ALMA2030
Wideband Sensitivity Upgrade (Carpenter et al. 2023), which will enhance the
efficiency in spectral lines detection, also facilitating the redshift estimation of the
lensed sources.
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Appendix A

Relevant Astrophysical Processes in
Galaxy Evolution

Here I overview the physical baryonic processes that constitute the fundamental
elements shaping galaxy formation and evolution.

A.1 Radiative cooling

In Section 1.3 I have overviewed the main processes involved in the evolution of
an ETG progenitor as described by Lapi et al. (2018). One of the main mechanisms
involved in the early fast evolution is the radiative cooling. This process takes place
when the astrophysical gas cools by emitting radiation and therefore loses the
energy carried by the emitting photons. The result is the loss of kinetic energy of
the gas particles.

In the context of galaxy formation, the relevant case involves an optically thin
gas or a gas in which the photons can escape from the system because they are
not absorbed by the gas itself.

Several mechanisms may be responsible for radiative cooling, depending on
the gas temperature, density, and ionisation state. The discriminant temperature
is T ~ 10* K, which in the case of Hydrogen, corresponds to the value separating
regimes of ionised and neutral gas.

For Tz 10* K the main mechanisms determining radiative cooling of the gas
are processes involving electrons and ions (or atoms). These processes can be
classified on the basis of whether the electron is in a bound or free state before or
after the radiation emission.

* Bremsstrahlung (or free-free radiation): a free electron interacts with an ion
and emits radiation because of its change in velocity when being deflected
and accelerated in the ion field.

e Recombination (or free-bound radiation): a free electron recombines with
an ion to form a neutral atom or a less ionised ion, and emits radiation.

* Radiative de-excitation (or bound-bound radiation): when transitioning
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from a higher to a lower energy level, an electron bound to either a neu-
tral atom or an ion emits radiation.

In addition to these three mechanisms, collisional processes are crucial in es-
tablishing the conditions for radiative cooling:

¢ Collisional ionisation (bound-free): through collision, usually involving a
free electron, an electron that is initially bound to either a neutral atom or
an ion is emitted.

¢ Collisional excitation (bound-bound): typically involving a free electron, a
collision can cause a bound electron to be excited to a higher energy level or
de-excited to a lower energy level. In case of a collisional excitation a photon
is absorbed, in case of de-excitation, it is emitted.

The combined effect of the above mechanisms can be computed, provided we
have information on the rate of ionisation and recombination of the various species
involved. A useful approximation usually adopted is the collisional ionisation
equilibrium (CIE). However, one has to keep in mind that this assumption may not
be always applied in astrophysical systems, and in some cases, a more realistic
treatment is required (e.g. Sutherland & Dopita 1993).

The collisional ionisation equilibrium assumes a perfect balance between the

collisional and ionisation rates, neglecting photoionisation from external radiation
tields. Moreover, the ions and neutral atoms are assumed to always be in the
ground state, therefore they are not in thermodynamic equilibrium.
To fulfil these conditions, the gas number density must be much lower than a
certain critical value ngi. At these densities, collisional de-excitation is rare,
favouring spontaneous decay and emission. Furthermore, in CIE excited ions
and neutral atoms immediately emit radiation. As n > nit, the upper energy
levels become substantially populated due to collisional excitation, and concur-
rently, depopulated by collisional de-excitation. Meanwhile, spontaneous decay
becomes progressively less likely. In such circumstances, a state of thermody-
namic equilibrium is reached, leading to energy levels populated in accordance
with the Boltzmann law.

Assuming a static fluid in the regime of T > 10* and neglecting gravity, from
the energy equation of fluids we can infer the energy loss per unit time per unit
volume due to radiative cooling under the CIE approximation as:

d
d_(; = —mn.A(T). (A.1)

Here € is the cooling rate of an optically thin gas, n; and n, are the atomic (atoms
and ions) and the electron number densities respectively, such that n = n; + n,.
A is the cooling function (in units of erg s™! cm®, which only depends on gas
temperature and metallicity.

The left panel of Figure A.1 shows the cooling function A(T) in the tempera-
ture interval 10*°K <T< 107K for plasmas with different metallicities. For Z = 0
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Figure A.1: Left panel: cooling functions from Sutherland & Dopita (1993) in the temper-
ature range 10* < KT< 10”7 K and for different values of gas metallicities. Figure from
Washinoue & Suzuki (2023). Right panel: Cooling functions for gases with nyg = 1 cm™ at
different metallicities: Z = 0 (solid), 1073Z¢, (dotted), 1072Z, (dashed), 10~1Z, (dot-dash-
dashed), 1 Zy (dot-dot-short dashed), 10Z¢ (dot-dot-long dashed). Image credits: Smith
et al. (2008).

the gas is made only of hydrogen and helium, A peaks at T~ 2 x 10* K, corre-
sponding to a regime in which collisional excitation (and radiative de-excitation)
and ionisation (and recombination) of neutral hydrogen are most effective. With
increasing temperatures hydrogen becomes ionised and its contribution to the
radiative cooling rapidly drops, the second peak at T ~ 10° K is therefore origi-
nated by the helium. At even higher temperatures, also the helium is completely
ionised and the free-free emission becomes the dominant process, enforcing the
asymptotic dependence of A(T) ~ T'/2. At a given temperature, the cooling rate
is higher for higher metallicities. This is due to the fact that metal atoms and
ions are characterised by several line transitions, which are the driving coolant
mechanisms at T~ 10°.
The characteristic timescales of cooling can be approximated as

3(n n kBT 6kBT
teool = = | — | [= ~ . A2
! Z(nt)(ne)nA(T) nA(T) (A.2)

This quantity is the cooling time, corresponding to the time in which the gas
would emit all of its thermal energy through radiation if the cooling rate was
constant. t.] is, in most cases, a reliable estimate of the cooling time, even if T
and n vary during the process. This approximation holds for fully ionised gas.
n¢/n and n,/n depend on both metallicity and temperature, and for T 3 x 10* K
and 0 < Z < Z,, these ratios are ~ 2 and are only weakly dependent on Z and T.
Therefore, for a given metallicity and temperature ¢, o 1/1, the outcome is that
plasmas with higher densities have shorter cooling times.

In the case in which T < 10* K, all atoms are neutral and very few electrons are
free. Within this temperature range, the cooling function is influenced not only
by gas metallicity and temperature but also by gas density. At elevated densities,
cooling becomes less effective, as collisional de-excitation replaces radiative de-
excitation, leading to the suppression of metal cooling. The limited number of free
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electrons lacks the required energy to excite the inner energy levels of hydrogen.
Consequently, the atomic cooling of metal-poor gas markedly diminishes, quickly
dropping down to zero for temperatures below 10* K.

The right panel of Figure A.1 illustrates this situation, also showing how, at these
low temperatures, metal-rich gas cools more efficiently than metal-free gas. This
is because heavier elements, such as the singly ionised Carbon, have low-energy
transitions that can be excited at T < 10* K.

It is worth noticing that, even if metal-enriched gas cools more efficiently,
the atomic cooling rate at T < 10* K is orders of magnitudes lower than at
T > 10* K. Another important aspect, which becomes relevant in the context
of the formation of galaxies and first stars, is that at lower temperatures atomic
cooling is completely inefficient in metal-free gas. Instead, the gas can radiate its
energy through molecules, whose contribution to the cooling function depends
on the gas density. Even though molecular cooling has low rates in absolute
terms, it can be very important since it peaks right at the drop of atomic hydrogen
cooling.

A.2 Photoionisation and cosmic-ray heating

When an ionising background radiation field is present, the cosmic gas is heated
by the mechanism of photoionisation heating (or photonheating).

A radiation field is considered ionising when its photons have sufficient energy
to remove electrons from the atoms comprising the gas. For instance, hydrogen’s
binding energy is 13.6 €V, so it needs photons in the fuv or higher energy ranges
to be ionised.

During the ionisation process, the gas experiences heating as free electrons
absorb energy AE = hv — x, where hv represents the energy of an ionising photon
and x stands for the ionisation energy. This acquired energy is transformed
into kinetic energy among the free electrons and subsequently transferred to
other particles through collisions. Furthermore, photoionisation inhibits radiative
cooling processes that involve bound electrons.

For photoheating to be effective, a reservoir of neutral atoms to ionise must
be present. For example, the photoionisation of hydrogen is important only
for T < 10° K; however, when present the effect is important since the peak of
hydrogen cooling function can get strongly suppressed. In the context of galaxy
formation, the most relevant ionising radiation stems from the extragalactic UV-
background radiation, originating from massive stars and QSOs. The intensity of
this radiation varies with redshift, intensifying as cosmic time progresses, starting
from the reionisation era and reaching approximately z ~ 2. This aligns with the
peak of cosmic SFRD and AGN emission before diminishing toward z = 0.

Moreover, cosmic rays, which are relativistic particles mainly composed of pro-
tons and electrons, generated by supernova remnants and AGNSs, also contribute
to heating. Even cosmic rays with relatively modest energies are effective at ion-
ising atoms and dissociating molecules, thus injecting kinetic energy into the gas.
This cosmic-ray heating holds particular significance for molecular clouds, which,
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due to their high densities, shield themselves from UV photons. Apart from the
extragalactic UV background, gas within a galaxy is also subjected to photoioni-
sation by internal sources within the same galaxy, including young massive stars
and the AGN.

A.3 Compton Heating and Cooling

Other important cooling and heating processes in astrophysics are originated
by Compton scattering. This mechanism is a quantum-mechanical process that
involves the interaction between a photon and a free electron in the low-energy
limit regime, in which quantum effects can be neglected (hv < m,c?).

In the context of thermal electrons within a population at temperature T and in
the presence of background radiation, when the average energies of the photons
significantly exceed the kinetic energies of the electrons (hv > kgT), energy
transfers from the photons to the electrons. Through this phenomenon, known
as Compton heating, the plasma can acquire energy through its interaction with
the background radiation. This process, observed in the interstellar medium
(ISM) and intergalactic medium (IGM), is thought to take place when there are
X-ray and gamma-ray emissions originating from AGNs. In the opposite case in
which the electrons’ energies are much higher with respect to photons’ energies
(hv < kgT), energy is transferred from electrons to photons. This process is
the Compton cooling or inverse Compton scattering and is important when hot gas
interacts with low-energy photons from the CMB. This latter process is expected
to impact the redshift evolution of the FIRRC, as discussed in Section 3.1.

A4 Cooling and Infall

As mentioned in Section 1.3, cooling and infall are the main processes driving the
galaxy formation and the set of the star-formation activity. The basic yet useful
classical model of galaxy formation assumes that inside the DM halo, the infalling
gas is heated to the virial temperature. Here I will overview the evolution of the
gas at the viral temperature in DM halos.

Underlying early theories of galaxy formation (Binney 1977, Rees & Ostriker
1977, Silk 1977, White & Rees 1978b) there is the fact that the masses characterising
galaxies are determined by different crucial timescales: the cooling time f.,,], the
Hubble time tyy and the dynamical time ¢4y

Assuming the most simple case of an isothermal gas distribution with average
density n and temperature T = T, within a spherical virialised DM halo with
mass M,ir and radius ryi;. The dynamical timescale is

1
t = ,
RNy

where (p) = 3Myir/ (47 rsir) is the average halo mass density. In the assumption
of n = fgas(p)/(ump, with fes ~ 0.16 the universal fraction of baryons, the latter

(A.3)
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equation becomes:

fgas
Gumpn’

tdyn(”) = (A4)

Focusing on the cooling and dynamical time, in the case in which tc50] < t4yn
the gas will cool, losing the support of the pressure and collapsing on timescales
~ tdyn- As a result of this catastrophic cooling, conditions conducive to star
formation will emerge. In the opposite case in which fco01 > fayn the gas will
remain hot and in equilibrium in the potential well of the halo.

From these considerations, the discriminant threshold predicting whether or
not the halo will form a galaxy is defined by tqyn = tcool-

Introducing now the Hubble time t;; ~ H™!, the condition which permits the
halo to virialise is tgyn < ty. Three possible regimes may occur:

* twol > tH (no cooling): the star formation is not triggered since the gas can
not cool.

® tayn < teool < tH (slow cooling): cooling becomes important on relatively
long timescales yet shorter than the system age.

® teool < tdyn (rapid cooling): the cooling is efficient and the galaxy can form
rapidly.

The average gas number density within halos having an overdensity of A. and
an average mass density of (p) = AcpPcrit is

Acpedz) _ SAcfeas ) (A5)
UMymp SnGlump

n :fgas

where H(z) is defined from the Friedmann equation for a flat ACDM model.
The number density of the gas (1) increases with the redshift, favouring galaxy
formation inside halos with intermediate temperatures (10* < T < 10°) and
disfavouring the cases in which Ty, > 10° K and Ty < 10%. Tt should be also noted
that higher metallicity favours cooling, therefore the range of virial temperatures
allowed is actually larger.

The typical values of temperature and density are obtained from the loci of
constant redshift and M, inferred assuming T = Ty, and deleting AcH Z,

o 6k3  foasT°
nG3mg M2,

vir

(A.6)

Summarising, the efficient galaxy formation is expected to occur in the range
of halo masses 10°Mg < Myir < 101¥Mg. This is consistent with the typical value
of stellar mass found in the most massive galaxies (M, ~ 1012 Mg). The model’s
predictions align with observations in higher-mass halos, indicating that the gas
remains at high temperatures and lacks efficient star formation. This outcome
corresponds to the regime of groups and clusters of galaxies, where favourable
conditions for galaxy formation are lacking. Conversely, halos with masses below
10° M, are not anticipated to undergo efficient star formation.
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A.4.1 Hot and Cold Accretion Modes

The model described previously in this Section does not accurately reflect the
actual accretion dynamics of dark matter halos. This is because heating and
cooling processes operate concurrently, and it is not always the case that the gas
is heated to Ty, before cooling.

Both analytical calculations and numerical hydrodynamic simulations suggest
that two distinct gas accretion modes are likely to take place. In the hot mode, the
gas experiences shock heating up to the virial temperature, while in the cold mode,
the gas remains cold as it reaches the halo’s centre.

In practical terms, these two regimes are due to the occurrence of virial shocks
exclusively in halos surpassing a certain mass threshold, denoted as Mg, This crit-
ical mass remains relatively constant across different redshifts, typically around
~ 102 My. Mg, mainly depends on metallicity, reaching higher values for higher
Z, given the major effectiveness of cooling. Another dependence is the shock-to-
virial radius r¢n/7vir, which according to numerical simulations can be as low as
~ 0.1, even though major uncertainties remain.

The dependence of My;; on redshift is slight, spanning the range of 57 x 10!!
My for 0 < z < 5, as shown in Figure A.2. For halos with Myiy < Mg, at
all redshifts, the gas infall doesn't result in shock heating, leading to the cold
mode of accretion where the gas reaches the halo centre without being heated
to Tyir. Virial shocks are expected for halo masses surpassing the critical mass,
indicating that the hot mode would be dominant based on simplistic isolated halo
models. However, accretion is not spherically symmetric, and even in halos where
Mir > Mg, cold gas streams can penetrate the centre due to their effectiveness
along filament directions with shorter cooling times and higher density.

Cosmological hydrodynamic simulations support the idea that when M,
surpasses Mgy, virial shocks tend to occur at lower redshifts (z < 1.5). This is
because higher-redshift gas can directly penetrate the halo centre as cold flows
through filaments or streams, bypassing significant heating. Shocks are less
effective along filament directions due to their elevated density and shorter cooling
times.

Although the discussed aspects remain topics of debate, they possess minor
significance at high redshifts when galaxy formation is driven by swift cooling.
Whether the gas experiences shock heating and rapid cooling or enters cold mode,
these details become inconsequential. Ultimately, the gas will descend toward the
halo centre within the timescale tgyn.

After describing the processes guiding the gas infall and cooling into DM halo,
the following sections will focus on the subsequent star formation process.

Star formation is the crucial process wherein gas transforms into stars, marking
a significant stage in the formation and evolution of a galaxy, ultimately shaping
its stellar component.

Key to star formation is cold (T < 30 K) and highly dense (1 > 10> cm™)
gas. To achieve these conditions, gas must initially form molecules, enabling
highly efficient cooling to lower temperatures. Notably, cooling through CO
rotational transitions is one effective mechanism. Subsequently, the gas progresses
to the formation of molecular clouds with intricate and fractal internal structures.
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Figure A.2: Halo mass as a function of redshift. The values of Msh are based on
models of isolated spherically symmetric halos, assuming mean present-day metallicity
and rg, = 0.1ryir and Z = 0.1Z. Figure credits: Dekel et al. (2013).

In the densest regions of these clouds where gravity prevails over competing
forces, conditions for gravitational collapse arise. Here, the gas undergoes the
transformation into stars.

The phenomenon of star formation is remarkably intricate, involving a diverse
array of physical and chemical processes that span an extensive range of scales,
from galaxy size (tens of kpc) down to star size. Despite advancements, certain
aspects of star formation remain enigmatic, especially at higher redshifts, where
the individual star-forming regions cannot be resolved. In this thesis (see e.g.
Chapter 4) I have highlighted how strong gravitational lensing can overcome
this issue, revealing the observations of compact high-redshift galaxies down to
sub-kpc scales.

A.5 Molecules Formation

Star formation commonly takes place within GMCs, which are observed in both
the Milky Way and nearby star-forming galaxies. These GMCs typically possess
masses around ~ 10°~® M and encompass a hierarchical arrangement of dimin-
ishing structures, ultimately leading to dense cores where direct observations of
star formation take place. In this thesis, I have discussed how molecules such as
CO and water are important tracers of the star formation activity and of the energy
budget of molecular clouds (see e.g. Section 4.6). The formation of molecules is
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the first crucial step required to trigger star formation within the ISM.

Radiative cooling is particularly efficient inside molecular clouds with respect
to the more diffused ISM. The time evolution of the number density n(M) of
certain molecule M forming from two atoms or molecules A and B is expressed
as

dn(M)
dt

= ken(A)n(B) — n(M) [B + kan(X)], (A7)

where n(X) is the photon number density, ks and k; are formation and de-
struction coefficients of M respectively, and g is the molecule’s photodissociation
rate. Often the equilibrium condition is assumed to obtain a rough estimate of
n(M), under this assumption, the molecule formation and destruction processes
are balanced, and Equation A.5 is equal to zero.

The molecular hydrogen Hy is one of the most important components of molec-
ular clouds. This molecule forms at T < 40 K and column densities Ny > 10%
cm™2. In the complex ISM conditions of galaxies, the formation of this molecule
occurs on the surface of dust grains. In brief, in the adsorption process hydrogen
atoms collide with dust grains and stick to the surface of the grain. The H atom
then can move on the grain’s surface and likely can encounter another H atom,
forming the H, molecule. The energy released during this event is absorbed by the
dust grain and the H, molecule can escape from its surface through the so-called
desorption process. The probability of the H atom to stick to the grain’s surface, and
therefore the rate of H, formation, depends on several factors, such as the atoms
and grains density, the grain’s cross-section, and the thermal speed of the atoms.
Depending on the dust temperature, this probability diminishes for warmer dust.
Additionally, dust grains can provide shielding against UV photodissociation for
newly formed molecules.

A.6 Feedback

In Section 1.2.2 I have discussed how stellar and AGN feedback processes are
pivotal in shaping the evolution in size of ETG progenitors, and their importance
on regulating /quenching the star formation. In the following, I outline the main
effects of astrophysical objects, such as stars and AGNs, in impacting the galaxy’s
evolution.

A.6.1 Feedback Processes from Stars

Stellar (or supernova) feedback arises when young and massive stars” winds or
supernova explosions inject significant amounts of kinetic and thermal energy into
the surrounding ISM. This phenomenon has dual effects: it can expel gas from the
ISM and diminish or control the SFR (negative feedback), while also potentially
compressing local gas and augmenting the star formation rate (positive feedback).

In particular, SN explosions affect the ISM rapidly producing large quantities
of gas ejection moving at elevated speeds (vej ~ 10° — 10* km s™!). Type II SNe
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ejects the gas located on the outskirts of massive stars, which can constitute an
important fraction of the initial mass of the star.

The ejected material moves at highly supersonic velocities, rapidly producing
shocks in a few hundred years. The shock expansion consequently generates an
approximately spherical shell of shocked ISM gas called supernova remnant (SNR),
in which the equipartition between internal and kinetic energies is reached.

In its early phases, the shell evolves without radiative losses, conserving the
total energy released by the SN explosion (Eg).

The radius and speed shell evolution are defined as:

1/5 _ 2/5
Esn uno 1/5 t
~14.1 ( ) A8
sh (1051erg) 1cm3 10%yr pe (A.8)
1/5 _ -3/5
E RN
Ush =~ 552.9 SN ( Ko ) km s}, (A.9)
10%terg 1cm3 10%yr

known as Sedov solution (Sedov 1959) for a blastwave evolution in the ISM
(with average density ng), valid for ¢t > 100 yr. Both solutions marginally depend
on both the SN energy and ISM average density, implying that initial conditions
do not strongly impact the normalisations. The adiabatic phase of a SNR lasts
until the shock decelerates and radiative losses become significant, reducing the
shell’s temperature and causing the cooling time to match the system’s age. Sub-
sequently, in the radiative phase, a notable amount of energy is lost, and the shell’s
evolution can be described (using the principle of momentum conservation) as

1/5 15 1/4
rsh236.0( ESN) (’“mo) ( : ) pc

10°lerg 1 lem=3 10%yr (A10)
/5 _ -3/4
Esn ung 1/5 t 1
Ogn ~ 88.0 ( ) km s,
10°'erg lem=3 10%yr

The above equations are referred to as snowplough solution, where the SNR
experiences deceleration primarily due to the accumulation of ISM mass within
the shell. Follows that the majority of the captured mass resides within the shell,
with only a negligible mass gain within the bubble’s interior.

The radiative phase ceases approximately at times t, ~ 2 X 10° yr, when the
shell velocity is approximately similar to the typical velocity of ISM random
motions, corresponding to o ~ 10km s71. At this time, the SNR loses coherence,
dispersing and releasing its residual kinetic energy to the ISM, which strongly
impacts feeding turbulence. Most of the energy released during SN explosion is
radiated in X-ray and UV /optical regimes via thermal emission, in addition to a
synchrotron non-thermal emission.

The second feedback mechanism originated by stars involves stellar winds.
Winds originate from radiation pressure during the evolution of massive O/B
stars, impacting ions in the outermost regions of the stellar atmosphere. Conse-
quently, the star loses a significant amount of mass. The mechanical luminosity is
the wind’s kinetic energy per unit of time and can be expressed as

131



Appendix A. Relevant Astrophysical Processes in Galaxy Evolution

Ly =

. M 0 2
My02, > 1.3 x 10% w ( w ) -1 (A1l
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where Mw and v,, are respectively the wind mass outflow rate and velocity,
and L, can be considered approximately constant during the wind phase.

As a consequence of stellar winds, a bubble is generated, expanding into the
ISM. As for SNR, also winds generate shocks when interacting with the ISM,
however, in this case, the wind particles propagate as a continuous and fast flow
from the central star. The flow impacts the shock material, forming a second reverse
shock, which propagates through the wind perturbing it. Eventually, the freely
expanding wind, the bubble of shocked wind, and the ISM shocked shell reach an
equilibrium configuration. The velocity propagation of the two shocks is much
lower than the wind flow’s speed (vy), for this reason, it is possible to estimate
the thermodynamic state of the wind bubble. From the free wind’s reference
frame, the first shock would move toward the wind at a velocity ~ vy, producing
a shock inside the wind, and creating a high-temperature bubble (T ~ 107 K). In
this regime of temperature, cooling time is very long, therefore such a bubble can
evolve nearly adiabatically. Conversely, the shocked ISM shell is perturbed by the
second shock radiating away a significant fraction of its energy. The final system
will be then composed of an adiabatic bubble and a radiative shell. The velocity
and radius of the shell are defined as:

ron =~ 7.0 [ 1/5( uno )‘1/5 L
e 1036ergs=1 1em™3 10%yr P

1/5 _ -2/5

L 1/5

Ugh =~ 41.3 v ( Hito ) ! km s
10%6ergs—1 1cm™3 10%yr

(A.12)

In conclusion, when a constant source of kinetic energy is present, in this
case, stellar winds, the radius of the shell grows faster in time with respect to an
instantaneous energy release such as the case of SN explosion, therefore the shell
decelerates at a slower rate in a wind bubble than in an SNR.

Approximately half of the wind’s total energy is channelled into the wind
bubble’s internal energy, while the remaining portion contributes to the shell’s
energy, distributed between kinetic and internal components. Around 20% of
the wind’s total energy is directed towards propelling the shell’s expansion, and
as the expansion concludes (v % 0g,s), this energy will be conveyed to the ISM.
Consequently, a stellar wind could potentially be more effective than a SNR in
transmitting kinetic energy to the ISM.

Finally, the last stellar feedback mechanism involves superbubbles and galactic
winds. Young star clusters, located within giant molecular clouds and referred
to as O/B associations, host a significant number of O and B stars. When these
stars are almost coeval, one can predict the simultaneous emission of robust
stellar winds from approximately 100 stars within a confined spatial area. The
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collective effect of these emissions leads to the formation of a substantial bubble
encompassing the entire stellar association, commonly known as a superbubble.

Given that superbubbles are re-scaled versions of single-star bubbles, they can
be treated with the same formalism.

Around 1 Myr later, the most massive stars within the O/B associations in-
terrupt the wind production and undergo SNe explosions, leading to both the
heating of the bubble and the expansion of the shell. With the passage of time, an
increasing number of stars experience SN explosions, resulting in the supershell
becoming predominantly SN-driven. A rough estimation of the energy input
can be derived by considering the main-sequence lifetime of an 8 Mg, star as the
timescale for this phase, which amounts to approximately 30 Myr. Consequently,
the average mechanical luminosity generated by SNe is

Len NsnEsn ~ 10% (NSN) ( Esn

~ Tvs BM) 100 | | 105Terg

where Ngy is the number of SNe. The energy input per unit of time provided
by SN is therefore similar to that of stellar winds. One has

) ergs_l, (A.13)
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It is worth highlighting that the phase of SN persists for roughly ten times
the duration of the stellar wind phase, resulting in a larger energy input from
SN within the superbubble due to comparable luminosities. Furthermore, the su-
perbubble exhibits higher efficiency than individual SNRs in transmitting kinetic
energy to the ISM. This advantage arises from the fact that supernovae exploding
within a superbubble experience less resistance from the encompassing medium,
which is comparatively less dense.

The power of a galactic wind can be linked to the global properties of a starburst
galaxy, with a focus on its SFR. In particular, by multiplying the energy of a single
SN by the rate of SNe, one can estimate the energy released per unit of time by a
starburst galaxy. The supernova rate Rgy can be estimated from the number of
stars having mass> 8 M. Given a Chabrier IMF,

(A.16)
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Part of the SN energy can be injected into the galaxy ISM in the form of kinetic

energy resulting in a galactic wind. The kinetic energy per unit of time available
to drive the wind is

> 40 i Esn SFR -1
K~3x10 (0.1)(1051erg)(M®yr_1 ergs™, (A.17)
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with 1 being the efficiency in transferring energy to the wind. The kinptic
power for a wind living in the galaxy, also called energy-driven wind, is K =
Moutv? /2, where Moy is the mass outflow rate, defined as

: - i SFR Oout -2 1
Mout gD ~ 1 (0'1) (M@yr‘l) (300 — s‘l) Moyr™, (A.18)

having Esn = 10°! erg. The mass loading factor is the ratio between the mass
outflow rate and the SFR of a galaxy and is expressed as

— Mout

p= SER

Energy-driven winds face a challenge: in order to achieve fast outflows, low

outflow rates and correspondingly small values of § (8 < 1) are required. To

enable faster outflows with larger g, the concept of momentum-driven winds has

been introduced. This approach posits that gas acquires momentum from the

SFR at a rate ~ SFR X voyt. This momentum transfer can occur through radiation

pressure from massive stars onto dust grains, which then drag the remaining gas

along (with the prerequisite that the ISM is optically thick). The mass outflow
rate in a momentum-driven wind can be described by

(A.19)
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which shows a milder dependence on the wind speed, and so could be more
efficient than an energy-driven wind at fast speeds.

A.6.2 Feedback from AGNs

Gas located in a galaxy’s central regions has a dual interaction with the SMBH
hosted within it. On one hand, the gas is drawn in for accretion, fueling the
AGN; on the other hand, the emissions and outflows from the AGN can influence
the surrounding gas. This dynamic interaction is referred to as "AGN feedback".
Since the mass difference between SMBH and its host bulge is of about three
orders of magnitude, the quantity of gas which undergoes falls inside the SMBH
is negligible in terms of the total energy, mass, and momentum budget of the
host galaxy. Despite this, the feedback mechanism originating from AGNs has
a considerable impact and significantly affects the evolution of the host galaxy.
When these mechanisms suppress star formation through heating or cold gas
expulsion from the galaxy’s core, the feedback is negative. Conversely, positive
feedback occurs when the star formation is enhanced, for example in the case in
which the gas compression initiates the collapse of molecular clouds. Notably,
AGN feedback encompasses various spatial scales. Indeed it links processes
taking place at scales roughly corresponding to the Schwarzschild radius

2GM.
Yo =
2

~9.57x107° ( (A.21)

108/\/(@) pe
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as well as additional mechanisms occurring within the characteristic scales of
the host galaxies, groups, and clusters, spanning from a few kiloparsecs to several
hundred kiloparsecs. In the above equation M, is the BH mass.

Even though AGN feedback is still a poorly understood mechanism, there are
some fundamental properties useful to investigate its impact on galaxy evolution.
AGN feedback is thought to manifest in two primary forms: radiative feedback,
which is facilitated by photons, and mechanical or kinetic feedback, which is mediated
through the expulsion of gas particles.

AGN'’s accretion rates can face high or low accretion rates, relative to the
maximum accretion rate for a certain M,.

A maximum luminosity resulting from the accretion of a pure hydrogen
plasma onto a black hole in spherical symmetry can be defined. This is called
Eddington Luminosity, defined as

4ricGmsMe
Lpqg = ——2 > ~1.26 % 1046(

ergs_l, (A.22)
oT

M.
108 Mo
where o7 is the Thomson cross section.
When L = Lgqq, the radiation pressure force equals the gravitational force. Defin-
ing €raq as the radiative efficiency of the AGN, the Eddington mass accretion rate
is

Mead = LEdd2 - (A.23)
€radC
MEqq, therefore, defines the maximum accretion rate for a black hole of mass M.

While the observed luminosity of AGNs is often below the Eddington limit, it is
possible to have super-Eddington luminosities and mass accretion rates surpass-
ing the Eddington rate if accretion is not spherically symmetric. The assumption
of spherical symmetry amplifies the impact of radiation pressure. A scenario for
super-Eddington accretion can arise when the accreting gas is distributed within
a thin accretion disc.

The potential impact of AGN feedback on galaxy evolution can be summarised
as follows: during its growth, a supermassive black hole with mass M, releases
energy Eo = (€raq)Maec?. If the black hole resides in a galaxy with a bulge mass
M., and velocity dispersion o, the binding energy of the bulge is approximately
E, ~ M,o?. This provides a simple way to quantify the potential effects of AGN
feedback. The energy released by the SMBH can largely exceed the binding energy
of the host bulge, as indicated by the ratio between these two energies, which is
expressed as follows:

E. - (€rad) Ma.c? N (€rad) o =2 (Mo / M
E. M2 100( 0.1 (300 km s—l) 0.001 (A.24)

It is also useful to define the Eddington Ratio for a black hole with a given
luminosity and mass accretion rate:

fedd = L/Lgdd = Mace/ Meda. (A.25)
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Quasars are typically characterised by high frqq values, while radio galaxies
exhibit low fgqq values. As a result, the high and low accretion rate modes are
commonly denoted as the quasar mode and radio mode feedback, respectively.

* The quasar mode feedback occurs when a supermassive black hole is ac-
creting gas at a high rate and emitting a significant amount of energy as
photons. This mode is characterised by a radiative luminosity comparable
to Lgqg with 0.01 < fgqq < 1, where both radiative and mechanical feedback
is relevant. However, due to the high luminosity, radiative feedback tends to
dominate. The presence of a relatively small accretion disc (approximately
10 — 100 times the Schwarzschild radius) around the black hole results in
limited electromagnetic emission. The energy emitted in radiation is

E = eradMaCCcZ, (A.26)

with € = 0.1 being the radiative efficiency. High-energy X-ray photons dom-
inate the process of photoionisation heating, wherein photons can transfer
energy to the gas, resulting in temperatures around 107 K.

Photons can give rise to other feedback mechanisms, such as AGN winds.
These emitted photons transfer their momentum to the surrounding gaseous
medium, potentially driving an AGN wind.

During the QSO mode phase, both radiative and mechanical feedback are
significant factors, even if radiative feedback dominates. The AGN wind
plays an important role with roughly half the mass accreted while the other
half is ejected. In this phase, the AGN self-regulates through a cycle of
powerful outbursts and quiescent periods, effectively heating and displacing
cold, dense gas from the central galaxy regions, thus halting AGN fueling.
The duty cycle, which is the fraction of time spent in an outburst, is relatively
small at low redshifts, around 1072 — 107!, but can be more significant at
high redshifts, lasting for hundreds of millions of years with a duty cycle
exceeding 107!, thereby suppressing star formation in the host galaxy.

* Radio mode feedback operates in massive elliptical galaxies situated at the
centres of groups and clusters. In this scenario, the BH is accreting at rates
much lower than the Eddington limit, typically with fgqq < 0.01, from a
surrounding environment primarily composed of hot gas at temperatures
around 10° — 107 K. While radiative feedback is minimal, mechanical power
is significant due to the presence of powerful jets and radio lobes containing
relativistic plasma. These jets create cavities or bubbles within the surround-
ing medium, where the relativistic plasma is confined by the pressure of the
ambient gas.

When the bubble is sufficiently distant from the centre the mechanical en-
ergy responsible for inflating the bubble is entirely transferred to the gas.
The efficiency of energy transfer during AGN feedback is highest when the
AGN is positioned at the core of a group or cluster, where the surround-
ing medium is denser. In this scenario, the potential well enhances energy
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transfer. In contrast, the efficiency is lower for isolated galaxies in a less
dense medium, as jets can more easily propagate away from the core.

Radio mode feedback is characterised by intermittent production of jets,
with a duty cycle of around 1073 to 1072. This leads to the formation of
successive generations of radio lobes and cavities.

A.7 Galaxy Merging

Finally, in this Section, I describe the main physical processes involved in galaxy
merging. As discussed in Section 1.3, dry merger events play an important role
the late slow size and kinematic evolution of a massive ETG progenitor.

Merging is a phenomenon where two or more galaxies interact, resulting
in the creation of a single new galaxy. The outcome of such an encounter is
determined by factors such as orbital characteristics and the internal conditions
of the galaxies involved. High-speed encounters are termed gravitational flybys,
resulting in temporary perturbations and typically no merging. Conversely, low-
speed encounters lead to galaxy mergers, where interacting galaxies combine to
form a new entity within a relatively short time. Flybys play a minor role in
galaxy evolution, however, they can have a significant role in the evolution of
galaxy structures in galaxy clusters.

Mergers can take the form of binary interactions involving two galaxies or
become more complex as multiple galaxies are involved. They can be categorised
as dissipationless (dry) if the participating galaxies lack gas, or as dissipative (wet)
mergers if gas is present. In cases where stars and dark matter are involved, the
primary process is collisionless relaxation. However, if gas is present, additional
mechanisms such as compressions, shock heating, and radiative cooling can also
come into play.

Merging involves interactions among stars, dark matter, and gas. When con-
sidering the stellar component’s evolution, the low stellar density prevents star-
physical collisions, and both the stellar and dark matter components behave in
a collisionless manner. In merging systems composed solely of stars and dark
matter, collisionless relaxation drives their evolution. The behaviour of gas in
merging is more intricate due to its dissipative and collisional nature. The merg-
ing process can lead to gas compression, shock heating, and radiative energy
dissipation and, in some cases, conditions may allow gas to fragment and form
stars. Numerical simulations combining N-body dynamics and hydrodynamics
are therefore crucial for accurately describing the merging effects and predicting
the properties of the resulting merger remnant, given the initial characteristics of
the interacting galaxies and their encounter.

A galaxy merger begins with non-equilibrium initial conditions and progresses
toward a state of equilibrium. The processes that lead to this eventual equilibrium
are referred to as relaxation processes.

Collisionless systems, like galaxies, can attain virial equilibrium in a relatively
brief period through collisionless relaxation. This involves two central processes:
violent relaxation, which redistributes orbital energies in response to a rapidly
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changing gravitational field, and phase mixing, which disperses particle orbits in
phase space. Working together, these mechanisms lead to the virialisation and
development of the merger remnant within a timescale similar to the dynamic
times of the merging galaxies.

For a minor merger scenario (when a satellite with mass Mg, is accreted by a
much more massive host with mass Mpest >> Msat), the process is driven by the
dynamical friction. It is however important to note that major mergers cannot
be adequately explained using the concept of dynamical friction, indeed when
the masses involved in merging are similar, neither of them can be considered
either host or satellite and the process is best described through phase mixing and
violent relaxation.

When a satellite is in proximity to or embedded within a host galaxy, it experi-
ences gravitational (tidal) forces that vary in intensity across its different regions.
Consequently, the satellite can undergo a process called tidal stripping, wherein it
sheds material. The extent of material loss is often determined by a tidal radius,
representing the distance from the satellite’s centre within which particles remain
gravitationally bound. Outside this radius, particles become unbound and give
rise to tidal tails, slender structures on both leading and trailing sides composed
of the stripped material.

In scenarios where both the satellite and the host possess a gaseous compo-
nent, ram-pressure stripping can play a role in depriving the satellite of its gas
content. This phenomenon is particularly significant for galaxies with dominant
bulges, characterised by a stellar velocity dispersion (¢) and an ISM density (pism).
The condition for ram pressure stripping is fulfilled when the ram pressure, rep-
resented by psyo?, surpasses the gravitational force associated with the stellar
velocity dispersion, picmo?. An example illustrating this process is observed in
NGC4522, a galaxy situated within the extensive Virgo galaxy cluster (see Figure
A3).

The merging timescale (Tmerg) represents the duration between the initial close
encounter and the eventual virialization of the resulting merger remnant. Within
the context of specific internal properties of the galaxies involved, Tmerg becomes
longer as both the orbital energy and angular momentum of the orbit increase.

Merging is more likely to occur in cases of elliptic/parabolic orbits and head-on
encounters. Rapid merging is observed for low orbital energy (Eomp, < 0), as well as
for orbits that are unbound, provided that the orbital angular momentum is also
low. A general guideline is that galaxy merging is feasible if the relative velocity
at the closest approach is approximately equal to or lower than the characteristic
internal velocities (rotational or dispersion velocities) of the colliding galaxies. In
equal mass parabolic mergers, Tmerg ~ 10t4yn. For galaxies similar in size to the
Milky Way, t4yn ~ 10% years, resulting in Tmerg ~ 1 Gyr. In the case of minor
Mergers, Tmerg 1S influenced by the dynamical friction timescale, which scales
inversely with a parameter C, where C = Mgat/Mhpost- From N-body simulations
result that minor mergers can take place when C > 0.01.

How are galaxies transformed by mergers? This question is non-trivial and
can be addressed mostly for simple cases of merging through N-body simulations.
Making quantitative predictions considering the gas presence is a challenging task
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Figure A.3: The figure shows the R-band image and the 21 cm map of the gas (black
contours) of the spiral galaxy NGC 4522 inside the Virgo cluster of galaxies. The distortion
in the gas distribution can be traced back to the effect of the ram pressure. Image credits:
Kenney et al. (2004).
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even employing hydrodynamic simulations. This is due to the poor knowledge
of the precise mechanisms regulating star formation and feedback from stars and
AGN. Despite these complications, is it still possible to make some global analytic
predictions.

For instance, in the simplest case involving gas-free (dry) mergers. These encoun-
ters happen between collisionless stellar systems made of stars and dark matter,
such as two elliptical galaxies. In the absence of dissipation, the total energy
remains constant. Ordered kinetic energy (associated with orbital energy) trans-
forms into random kinetic energy, akin to an inelastic collision. Assuming no
mass loss, the virial velocity dispersion of the merger remnant is

2 2
2 Myo] + Maos — 2Eom

[0} =
1+2
+ Miio

When two identical system merges, the final mass of the system is 2M1; and
the viral velocity dispersion is

(A.27)
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Dry mergers typically lead to systems with decreased density, resulting in
larger remnant sizes and lower dispersions compared to the initial progenitors.
However, the remnant’s morphology can vary considerably; major mergers, for
instance, often disrupt stellar disks, leading to a remnant characterised by a dom-
inant spheroidal component.

On the other hand, in the context of wet mergers, the process is dissipative
and total energy is not conserved. Due to this dissipation, gas accumulates at the
remnant’s centre, potentially leading to associated star formation and a deepening
of the potential well. Consequently, the remnant becomes more concentrated,
exhibiting a smaller size and higher dispersion compared to an equivalent dry
merger. However, additional complexities arise as stellar and AGN feedback could
be triggered, necessitating detailed hydrodynamic simulations for a thorough
understanding of these effects.

A.8 The Initial Mass Function

The initial mass function (IMF) describes the distribution of masses for a popula-
tion of newly formed stars in a stellar system. In other words, the IMF provides
information about the number of stars that form with different masses. This
quantity can be determined by counting single stars in young star clusters inside
the Milky Way and measuring their masses. Even if uncertain, the results of
this procedure suggest a certain similarity in the clusters observed in our Galaxy.

140



A.9. Shaping the Theoretical Spectra of Evolving Galaxies

However, this approach cannot be extended to external galaxies, given that it is
not possible to resolve single stars inside their clusters, with the exception of local
systems such as the Large Magellanic Cloud. This constitutes a major problem in
galaxy evolution, given that the IMF is likely to be not universal and may differ in
environments denser than present-day galaxy discs.

The IMF is defined as ¢(m), with m being the mass of the star in the unit of
Mo, and defines the number of stars with m and m + dm. A classic description
in the Salpeter IMF (Salpeter 1955), originally determined for masses in the range
m ~ 0.4 — 10, and defined as

dN = ¢p(m)dm = pom~>*dm, (A.30)

where ¢ is the normalization. Other forms of the IMF take into account that
a deviation from a single power law has been observed.

In the SED-analysis performed in this thesis (see Section 4.4, and Appendix C
and D) a Charbier IMF (Chabrier 2003) is assumed. This is formulated to describe
the IMF across various environments within the Galaxy. For stars in the disc
(normalised for m = 1) the IMF is

3.58% exp {~1.050 [log (s#4) "} (m < 1),

A31
m—23 (m>1), (A-31)

-]

The Salpeter IMF is characterised as "bottom-heavy," emphasising its pref-
erence for generating a larger proportion of low-mass stars under 1 My. The
term "bottom" relates to the lower-mass star range, while "heavy" highlights the
heightened mass concentration in this region. Conversely, an IMF favouring
higher-mass stars (like the Chabrier IMF in comparison to the Salpeter IMF) is
labelled as "top-heavy."

When observing a galaxy, whether by resolving individual stars or measuring
its total stellar brightness, the dominance of intermediate and high-mass stars
is evident. This is especially true in SFGs where young, massive, and highly
luminous stars dominate. Despite this, a significant fraction of the galaxy’s total
mass resides in low-mass stars. Quantifying this quantity is not an easy task, given
that it strongly depends on the chosen IMF. Consequently, adopting a specific IMF
introduces systematic uncertainty into mass estimations. For example, using a
Salpeter IMF leads to stellar mass calculations for a galaxy’s optical /IR luminosity
that is about 1.5 to 2 times greater than those derived from a Chabrier or Kroupa
(2002) IMF.

A.9 Shapingthe Theoretical Spectra of Evolving Galax-
ies

Galaxies emit light at different wavelengths according to the source originating
the emission (stars, gas, dust). In the theory of galaxy formation, a critical aspect

involves calculating the spectra that emerge from diverse types of galaxies as a
function of their evolution over cosmic time. Theoretical spectra are particularly
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important in both numerical simulations and the physical interpretation of the
properties emerging from observations, such as the continuum shape, colours,
and emission/absorption lines. Simulated spectra are usually modelled includ-
ing the components contributing to the SED: the stellar component, the ISM
hot/warm/cold phases and dust, and an AGN component useful to determine
the impact of high-energy sources on the spectrum.

In this Section, I will illustrate the basic theoretical ingredients required to
model synthetic galaxy spectra which are also behind the SED-fitting codes ex-
ploited in this thesis (see Appendix C and D).

A.9.1 Stellar spectra

Due to resolution limitations, individual stars within galaxies can only be resolved
within a range of a few Mpc from our own Galaxy. Consequently, the light ob-
served from a distant galaxy represents the integrated output of radiation emitted
by all its stars, rendering it unfeasible to deduce their individual characteristics
and evolutionary paths.

An alternative method employs the concept of stellar population synthesis (SPS),
wherein the spectra of stellar populations are predicted based on their properties
and evolution over time.

The basic model is based on simple stellar population (SSP), which includes
an ensemble of stars sharing the same age and metallicity. In this context, the
monochromatic flux of an SSP with metallicity Z evolved from an initial time t = 0
to a given time ¢ is

my

Fresp(t, Z) = / Fx star (1, t, Z)(m)dm, (A32)

my

where the mass limits are m; ~ 0.08 and mp = 100, ¢ is the IMF, and
FA, star (m, t, Z) is the flux of a single star with mass m, age t, and metallicity
Z. In order to compute spectra from Equation A.9.1 the knowledge of isochrones,
stellar spectral libraries, and IMF is required. A stellar spectral library is essential
to translate quantities from stellar evolution calculations into spectra as a function
of metallicity. Constructing such a library using observed spectra has limita-
tions due to unobservable spectral regions, diverse spectrograph properties, and
calibration differences. To overcome this, theoretical spectra based on detailed
models of stellar atmospheres are sometimes employed for certain regions.

Additionally, an IMF must be chosen, which defines the distribution of stellar
masses in the population. Often, a universal IMF, which remains constant across
time and physical properties like SFR, is adopted along with a range of stellar
masses.

All the above ingredients are also subjected to several uncertainties, for in-
stance, the role of binary stars and pulsating AGB (TP-AGB) stars is still not
completely understood.

The theoretical spectra of SSPs computed following Equation A.9.1, exhibit
a significant dependence on the age of the galaxy. An example of computed
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Figure A.4: Evolving SSP spectra obtained with SPS modelling with solar metallicity
and Chabrier IMF. Ages are indicated next to the spectra in units of Gyr. Image credits:
Bruzual & Charlot (2003).
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synthetic spectra which is also used in D is shown in Figure A.4 (Bruzual &
Charlot 2003). The impact of the galaxy age is visible from the suppression of
the UV /optical light for increasing ages, as a consequence of the progressive
disappearance of hot and massive stars.

The observed evolution of a SSP is also significantly contingent on the photo-
metric filter employed for observation. Blue/UYV filters are particularly responsive
to the hottest stars, such as main sequence stars with ages less than 1 Gyr. Con-
versely, red /NIR filters are more influenced by the light emitted from cooler stars
like low-mass main sequence stars, red giants, supergiants, and AGB stars. This
results in a more rapid and distinct decrease in luminosity with short-wavelength
filters. For instance, within a timespan from 107 to 10° years, the B-band lumi-
nosity of an SSP diminishes by two orders of magnitude, whereas it fades by 10
orders of magnitude in the K band.

The SSP evolution depends also on other relevant factors. One is the impact
that the giant and supergiant phase stars have on the stellar spectrum of a galaxy.
Indeed, when entering this phase of their evolution, stars dominate the overall
radiation output in specific spectral ranges. For instance, TP-AGB stars momen-
tarily enhance the NIR luminosity around ages of 0.5-1 Gyr and can contribute
up to 50-70% of the total luminosity in the K band due to their positioning in the
HR diagram characterised by high luminosity and low temperature. Second, the
SSP evolution is strictly linked to its metallicity. Higher metal content leads to
a decrease in luminosity in the blue and UV regions due to the increasing num-
ber and strength of metal absorptions, The result is the so-called blanketing effect,
which shifts colours towards red (blanketing effect). Additionally, elevated metal-
licity results in higher opacity, leading to more energy absorption within stellar
interiors. Consequently, red giants expand more, becoming cooler and redder.
Therefore, the colour of an SSP can be reddened due to either its advanced age,
higher metallicity, or both. Ultimately, the characteristics of an SSP are profoundly
influenced by the IMF, which governs the balance between massive and low-mass
stars, the stellar population’s mass-to-light ratio, and the relative significance of
type II SNe.

The major issue with the modelling based on SSPs is that these are based on
the assumption of coeval stars, which is not a good representation of real stellar
populations where stars form during an extended time interval.

A more sophisticated model relies on multiple SSP, called composite stellar
population (CSP), thus a collection of stars formed at different times and with
different chemical compositions.

Mathematically, a CSP is the sum of individual SSPs evolving as a function of
time as

t' =t Z =7 max
Fx conlt) = / / [SFR(t — )P (Z, £ — ') Fasse (V, 2)] dF'dZ, (A33)
t’'=0 7Z=0

where Z is the metallicity and P(Z,t — t’) is its distribution at time t — #s.
SFR(t—t") is the SFR at time t —#’, or the SFH. SFHs in galaxies are generally poorly
constrained by observations, therefore computing the above equation requires the
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use of an analytic function describing SFR(t — t’). Usually, the SFR is assumed to
be constant, exponentially declining, or exponentially delayed.

The contribution of the ISM must also be taken into account. Theoretical SEDs
must include also the components involved in the emission and absorption of
radiation. For example, the dust effects can be added to Equation A.9.1

t'=t Z max
F t) = SER(t —t'YP (Z,t —t')F v, 7 o~ Td(t)
Acsp(t) o ./z » [SER (t =) P ( ) Fasse (', Z) (A34)

+AF, 4 (¥, Z)]dt'dZ,

where 74(t7) is the optical depth of the dust, F, 4 is the dust emission spectrum
and A is a absorption constant.

Also, nebular emission (lines and continuum) effects can be added via pho-
toionisation models taking into account the evolution of the radiation field and
the processes relevant to the emitted spectrum.
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Appendix B

Normalised Residual Maps from the
Lens Modelling

Here I report the lens-modelling residual maps in units of the rms noise for the
continuum emission of J1135. The figures are reported to highlight an emerging

central feature. Spectral lines” normalised residuals are not reported here, since
they do not show this component.
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Figure B.1: Lens modelling normalised residual maps in units of rms noise for J1135.
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C.1 Star Formation History model

The SFH is described by the in-situ model, implementing the galaxy formation
model presented in Lapi et al. (2018) and Pantoni et al. (2019) for ETGs, and
extended to LTGs in Lapi et al. (2020). This model is based on a self-consistent
treatment of the black-hole/host-galaxy co-evolution, which captures the fast
collapse, with low angular momentum, of the innermost gaseous regions of a
galaxy, and the resulting stellar feedback. Such a regime is extremely important
when interpreting data sets of galaxies at considerable redshift (i.e. z > 4 and
beyond). Furthermore, the model allows for the derivation of age-dependent
analytical expressions of the evolution of the gas and dust content in galaxies.

This implementation also reduces the size of parameter space and gains access
to analytically derived astrophysical properties of the galaxy, such as dust and gas
mass/metallicity.

The SFR includes the effects of recycling and stellar feedback, expressed by the
parameter y, defined as:

Y =1+ R+ €out, (C.1)

where €4yt is the mass loading factor of the outflows from stellar feedback, and
R is the fraction of recycled gas, expressed as:

R(7) = 0.051In (1 + ) . (C.2)

T
0.4Myr

The former parameter is €out *® 3[max/Mo yr‘l]_0'3, gauged according to
the hydrodynamic simulations of stellar feedback from Hopkins et al. (2012).
Therefore y is determined in terms of the free parameter {'max and the age of the
galaxy .

The evolution of the gas/dust masses and of the gas/stellar metallicity can be
followed analytically as a function of the galactic age and self-consistently with
respect to the evolution of the SFR. The gas mass is thus computed as

Mgas(T) = 1/}(’I)T*/ (C3)
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and the dust mass is computed in terms of the gas mass and of the dust-to-gas
mass ratio Din_sity as:

Mdust(T) = Mgas(T)Din—situ- (C.4)

Following Lapi et al. (2020) and Pantoni et al. (2019), the latter quantity can be
derived analytically as the expression:

S3€accyDyZ
[sy —1][s (y + xsn) — 1] [s(y + €) — 1]

-1 -1 _ ,—SEx
o ly=bx sy =t 1-e |
esy-Dx _ 1 S€ SEX

€ = KsN + €accSYD/[S (¥ + xsn) — 1] (C.6)

being the measure of the efficiency of dust grain formation in terms of the metal
coagulation efficiency €,cc * 10° onto dust grains, of the dust spallation efficiency
ksN = 10 by SN shock-waves, and of the dust production yield yp = 3.8 X 1074,

As a consequence, assuming an abrupt quenching event has the consequence
of depleting the diffuse matter reservoir of the galaxy in question. Consequently,
the galaxy loses its main source of star formation and undergoes an ageing process.
The expressions for the gas and stellar metallicity are:

D in-situ (T)
(C.5)

with

Yz (sy—1)x
Zenl0) = 5 |1 = (C7)

J/z sy e F—e 7 14(sy-Dx]
Zy(1) = 1- sy—1 sy—-1+e=SV¥—sye™™ |~

where x = 7/s74, and yz = 0.04 is the metal production yield, including
the recycling, for a Chabrier IMF. Utilising analytical age-evolution expressions
for previously unknown parameters in SED fitting offers several benefits. It
reduces the parameter space needed, leading to faster convergence and improved
estimation accuracy of optimal SEDs. This approach also differs from typical SED-
titting libraries based on energy conservation. GalaPy stands out as an innovative
tool, providing non-parametric estimates of galaxy components and their age
evolution, highlighting a consistent interplay between these elements.

C.2 Stellar Component

The stellar component is treated by GalaPy by using pre-computed SSP libraries.
In this analysis, I have chosen the libraries computed with the PARSEC code
(namely PARSEC22 library) for a Chabrier IMF and varying ages and metallicities.
This module also includes nebular thermal emission, nebular line emission, and
non-thermal synchrotron emission from core-collapse SNe. The PARSEC22 SSP
libraries have the main advantage of reducing the total amount of computations,
given that this module includes the radio and nebular characterisation, which
are usually described with separated modules in other SED-fitting codes (see
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the comparison with the CIGALE SED-fitting procedure described in Appendix
D). It is worth noticing that GalaPy also offers the classic Bruzual & Charlot
(2003) libraries in its updated version (v2016). As discussed in Section A.9, the
intrinsic luminosity of coeval stars sharing the same ISM in a galaxy is the result
of the evolution of several SSPs formed and aged within the structure in all of
its history. At a given age 7, a galaxy that has followed a SFH () will host a
CSP resulting from all the SSPs formed and evolved up to that moment. The
overall unattenuated intrinsic (i) stellar luminosity of the CSP, LiCSP, is therefore
computed by summing up the contribution of SSPs properly sampled at different
ages and stellar metallicities weighted by the formed stellar mass:

Ligp(A, T) = / dtsspLssp [A, Tssp, Zx (T — Tssp)] ¢ (T — Tssp), (C.8)
0

where tssp is the age of the SSP, Lssp is the luminosity of the SSP per unit
stellar mass defined, and Z,(t — 7sgp) is the metallicity of stars at a given instant
in the galactic history of metal enrichment. Integrating the above equation, the
contribution of all the stellar ages defined in the SSP pre-computed library is
summed up. For both the BC03 tables and the PARSEC22 tables, the time grid
is constituted by an irregular grid that reaches a maximum accuracy of 67 = 10°
years.

The age-dependent, two-component dust model implemented in GalaPy is
composed of a typically hotter molecular cloud phase (or birth clouds, here
dubbed BC), and colder diffuse medium (or cirrus, here dubbed DD). GalaPy
treats the fraction of dust contained in molecular clouds (fyic) as a free parameter,
which assumes typical values around 0.5, reaching higher values for starburst
galaxies at higher redshift.

Therefore, the overall SED will consist of dust-attenuated emission from stars
including nebular thermal emission, nebular line emission, and non-thermal syn-
chrotron as well as thermal emission coming from the two different components
of the age-dependent dust model. As mentioned at the beginning of this section,
GalaPy implements energy conservation in an age-dependent way, calculating
time-step by time-step the dust temperatures across the galaxy’s lifetime.

C.3 Dust extinction and attenuation

Dust extinction and attenuation are characterised as follows. In the DD phase,
the extinction normalisation scaling is assumed to be

DD _
Ay =

)
CDDl - fmMc Mpp (RDD ) , (C9)

V.05 108Mg \lkpc
where Mpp is the age-dependent mass of the dust within the galaxy, Rpp is the
characteristic radius of the diffuse dust component, and C\I,D D is a normalisation

constant of order unity. The extinction law for the diffuse component follows the
power-law
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61/u

““DD
App(A) = ADD(5530A) , (C.10)

where 60 is ~ 0.7 for A < 100 ym and 62, ~ 2 for A > 100um. Both
these parameters can be set as free and directly fitted by GalaPy. The flatter
power-law dependence is motivated by the observed relations between the ratio
of far-infrared to UV luminosity and the UV spectral slope for nearby starburst
galaxies (Charlot & Fall 2000, da Cunha et al. 2008). On the other hand, the
transition to a steeper slope is indicative of the scattering and absorption cross-
section behaviour of dust grains at longer wavelengths (e.g. Draine & Li 2007,
Silva et al. 1998).

The MC component is expressed by adopting a V-band extinction depending
on the average mass of a molecular cloud Mggsc /10°Mo = (fmcMgas) / (Nmc10°Mo),
on the cloud’s radius Ryc, on the total number of MCs in the system and on the
gas metallicity Zg,s, and is expressed as:

-2
AMC CMC gas fMCMgas RMC . (C 11)
V' Zo Nmcl06M, \ 16pc '
The extinction for the MCs is therefore expressed as
Ly
Anmc(d) = AYC (—) ) (C.12)
" \5500A

where 6}, is ~ 1.3 for A < 100 ym and 6}, ~ 1.6 for A x 100 um. These
slopes correspond respectively to the middle range of the optical properties of
dust grains between the Milky Way, the Large and the Small Magellanic Clouds
(Charlot & Fall 2000,da Cunha et al. 2008) and to the values reproducing the sub-
mm emission for ULIRGs (Silva et al. 1998, Lacey et al. 2016). From the extinction
curves presented in Equations C.3 and C.3 the attenuated galaxy luminosity is

given by

Legp(A, 1) = App(A)X

. (C.13)
X / dtsspAmc (A, Tssp) Lssp [A, Tssp, Z« (T — Tssp)] 1 (T — Tssp) ,
0

with App(A) and Awmc(A, 7) being the attenuation factors originated by the
DD and the MCs respectively. These factors are expressed as:

App(A) = 1070440 Ay (1) = 1= (1) + ()10~ (C.14)

by assuming that the attenuation suffered by radiation from stars already
escaped from their birth MCs are independent of stellar age, while the birth
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clouds tend to be evaporated as the hosted SSPs evolve, therefore Ayic is age-
dependent. n(7) defines the fraction of stars with age 7 sill inside their MC. From
GRAGSIL, this quantity is expressed as

1 T < Tesc
n(r) =9 2- é Tesc < T < 2Tesc (C.15)
0 T > 2Tesc,

with 7es being a free parameter defining the typical time for stars to start
escaping MCs. By taking the luminosity-weighted average over stellar ages on
the MC attenuation law, and re-writing Equation C.3, one obtains

L3p(A, 7) = App(A) (Amc), (A)Legp(A, 1), (C.16)
where LiCSP(/\, 7) is the intrinsic CSP luminosity (see Equation C.2, and
(Avic)e (1) = 1= ()e(d) [1 - 10044 | (€17)
with
(m-(A) =
fOT dtsspn (Tssp) Lssp [A, Tssp, Zx (T — Tssp)] ¢ (T — Tssp) (C.18)

Ji dtsspLssp [A, Tssp, Zx (T — Tssp)| ¥ (T — Tssp)

Finally, the wavelength- and age-dependent total galactic extinction curve is

Ator(4, 1) = =2.5log;, [App(A) (Awmc) . ()] (C.19)

C.3.1 Energy conservation and dust emission

The bolometric intrinsic luminosity originated from the CSP is computed inte-
grating Equation C.2 all over the spectrum:

Li (1) = /O dALLp(A, T) (C.20)

In GalaPy, the absorption of this luminosity occurs in two stages for stars that
are still within their birth cloud. Initially, it must traverse the molecular cloud
(MC) phase, followed by passing through the diffuse and dense (DD) region. The
quantification of the bolometric luminosity that is absorbed by dust within the
molecular clouds is determined by applying the age-dependent law defined in
Equation C.3 to the above integral. The luminosity not transferred to MCs is then
further absorbed by DD. Therefore one has:
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Lo = [ arn - iLigh 0 €2
(D) = /0 " AL~ App)] (Avic) s (DLigplA, 7). (C.22)

Because of energy conservation, the two dust components emit radiation ap-
proximately as two optically thick grey bodies, depending on the attenuation
laws for the two respective dust phases. Therefore one can define the DD and MC
phases respectively:

1672

Lop (A, T | Top) = TR%)D [1 - 10—0-4ADD<AIT>] B(A, Top), (C.23)
167> 2 —0.4Amc(A,7)
Lvc (A, 7 | Tae) = ——NicRc [1—10 Advc(, ]B(/\,TMC). (C.24)

In the above equations, luminosity is given in terms of the black body spectrum.

The temperatures are age-dependent outputs obtained by imposing energy
conservation and, thus are not free parameters. By integrating the spectrum
given in the second expression in Equation C.3.1 and using Equation C.3.1 one
obtains:

/0 ) dALmc [A, T | Tue(1)] = LYS (7). (C.25)

which is the expression relative to the emission coming from MCs, where Tyic
is its related temperature.

Furthermore, the emission from polycyclic aromatic hydrocarbons (PAH) is
assumed to be suppressed in MCs but included in the emission from the DD
phase (Vega et al. 2008). By defining the free parameter regulating the fraction of
absorbed power (L,ps(7)PP) as 0 < fpap < 1, the temperature of the DD grey-body
is computed by imposing

/0 A Lo [4, 7 | Top()] = (1 - foars) L2P(0). (C.26)

GalaPy implements the PAH template Lpari(A) by da Cunha et al. (2008) and
is based on the photo-dissociation regions of the Milky Way. It includes PAH
line emission primarily in MIR, PAH continuum emission in the NIR, and MIR
continuum emission stemming from very small, hot dust grains. All in all, the
overall emission arising from diffuse dust, including PAH, is expressed as

Lpp+par(A, 7) = Lpp [A, T | Ton(T)] + fearLD (DL (A), (C.27)

with Lp3iT(A) = Lpan(A)/ /OOO dALpan(A) being the normalized PAH spectrum.
Finally, the total dust bolometric luminosity is given by the all-spectrum integral
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Lust (1) = / dA [Lnc(h, 7) + Lopepani(l, 7)] == / A Laws (1, 7). (C.28)
0 0
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Appendix D
SED-fitting with CIGALE

For comparison, I report here the results of the SED fitting of J1135’s photometry
performed with the e Code Investigating GAlaxy Emission (CIGALE, Boquien
et al. 2019). CIGALE is a Python SED fitting code able to reproduce broad-band
uv-to-radio photometric data according to the energy balance (i.e. the energy
coming from the stellar uv-NIR emission is the same as the one re-emitted by the
dust in the MIR and FIR regime). The main physical properties are estimated by
comparing the observed galaxy SED with the modelled one by means of x? and
Bayesian statistics.

The stellar emission is computed following the Bruzual & Charlot (2003) (BC03)
population synthesis models, associated with a Chabrier (2003) IMF and metal-
licity values of Z= 0.004, 0.008, 0.02, 0.05. I assume a delayed exponential star
formation history, which predicts a nearly linear increase in the SFR:

SFR(t) « iz X exp (—;) for 0<t <ty (D.1)
T

where tj is the age of the onset of star formation, and 7 is the time at which
the SFR peaks.

In order to model the effect of the dust attenuation on FUV-optical light I
adopt the modified Charlot & Fall (2000) prescriptions, where the attenuation is
age-dependent and described by two different power-laws, one for the ISM and
one for the Birth Clouds (BC). The attenuation slopes are assumed to be -0.7 and
the V-band attenuation is computed as:

AM
K= ————. (D.2)
ISM BC
Ay + Ay

In this analysis, I assume A{?M spanning from 0.3 to 5.0 and a k¥ spanning from
0.3 to 0.6.

Following Draine & Li (2007), dust emission is modelled as two separated com-
ponents: a diffuse one, illuminated with a single radiation field (U,,;,) originated
by a general stellar population; and a second component is closely associated to
regions in which the star-formation occurs, heated by a variable radiation field
described with a power-law profile and defined between two values Ui, and
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Figure D.1: Best-fit UV to radio observed-frame SED of J1135. Green arrows are 30 upper
limits, purple circles are the observed flux densities and errors. The black line is the
best-fitting modified black body spectrum.

SED-fitting results
log Laust (Lo) 13.03 + 0.06
log Mgust Mo)  9.06 + 0.04
log SFR (M yr™1) 297 +0.08
log M, (Mop) < 11.75
JIR 2.84+0.09

Table D.1: Output properties from CIGALE. From the first raw: dust luminosity, dust
mass, star formation rate, stellar mass, and the Infrared-Radio correlation parameter.

Unax. In particular, I use the most recent and refined version of this model which
accounts also for dust-mass renormalization (Draine et al. 2014).

The radio emission is treated by CIGALE with the synchrotron module, rely-
ing on the radio-IR correlation qr of Helou et al. (1985), a free power-law spectral
slope a, and on the assumption that non-thermal emission dominates the 21 cm
spectrum. The luminosity density at 21 cm is therefore computed from the IR
emission of the galaxy through the qr parameter. The only free parameter re-
quested from the module is the power slope a, which is used to compute the
spectrum so that it matches the estimated luminosity.

The best-fit model is presented in Fig. D.1 and the resulting best physical
properties are summarised in Table D.1.
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Appendix E

Bayesian lines shape reconstruction

Here I summarise the spectral line fitting analysis performed in Chapter 4. The
MCMC fit adopted in this analysis maximises the likelihood £(0) = —x2(0)/2,
where x? = [M(6) — DJ*/07, is obtained by comparing the expectations of our
empirical model M(0) with the data © having uncertainties a%. We adopted
flat prior t(0) on the fit parameters, sampling the posterior distribution $(0) o
L(6)r(0) by running emcee with 10* iterations and 300 walkers. Each walker
has been initialised with a random position uniformly sampled from the (flat)
priors and discarded a fraction of the initial iterations of the MCMC to allow the
chain to reach statistical equilibrium. The fraction of the chain to discard was
determined from the Markov Chain’s autocorrelation time computed for each
parameter thanks to the Gelmen-Rubin criterion (Gelman & Rubin 1992). In our
case, the fraction of the rejected chain is about 18% of the MCMC on average for
each fitted spectral line. In Figure E.1 I show the contour plots obtained from the
chains via the Python package getdist (Lewis 2019).
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Figure E.1: Contour plots for our Bayesian lines shape reconstruction obtained with the

getdist Python package.
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