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Abstract

We study the co-evolution between host galaxies and their central supermassive black hole (SMBH)
with an unprecedented large sample of SDSS type-1 quasars which are also detected by the far-
infrared (FIR) SPIRE instrument on Herschel. This subsample of optical quasars, newly identified as
‘cold quasars’, provide a unique opportunity to study systems for which both star-formation activity
and active galactic nucleus (AGN) activity are at the most extreme. We aim to construct the cos-
mic star formation history (CSFH) and black hole accretion rate density (BHARD) within the same
systems using IR and X-ray luminosity functions, respectively. Thanks to the well-established FIR
to radio correlation, we make use of the high angular resolution of the radio observations from tele-
scopes such as LOFAR, Meerkat and VLA to cross-match the Herschel sources with the SDSS quasar
catalog. Our sample spans over a wide range of redshifts (0 <z < 5) and is spread over 9 extragalactic
fields (Bootes, ELAIS-N1, GAMA-09, GAMA-12, GAMA-15, HATLAS-NGP, Lockman, Stripe-82
and XMM-LSS). We analyse the scaling relation between stellar mass and star-formation rate (SFR).
This is done by assembling an extensive multi-wavelength catalog (from X-ray to radio wavelengths)
and individually modelling the spectral energy distributions (SED) to derive physical properties on
the accreting SMBH and its host galaxy. We show that 22% of the quasars are hosted by ‘starburst’
(SB) galaxies while normal star-forming galaxies account for the rest of our sample. We acquired
black hole masses for our sample from single-epoch broad-line emission measurements (Wu & Shen,
2022). Compared to local studies, our sample seems to have significantly more massive black holes,
suggesting the predating of black hole growth compared to their host galaxies. We observe a positive
correlation between BHAR and SFR with a slope that flattens as the redshift increases. The SFR and
BHAR values derived for our sample expand the empirical range of previous studies. Finally, the
derived BHARD shows low density compared to the CSFH at high redshifts. However, as redshift
decreases, the BHARD gradually increases until it peaks at z 1, which is later than the peak of our
CSFH (z=1:5 2). We do not find direct evidence of AGN feedback affecting the star formation
activity.
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1 Introduction

A Hierarchical model is thought to be the base of galaxy formation (White & Rees, 1978). The cur-
rently accepted cosmological model,cold dark matterl{ CDM), is established on self-interacting

dark matter in uencing the distribution of the baryonic matter. The fully pressurized baryonic content

is then able to counter the gravitational force of dark matter, creating small density uctuations across
what is known as the “cosmic web' (Weygaert & Bond, 2008). Large structures of the cosmic web
consist of dense interconnected laments that show hierarchical trends (Sheth, 2004). Such a trend is
based on low mass dark matter haloes existing in high-density regions that merge into bigger systems,
creating the massive systems we observe today (e.g. Carlberg and Couchman, 1989; Gawiser, 2005).
The assembly of these massive systems is thought to be accompanied with a top-down star formation
sequence, also known as “downsizing' (Cowie et al., 1996; Silk J. et al., 2014). Downsizing is where
massive galaxies exhibit high star formation rates early in the cosmic epoch, but slows down as the
redshift decreases. On the other hand, the star formation rates of lower mass galaxies are less extreme
but remain consistent over time. This phenomenon have been observed before (e.g, Heavens et al.,
2004), and is believed to explain the red sequence of galaxies (Firmani & Avila-Reese, 2010). We
highlight that downsizing could vary depending on the local environment of the galaxies (Peng et al.,
2010).

According to De Lucia and Blaizot (2007), 50% of the stars in massive galaxies have already been
formed byz 5 through "in-situ’ star formation. This means that during the ongoing mergers
(Pillepich et al., 2015) stars formed 8 Gyr ago (Qu et al., 2017), and became the old stellar populations
we see in massive galaxies with higrenhancement due to core-collapse supernovae (Thomas et al.,
2019). It is complex to generalize evolution cases for galaxies due to different conditions (Cimatti
et al., 2019) (i.e. gravitational interactions, kinematics and feedback). For example, some mergers
have shown to pump molecular gas into central regions of the galaxy (Larson et al., 2016; Violino et
al., 2018), enhancing the environment with star-forming regions (Saintonge et al., 2012), in addition
to triggering the black hole into its active accretion stage, known as "active galactic nuclei' (AGN)
(Hopkins et al., 2008). Such environments with rapid star formation are thought to decrease the gas
depletion timescale compared to non-interacting galaxies (Michiyama et al., 2016). As a result, a
signi cant amount of the galaxy population has shown to be already quenched By(Daddi et al.,

2005; Strazzullo et al., 2016; Deshmukh et al., 2018), and for some cases at higher redshifts (Carnall
et al., 2023; Kakimoto et al., 2024). In the case of low redshift galaxies, gas exhaustion could indeed
be a viable theory for their quenching. For high redshift galaxies with star formation supressed, how-
ever, the decline in stellar growth has been attributed to the AGN (Neistein et al., 2006).

1.1 Coevolution of star formation and black holes

The mutual evolution between a supermassive black hole (SMBH) and its host galaxy has been sup-
ported by multiple observational studies (for a recent review, see Harrison and Ramos Almeida, 2024).
Properties such as galaxy velocity dispers®)) bulge mass and bulge luminosity have shown to cor-
relate with the black hole mass @M) (e.g. Ferrarese and Merritt, 2000; Marconi and Hunt, 2003;
Haring and Rix, 2004; Kormendy and Ho, 2013). We show the establishkgd M scaling relation

in Figure 1, which also holds as we go to higher redshifts @< 7) (Maiolino et al., 2023). The
velocity dispersion is fundamentally dependent on the gravitational potential well of the galaxy center
for which the mass of the black hole is a proxy. For the{Mbulge mass relation however, recent ob-
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servations by thdames Webb Space Telesc@p&/'ST) show a large deviatior (3s) from the local
relation at high redshift (e.g. Harikane et al., 2023; Maiolino et al., 202®er et al., 2023). This in-
dicates there exist overmassive black holes where thgir Mughly reach 30% of the host galaxy

mass (Kokorev et al., 2023), and not jusD:1% as derived in the local relation (Reines & Volonteri,
2015). Such masses are thought to develop through different seeding distributions depending on the
progenitor's mass. For instance, metal-free' Population Il (Pop Ill) stars, that remain undetected
to this day which might might have formed a& 20 30 (Bromm & Larson, 2004), are thought

to be light seed mass progenitors for primordial black holes. Their masses could rea6%\V )

due to their inef cient cooling (Stacy et al., 2016). However, several works consider Pop Il stars
to be possible progenitors only if the succeeding black hole crosses an Eddington-limited accretion,
meaning that the SMBH has to accrete at “super-Eddingtates (Pezzulli et al., 2016). Kawaguchi

et al. (2020) showed the possibility for a black hole to sustain such intense mass in ows for 10 Myr.

Figure 1: The Mgy s local relation for puseudobulge and elliptical galaxies. The solid black line
derived by McConnell and Ma (2013). Image credit: Heckman and Best, 2014

Heavy seed (IOM ) progenitors for black holes could be supermassive stars. These stars could form

in gas clouds that retain their mass and avoid fragmentation. Such conditions could be achieved if the
environment lacks bl which aids cooling (Omukai, 2001; Inayoshi et al., 2014; Tanaka & Li, 2014).

A further possible scenario for black hole formation could arise from intermediate se€ds! (30

which are runaway mergers of stellar remnants in dense clusters, where their environment is required
to have a H cooling de ciency. Conditions to suppress Fbrmation and cooling are rare but proved

to be possible through background Ultraviolet radiation (Dijkstra et al., 2014; Visbal et al., 2014).A
Semi-analytical model by Sassano et al., 2021 showed that heavy seeds have the largest contribution

LEddington luminosity (Eqq= 1:2 10°83(M=M )) de nes the maximum luminosity possible while the black hole is
still in hydrostatic equilibrium. Super-Eddington would hence surpass that limit.
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towards forming SMBH at 6. However, all the aforementioned scenarios are thought to be com-
patible with each other in contributing to SMBH formation. The initial conditions of the environment
are assumed to dictate the evolution of primordial black holes (Sassano et al., 2021). None of these
formation mechanisms have been directly observed yet, though the recent increase in detections of
SMBH at high redshifts by JWST is helping to constrain the seeding models further (Pacucci & Loeb,
2024).

1.2 AGN feedback

After a progenitor collapses, a black hole is formed, which starts accreting the surrounding gas and
dust. The infalling material, due to mass-energy conservation, emits radiation (Capelo et al., 2023).
By comparing the illuminated light with the accreted mass, AGNs showed to have a radiative ef -
ciency €) of 0:1 (Soltan, 1982; Small & Blandford, 1992), which could go even lower for black holes

in a super-Eddington state with thin accretion disk models (e.g. Li et al., 2005). This would allow a
light seed progenitor to become a SMBH within 1 Gyr (Madau et al., 2014).

Figure 2: A plot to demonstrate the discrepancy between the observed SMF (blue solid line) and
the halo mass functions (red dashed line). The difference is due to unaccounted major feedback
processes, AGN suppresses the galaxy growth at the massive-end slope while supernovae affect the
low-end slope. The smallest distance (the ) between both functions represents the highest ef ciency
for the galaxies. Image credit: Mutch et al., 2013.

The emitted radiation as a result of accreting material holds a crucial role in regulating the star for-
mation of the host galaxy, known as a feedback’ process (Di Matteo et al., 2005; Van De Voort et al.,
2011). Feedback is thought to be essential in understanding the assembly and evolution of galaxies.
To elaborate further, we display Figure 2 from Mutch et al. (2013). If the dark matter halo entirely
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collapses and is directly transformed to baryonic matter, the mass distribution of galaxies would fol-
low the red dashed line. This is clearly not the case, since what we observe is the blue solid line. The
largest differences lie at the low-and massive-ends of the stellar mass function (SMF), while at the
“knee' of the observed trend, galaxies seem to become the most ef cient as they lie close to the halo
mass function. Efforts to connect the inconsistencies implemented cooling timescales for the col-
lapsed baryonic matter in the halo (Benson et al., 2003). This indeed, shrinks the difference between
observations and the model, but still, the model produces many more small and massive galaxies.
Massive galaxies especially experience fast cooling rates, since high density gas cools much quicker
(Balogh et al., 2001), leading to overproduction of massive galaxies, also known as the “overcooling'
problem (Dekel & Silk, 1986; Kauffmann et al., 1993). Moreover, Benson et al. (2003) attempted
to add photoionization to quench the production of low-mass galaxies. Photoionization from the
rst-ever galaxies is thought to suppress the growth of low-mass galaxies (Barkana & Loeb, 2001,
Dawoodbhoy et al., 2018). However, this was not suf cient to match the low mass-end of the slope.
When Benson et al. (2003) applied a disk-heating feature for star-forming galaxies, it produced a rea-
sonable trend for the low mass-end slope, but it required a very ef cient gas heating by the radiation.

At the end stage of the stellar evolution, stars run out of fusion energy to sustain themselves against
their own gravity, resulting in a supernova (core-collapse) event. The energy injected into the sur-
roundings are believed to suppress star formation and therefore x the discrepancy for the low mass-
end galaxy distribution (Croton et al., 2016). Supernovae are thought to only affect low stellar mass
(M ) galaxies (M < 10°°M ), because their potential well is relatively shallow (Pontzen et al., 2017;
Henriques et al., 2019). All of the aforementioned mechanisms were applied to solve the discrepancy
in the low mass regime of galaxy population. To suppress the growth of massive galaxies however,
AGN feedback is thought to be the sole mechanism to have enough energy to solve the overcooling
problem (Donnari et al., 2021; Schart al., 2024).

The exact physics of the AGN feedback is not entirely understood, though studies have indicated the
existence of two modes for feedback. The ‘radiative/quasar' feedback, which occurs for SMBH with
high accretion rates, and are hence radiatively ef cient (e.g. Combes, 2017), shown as the right panel
in Figure 3. The dominant mechanism of the feedback are radiation pressured wide-angle out ows
that could scale up to a few kpc (Revalski et al., 2018). Which in some cases is accompanied by
relativistic jets (Husemann et al., 2014). This type of feedback is powerful enough to ionize the sur-
roundings, including the interstellar medium (ISM), located a few kpc away from the SMBH. The
out ows could also extend much further outside of the galaxy (Davies et al., 2020). Such huge scales
could also be present in ‘radio/kinetic' feedback (left panel of Figure 3), which is the weaker form of
AGN activity and is associated with AGNs of low accretion rates (e.g. giant elliptical galaxies and
low luminosity AGN) (Machacek et al., 2006; Nulsen et al., 2009). Observations of this feedback
mode are based on the largely extended (hundreds of kpc) collimated jets due to the momentum en-
ergy transferred (radiatively inef cient) (McNamara & Nulsen, 2012; Blandford et al., 2019). These
radio jets have been observed to be dominated with a helical-shaped magnetic eld, carrying the mo-
mentum of the gas parallel to the jets (Gabuzda et al., 2004; Avachat et al., 2014).

Baron and Netzer, 2019 found that AGNs with winds have excess mid-IR emission compared to
AGNSs that do not have detectable winds, indicating an extra dust component. This is also supported
by X-ray observations that attributed the spectral absorption in the out ows to high dust column den-
sities (Lee et al., 2001). Furthermore, the presence of molecular (Aalto et al., 2015; Stone et al.,
2016), neutral and ionized gas have been detected in the quasar mode out ows (Liu et al., 2013; Caz-
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Figure 3: A sketch diagram to illustrate the difference between the kinetic (left) and the quasar (right)
modes of feedback. Image credit: Harrison and Ramos Almeida, 2024

zoli et al., 2016), adding complexity to the puzzle of their origin. This multiphase out ow, however,
hinted at the possibility of in-situ formation for the molecular gas. That is, the swept away gas by the
AGN created clumps of cold gas afterl Myr (e.g. Thompson et al., 2016; Garlez-Alfonso et al.,

2017; Richings and Faucher-Gigne, 2018). The entrainment of hot, warm and cold gas all together
by an AGN out ow is also another possible scenario, but several studies suspect the inability of the
gas cloud to withstand the strong AGN wind {Bjgen & Scannapieco, 2016; D. Zhang et al., 2017).

It is a challenge to conclude the origin of these multiphase out ows since not many studies have con-
ducted such work (Cicone et al., 2018). The physics of the out ows as we currently understand it
are based on the “inner wind' model (King & Pounds, 2003). The AGN drives radiation-pressured
winds with a speed of:Qc into the surrounding ISM, which typically lies tens of kpc away from the
central region. A shock is created as soon as the out ow interacts with the ambient ISM, decelerating
the inner wind itself (Faucher-Gigue & Quataert, 2012). Simulations done by Costa et al. (2014)
showed that out ows are expected to be energy-driven to support observational results for multiphase
out ows. Energy-driven out ows are thermally stable to conserve the inner wind energy and maintain
the expanding shell front. As the shell expands, it loses energy, enabling the gas to cool down and
entrain itself with cold gas.

Besides their origin, the front shocked shell of the out ows could heat up the ISM by injecting kinetic
energy into it, which is thought to hold back the cooling of molecular gas. These shocks have a typi-
cal velocity of 1000 km s?, allowing them to be detected in X-ray wavelengths as they interact with
the ISM (Raga et al., 2002). Complemented with radio observations (Morganti, 2017), X-ray images
show shocked hot gas at a scale of hundreds of kpc that is overlapped by lobes of radio emission
(Fornasini et al., 2022). This observation implies the suppression of star formation due to gas heat-
ing, which had been observed before (e.g. Wylezalek and Zakamska, 2016; Vayner et al., 2017), and
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is considered "preventative' feedback, where the star formation activity is delayed, but not entirely
guenched. Another form of negative feedback is the “ejective feedback'. Powerful out ows expel the
surrounding gas outwards. This is common in galaxies containing AGNs, where there is a signi cant
reduction in the molecular gas depletion timescale (Brusa et al., 2018). In addition, ejective feedback
is suspected to only affect the central region of the galaxy. Ellison et al. (2021) computed the CO
molecular gas fraction in the central region to be two times less than the general star-forming galaxies.

On the other hand, quasar mode feedback could also enhance the star formation activity of a galaxy.
The out ows could compress the neighboring molecular gas, which could facilitate the gravitational
collapse of a cloud (Silk, 2013). For example, Cresci et al. (2015) detected a young stellar population
in a gas clump coexisting with ionized [O 1ll] out ows. Bessiere and Ramos Almeida, 2022 did a
spatial distribution analysis on a type 2 quasar, Mrk 34 , to nd a young stellar population by the
out ow edges, suggesting enhancement of star formation. In addition, Shin et al. (2019) found both
types of feedback in one system. Enhanced star formation was detected in the out ows at kpc scales,
while gas in outer regions is further expelled by the AGN radiation pressure. Such ndings, however,
do not necessarily draw a clear conclusion about the feedback effect. It could simply be caused by
ef cient in ow, where both the SMBH and the galaxy could simultaneously accrete material, result-
ing in a positive correlation while not relating to one another (Peng, 2007; Hirschmann et al., 2010).
Positive feedback could also arise from within the galactic out ows. Maiolino et al. (2017) studied a
nearby merger which contained high density molecular gas in the out ows themselves, emission line
ratios revealed in-situ star formation.

Radio mode feedback is thought to have similar quenching mechanisms (i.e. heating molecular gas
or expelling the gas outside of the galaxy) as the quasar mode but for low accretion rate galaxies
(Croton et al., 2006; Fabian, 2012jufkan et al., 2015). It can also trigger star formation within
radio jets, provided the environment is cool and has a high gas density (Kalfountzou et al., 2014).
An observational study done by Kalfountzou et al. (2017) compared the star formation rate (SFR)
in radio-quiet quasars (RQQs) and radio-loud quasars (RLQs). They found RQQs to have enhanced
SFR compared to RLQs, suggesting a threshold for radio jets power where they switch from inducing
to suppressing the star formation activity.

1.3 Quasars

AGNs can be of different types (e.g. blazars, seyferts or quasars), but this variation is thought to
solely depend on the viewing angle of the central region with respect to us (see Figure 4). A uni -
cation model was developed and divided AGNs into two main classes based on their orientation with
respect to the observer (Antonucci, 1993; Urry & Padovani, 1995). To illustrate, AGNs with face-on
orientation exhibit visible broad emission lines and are hence categorized as type 1, while type 2
AGNSs only have narrow lines due to their edge-on alignment. Broad lines originate from fast rotating
(FWHM> 1000 km s 1) ionized gas being located deep inside the gravitational well of the SMBH in
the so-called broad line region (BLR). In a less dense region lies the narrow line region (NLR) where
it extends a few pc beyond the toroidal-shaped torus and is about ten times the size of the BLR (Sug-
anuma et al., 2006; Peterson et al., 2013). It is however currently debated whether different types of
AGN are indeed just a difference in inclination or if they are inherently different evolutionary stages
of an AGN. For example, Malkan et al. (1998) challenged the uni cation model by measuring exces-
sive dust absorption for Seyfert 2 galaxies compared to Seyfert 1, showing a morphological difference
between both galaxies. Moreover, Almeida et al. (2011) reported a structural difference in the tori of
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Seyfert 1 and Seyfert 2 galaxies where the latter contained more clumps of dusty clouds, indicating a
dependence of the AGN type on its surrounding structure.

Figure 4: A sketch of the uni cation model to showcase the crucial role of inclination and its effect
in displaying different types of AGNs. Image credit: Beckmann and Shrader, 2012.

Quasars are considered the most luminous evolutionary stage of the AGN paradigm, lasting for
1 Myr 1 Gyr (La Plante & Trac, 2016). Their origin is thought to be two gas-rich major merg-
ers (Hopkins et al., 2006). The merger funnels in gas and dust, causing complete obscuration of the
galaxy while extreme star formation and SMBH accretion occur. It is thought that the intense ac-
cretion halts 1.5 Gyr after the merging event (Roduez Montero et al., 2019), when the radiative
mode feedback is activated and blows out the shrouding dust (Wylezalek & Zakamska, 2016), caus-
ing the galaxy to be optically visible. The quasar exhausts the gas supply and eventually becomes
an elliptical galaxy. Several works have suggested the Ultraluminous Infrared Galaxies (ULIRGS;
Sanders and Mirabel, 1996) to be the stage prior to type 1 AGN, where extreme SFR occurs due to
the gas availability from the gas rich merger. For example, Villar-Maet al. (2013) and Humphrey

et al. (2015) used the CO(1-0) line to study an optically detected merger system where they found a
large unsettled (40%) reservoir of molecular gas to be located in the outer regions while the luminous
(> 102 L ) infrared center contained the remaining gas. They suggest the distant gas reservoir will
eventually fall back into the galaxy and assist the SFR of the galaxy.

The ndings above suggest that an AGN evolution paradigm might indeed be the origin for quasars.
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An open question that remains, however is the aspect of coevolution between the AGN and their host
galaxy. A main reason for the different conclusions derived, could be due to observational bias. For
instance, AGN studies using X-ray surveys are popular, since the AGN X-ray luminosity outshines
that of its host galaxy. Nonetheless, X-ray emission is vulnerable to absorption in Compton-thick
regions & 104 cm 2), which makes it hard to deduce the true X-ray emission of the AGN (Brandt &
Alexander, 2015; Azadi et al., 2017). For reference, itis estimated t2886 of the AGN population

Is Compton thick (Gilli et al., 2007; Tasnim Ananna et al., 2019). In addition to the obscured X-ray
emission, their observations usually include a luminosity threshold which ends up excluding AGNs in
low mass galaxies, that are rare and much more ef cient than the ones in massive galaxies (Mendez
et al., 2013). Recent work therefore include X-ray stacking analysis for non-detected galaxies (e.g.
Ito et al., 2022).

Depending on the tracer used, SFR measurements can also introduce biases. One of the most com-
mon SFR tracer used locally is the recombination emission liag#563A), as it directly tracks

the ionized hydrogen from high mass stars (Kennicutt, 1983). Studies should correct for the AGN
radiation that can also contribute taHmission by also ionizing their surroundings (Stern & Laor,
2012). As Ha line gets redshifted outside of the optical range at0:5, other SFR proxies can be
used. The 24um MIR emission can trace the re-emitted stellar UV radiation by dust. The wavelength
of the 24um allows for low dust contamination because it lies beyond the peak emission of polycyclic
aromatic hydrocarbons (PAHs) apéh (Lu et al., 2014; Figueira et al., 2022). Other tracers can also
be used, but the derived SFR might contain large uncertainties. For example, [Oll] ling (872

can also track ionized stellar emission, but it is highly attenuated by dust in addition to the strong
dependence on metallicity. Calibrating for metallicity could introduce some uncertainties, depending
on the emission line ratio used (Figueira et al., 2022). Infrared (IR) dust emisspon)(8riginating

from the reprocessed O and early-type B ultraviolet (UV) emission may be biased toward old stellar
population (Kennicutt, 1998; Kouroumpatzakis et al., 2020). Furthermore, IR monochromatic can
underestimate SFR measurements in low-metallicity galaxies (e.g. Boquien et al., 2015).

Moreover, AGN contamination can cause the SFR to be overestimated in the IR by heating the dust
residing in the NLR (Fritz et al., 2006). The dust heating by AGN is thought to peak a#®qum
(Roebuck et al., 2016). In some rare cases, the far-IR (FIR) wavelength regime can be dominated if
the AGN is completely covered in dust. Such Compton thick envelops are thought to exist only for
host dust-obscured galaxies (Tsai et al., 2015; Ricci et al., 2017). As a result of these limitations, hy-
brid SFR estimators (e.g. 24n with Ha or 8 um with [O II]) (Calzetti et al., 2000; R. C. Kennicultt

et al., 2009) are used to trace the unobscured UV light in addition to measuring re-emitted UV light
by dust.
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1.4 This study

The aim of this thesis is to investigate the coevolution aspect of galaxies by studying the same galaxy
population across a wide range of redshifts. Our primary goal is to derive the accretion histories of
black holes and their host galaxies within the same systems. Due to observational constraints, most
studies typically measure either the star formation rate density (SFRD) or the black hole accretion rate
density (BHARD), rarely both simultaneously. For example, Harikane et al. (2022) and (Magnelli et
al., 2013) derived the SFRD for their galaxies using UV and IR luminosity functions, respectively
while Ueda et al., 2014 computed only the BHARD using X-ray luminosity functions. Combin-
ing both accretion histories together, Madau and Dickinson (2014) showed a joint peak between the
(SFRD) and (BHARD) az 2, as illustrated in Figure 5. Their SFRD is derived from 13 different
studies that used UV or IR to trace the SFR. Furthermore, the overlaid BHARD ts (blue, red and
green) are based on various observational studies, the one derived from Aird et al. (2010) (green)
had X-ray selected AGNs, while Delvecchio et al. (2015) (blue) contained IR detected galaxies and
Shankar et al. (2009) (red) constructed an AGN model mainly based on X-ray observations.

Figure 5. The best t SFRD derived from 13 different catalogs show in the black solid line. The
red, green and blue trends are BHARD derived from Shankar et al. (2009), Aird et al. (2010) and
Delvecchio et al. (2014), respectively. Both aspects share a peak atbut then fall off till our
current cosmic epoch. Image credit; Madau and Dickinson (2014).

Our approach towards simultaneously studying the SMBH and SFR aspects for the same galaxies
depends on the characteristics of their emission. First, this thesis will only focus on optical quasars.
These typically dominate the optical and UV spectradiicz et al., 2021), hence the ideal wave-
length range to study AGN activity. As already mentioned above, the AGN contribution in the FIR
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Figure 6: Herschelimages at 250350 and 50Qum for a cold quasar included in Kirkpatrick et al.
(2020) study. The black cross is their X-ray counterpart position.

regime is thought to be negligible (Mullaney et al., 2011). We therefore use the FIR emission to trace
star formation activity in the host galaxy. Optical quasars with a FIR counterpart have been studied
before (e.g. Stacey et al., 2010; lvison et al., 2019) and more recently by Kirkpatrick et al., 2020,
Coleman et al., 2022 and Mintz et al., 2024. It was Kirkpatrick et al., 2020 who suggested the name
“cold quasars' for such objects, due to their bright FIR (cold dust) emission. A major limitation to
this study however, is the poor angular resolution of FIR observations.

We display an image for one of the galaxies included in the cold quasar study by Kirkpatrick et al.
(2020) in the 250350 and 50Qum FIR bands. One can see that these observations lack the resolving
power. To tackle the issue, we use deep and wide radio surveys, which have a much better angular
resolution than FIR observations. We use the high resolution of radio observations to help us better
locate the galaxies in the FIR bands. This was previously not possible as deep radio surveys in the
northern sky have only become available recently.

Our study focuses on the redshift rangezef 0 5. Considering this wide redshift range, we aim

to study the star formation activity by tting spectral energy distributions (SED) to our galaxies. The
SEDs will also allow us to investigate the galaxies physical properties as well as the growth of their
central engines.

In Section 2, we discuss the catalog assembly process and the elds involved in this study. Next
we demonstrate in Section 3 our approach in deriving the physical properties of the galaxies and the
limitation. We also illutrate our approach in tting luminosity functions out our data. We explain the
results in Section 4, where we not only investigate coevolution aspects, but also take a closer look at
the general properties of what is considered to be a subsample of optical quasars. We conclude this
thesis with a general discussion about the results in Section 5 and summarize the key ndings that our
analysis and discussion seem to suggest.
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2 Data

In this section, we discuss the construction of our multi-wavelength catalog for type-1 quasars with a
FIR counterpart. As mentioned before, an important aspect to optimize the SED tting process is to
collect panchromatic data sets. Our multi-wavelength catalog span from X-ray to radio wavelengths.
We note that the elds used in our study are selected based on the availability of their radio data.
Our study includes nine elds, where, most of them are located in the northern sky. The elds are
Lockman-Hole (Lockman), Bites, European Large Area ISO Survey-North 1 (ELAIS-N1; Oliver

et al., 2000 ), GAMA elds (GAMA-09, GAMA-12 and GAMA-15) (Driver et al., 2011), XMM-
NewtonLarge Scale Structure eld (XMM-LSS) , Herschel Stripe 82 eld (Stripe-82; Viero et al.,
2014) andHerschelAstrophysical Terahertz Large Area Survey (HATLAS-NGP; Eales et al., 2010)
which is the largest eld used in this study, spanning an area over 660 Aégr showcasing the cat-
alogs used in this study, we discuss our cross-matching process, we analyse the nal sample acquired
and compare it to the general population of optical quasars.

Figure 7: A mollweide projection of right ascension (RA) and declination (Dec) for the quasars used
in this study in their respective eld as a function of their main radio survey. Lockmaite3o
ELAIS-N1, and GAMA elds are part of the deep eld radio observations done by LOFAR. The
radio data for the largest eld in our study, HATLAS-NGP, was derived from wide eld LOFAR
observations. For Stripe-82 and XMM-LSS, we used deep radio survey observations done with the
VLA and MeerKAT, respectively. For details about the radio surveys, check Section 2.1.2.

2.1 Multi-wavelength data
2.1.1 Herschel

We make use of thelerschelSpectral and Photometric Imaging Receiver (SPIRE) instrument which

is part of the Multi-tiered Extragalactic Survey (HerMES) that provided a large survey area of 1270 deg
(Pilbratt et al., 2010). This project is a branch of therschelExtragalactic Legacy Project (HELP),
which contains data products of mid-infrared (MIR) from the Spitzer Multiband Image Photometer
(MIPS; Rieke et al., 2004) operating at @i in addition to far-infrared instrumemhterschelPhoto-
conductor Array Camera and Spectrometer (PACS; Poglitsch et al., 2010) that is centeretiCit 70
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and 160um.

The SPIRE instrument on board of tHerschelobservatory has a FWHM of 18°9 24:9%%nd 366°°

for wavelengths of 250350 and 50Qum, respectively. The extragalactic confusion noise levels are

5:8; 6:3 and 68 mJy beam? for 250, 350 and 500 microns, respectively. The large beam sizes of
SPIRE lead to source confusion. We therefore use the blind SPIRE catalog @r(sley et al.,

2021), which is based on extracting sources from SPIRE images using matched Itered maps. Match
Itered maps compute ux density peaks for source-confused images (Chapin et al., 2011). A peak is
selected, provided they have a 85% completeness level in every SPIRE band (Chapin etal., 2011). The
completeness is computed as i\ls"“ﬂs whereNreq is true count of ux density peaks afdspyrious
represent the peaks of uctuatlon Toise in the image. The accurate centers for each source are then
determined by computing Pearson correlation coef cient on each sub-pixel in their initial detection
position for all three bands. A best-t ux density from the largest correlation is then assigned as
the new position. The ux densities are then determined using the Bayesian probablistic deblender
XID+ (Hurley et al., 2017), where they used the blinded source catalog as the prior. For the sources
used in this study, we apply the 85% completeness limit computed from the match Itered maps as a
threshold. We use the 250n ux density limit of each eld. The limits are 18L9; 20;and 20 mJy

for XMM, GAMA elds, Stripe-82 and HATLAS-NGP, respectively. The elds ELAIS-N1, Lockman

and Bates and had their respective ux limits of 380; 45 mJy taken from Wang et al. (2021), which
corresponded to a low false identi cation rate $%).

2.1.2 Radio

Radio surveys are essential in this study for several reasons. Besides their high resolution and depth,
the well established correlation between radio and FIR emission is signi cant. Bright radio sources
tend to also have intense FIR emission. This is because young stars emit excess UV radiation, which
gets reprocessed by the surrounding dust into IR wavelengths (Charlot & Fall, 2000). The radio
emission originates from dying massive stars, which emit cosmic rays that interact with the galactic
magnetic eld, resulting in radio synchotron emission (Klessen & Glover, 2016). The far-infrared
radio correlation (FIRC) holds for the local Universe but several works argued that it evolves with
redshift (Calistro Rivera et al., 2017; Mdnet al., 2018), while others suspect this evolution may

be due to observational biases such as AGN contamination or other physical processes boosting the
radio emission (M. J. Jarvis et al., 2010; Bourne et al., 2011; Read et al., 2018). The FIRC allows us
to utilize high angular resolution used to detect radio sources to thus locate their FIR counterpart. We
show in Figure 8 the remarkable difference in resolution between SPIRE%Md Low-Frequency

Array (LOFAR; Van Haarlem et al., 2013) 150 MHz. For the FIR image, it is impossible to conclude
how many sources visibly exist in the image. This demonstrates the importance of the radio data to
conduct this project which otherwise would have an observational bias. This is crucial for our cross-
matching process. We use the cross-matched objects between radi@setielto then search for

their optical counterpart, as demonstrated in Figure 9.

Due to its vast sky survey area, high spatial resolution and its wide low frequency, LOFAR is the

main source of radio data in this study. The LOFAR Two Meter Sky Survey (LOTSS) currently op-

erating at 120 168 MHz is targeting a spatial resolution of%vhile maintaining noise levels of
100um beam * and aims to eventually reach sensitivity of s beam * (Shimwell et al., 2017;

2https://github.com/H-E-L-P/dmproducts/tree/master/dmu22
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Figure 8: Left panel The SPIRE 25Qum image. Right panel LOFAR 150 MHz image. These
iImages were obtained from Wang et al. (2021) where the red plus signs indicate the position of
LOFAR sources.

Shimwell et al., 2019). The survey running on high-band antenna (HBA) is set to cover the en-
tire northern sky and has already observed six of our elds. Producing reliable images at such low
frequencies is extremely challenging due to direction dependent effects (DDE), which causes radio
waves uctuations on interferometers. Calibration of DDE is major since it can sharpen the angular
resolution of an observation by a factor of 4 (e.g.Weeren et al., 2016). The origin of DDE is

due to the free electrons by the Earth's ionosphere scattering off weak electric elds that ultimately
scatter radio radiation on the radio interferometers (Ratcliffe, 1956; Albert et al., 2020). Smirnov
and Tasse (2015) and Tasse et al. (2018) were able to synthesize thermal noise limited maps to coun-
teract the DDE while maintaining the high ef ciency of the HBA. The resulting root mean square
noise levels were 23 and 3Quly beam* for ELAIS-N1, Lockman and Botes, respectively. The
GAMA elds, observed with confusion levels of 170pJy beam® were part of the eROSITA Final
Equatorial-Depth Survey (eFEDS). We note that for the GAMA elds, which lie in the equatorial re-
gion, suffer a much lower sensitivity due to the shorter baseline. Because of their low declination on
the sky with respect to us, a projection effect occurs that affects their sensitivity (Weeren et al., 2016).
For Bootes, we complemented the low frequency data with@GHz observations by the Westerbrok
Synthesis Radio Telescope (WSRT). The observations achieved a resolutio?? o27%%and had a
sensitivity of 28uJy beam .

The other elds involved in our study have not been observed by LoTSS. However, HATLAS-NGP
was part of another LOFAR survey, which is The LOFAR LBA Sky Survey (LOLSS), running at the
frequency range of 42 66 MHz. The low band antenna (LBA) survey aims to map the northern sky
with an angular resolution of P§(De Gasperin et al., 2021). The rst data release by De Gasperin
et al. (2023) covers 650 dégvith 42463 detections in the HETDEX spring eld Hill et al. (2008),
which includes HATLAS-NGP. The eld was observed with a median rms noisex& L)y beam*.

Stripe-82 radio counterpart was acquired through a Very Long Array (VLA) survey which spanned
over 92 ded (Hodge et al., 2011). The survey was done in the L-band (20 cmdo6Hz) with a
remarkable 8%Gangular resolution. The Stripe-82 VLA radio catalog contains 17969 detections with
median rms noise levels of 38y beam®. As the eld lies on the celestial equator (check Figure 7),
and due to the nature of the VLA interferometers distribution, the observation was also subject to
antenna shadowing (Heywood et al., 2021). The low elevation of the observation tilts the radio dishes
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downwards where the antennas could partially block the pointing of the antennas behind.

Figure 9: The survey footprints of the FIR and radio data, where the shaded overlapping region is
where theHerscheldetected quasars are. The footprints of the other surveys are available in Fig-
ure 12.

At an exceptionally high sensitivity of:3 pJy beam?, the XMM-LSS eld was observed by the
MeerKAT telescope as part of The MeerKAT International GHz Tiered Extragalactic Exploration
(MIGHTEE; M. Jarvis et al., 2018) survey. The survey is mainly carried out in the L-band (1284
MHZz) to track HI through environments of cold gas. This will allow us to look for quenching evi-
dence in addition to mapping the neutral hydrogen density through galaxies (M. Jarvis et al., 2018).
The data is observed at angular resolution &:2°(Heywood et al., 2022).

2.1.3 SDSS

As mentioned in Subsection 1.3, quasars have their BLR exposed, meaning that they are optically
visible, and to capitalize on that, we make use of the largest optical quasar survey. We use the newly
added Data Release 16 quasar catalog (DR16Q) as part of SDSS (Lyke et al., 2020). The SDSS
guasar observations have been going for 20 years (Schneider et al., 2010), with the latest being the
extended Baryon Oscillation Spectroscopic Survey (eBOSS; Dawson et al., 2016) which have resulted
in a massive expansion of the quasars catalog. The eBOSS latest catalog, DR16Q, contdilvs 750
guasars that are spread over a wide range of redshiftsz(0 7). The eBOSS had its spectroscopic

data taken by the Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al., 2013) spectrograph
mounted on the:® m Sloan Telescope (Gunn et al., 2006), with a spectral of resolutibh 2000

(Smee et al., 2013). The DR16Q imaging data contains photometric datg;im; i andz bands and

covers a massive area af3¥6 deg.
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2.1.4 Ancillary data

The importance of ancillary data lies in their contribution towards modeling an SED that accurately re-
ects the true emission of the galaxy. Firstly, we use the Wide- eld Infrared Survey Explorer (WISE;
Wright et al., 2010), which has mapped the entire sky with a higher sensitivity than all previous IR
sky surveys. The WISE ight system had a 40 cm telescope equipped with four MIR bands, W1, W2,
W3 and W4, centered at8 4:6; 12 and 22um, respectively. The angular resolution achieved was

6:199 6:499 6:5%and 120%%or W1, W2, W3 and W4. The$ sensitivity of the observations were
0:08, 0:11; 1 and 6 mJy.

The Galaxy Evolution Explorer (GALEX; Martin et al., 2005) is crucial for constraining the UV
wavelength range of our SEDs. The telescope provides photometric data for 65 million sources over
a sky area coverage of 235 ded. The All-sky imaging survey (AIS) catalog contains far-UV
(FUV) and near-UV (NUV) photometric bands centered at 1563&d 2316A, respectively (Morris-

sey et al., 2007). Bianchi, Efremova, et al. (2011) only included sources withiro@ the center

of the 22 eld of view to avoid instrumental artifacts and acquire more accurate photometry. The
FWHM of the FUV and NUV are 2%and 53° respectively. The AlIS managed to reachroise

levels of 199 mag (FUV) and 2@ mag (NUV). We make use of the fth data release for GALEX
released by Bianchi, Herald, et al. (2011).

X-ray catalogs are the highest frequency data we use in this study. We use the European Photon
Imaging Camera (EPIC) on board of the XMNewtonobservatory (XMM; Jansen et al., 2001) for its

full photon band (2 12 keV) data. The newest XMM data release (4XMM-DR13) which covered
1328 ded of sky area, contains 65897 unique sources in almost a million detections (Webb et al.,
2020). Additional X-ray data for the GAMA-09 was acquired through the newly launched extended
ROentgen Survey with an Imaging Telescope Array (eROSITA; Predehl et al., 2021). Their wide eld
and spatial resolution are on par with XMM. We obtained soft bar2 2B keV) X-ray data for the
GAMA-09 eld as part of the eROSITA Early Data Reledse

2.2 Catalog cross-matching

We make use of the FIRC by cross-matching the Fi&scheldata with the radio catalogs with a
matching radius of 1% corresponding to the beam size of the 280 SPIRE photometer (Grif n
et al.,, 2010). The Tool for OPerations on Catalogues And Tables (TOPCAT; Taylor, 2005) cross-
matching resulted in "unique' and ‘multiple’ matches.H&rschelsource which had multiple radio
sources cross-matched to them as their “true counterpart’, are identi ed as multiple matches. On
the other handHerschelsources with only one matched radio counterpart are considered unique
matches. The large beam sizes of sub-millimetre (sub-mm) dishes and FIR photometers complicate
source detections in their band. Early optical and NIR observations revealed existence of multiple
counterparts in single sub-mm sources (Dunlop et al., 2004). Sub-mm observations by the Atacama
Large Millimeter/submillimeter Array (ALMA;Wootten and Thompson, 2009) at gifOrevealed a
multiplicity rate of 30% for 28 SDSS quasars (Hatziminaoglou et al., 2018). Depending on the study,
multiplicity rates can signi cantly vary. For example, A hyperluminous IR galaxies (HLIRGS) study
by Wang et al. (2021) found a multiplicity rate of 1530% while Trakhtenbrot et al. (2017) found
sub-mm galaxy counterparts in 3 out of the 6 quasars they studied. Scudder et al. (2016) suspects
95% of their galaxy sample to have more than two counterparts. The multiplicity rate of our study

3https://erosita.mpe.mpg.de/edr/eROSITAObservations/Catalogues/
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is shown in Figure 10 as a function of survey depths ( eld on top is the deepest). The multiplicity plot
of the FIR wavelength is based the 2f® SPIRE band. We note that the offset FIR depth among
Lockman, XMM-LSS, ELAIS-N1 and Bates is 072 mJy (see Table 1). As the observation depth
increases, the multiplicity rate of the eld increases. The multiplicity rate ranked by radio depths
share the same trend. The multiplicity plot for the radio data is based on the LoTSS 150 MHz sur-
vey. Thus, we converted the depths of MIGHTEE 1.284 GHz, VLA 1.4 GHz and LoLSS 54 MHz
surveys assuming a spectral index valua ef 0:7 (S, un?@; Smokic et al., 2017; De Gasperin et al.,
2021) and we list the frequency-corrected depths in Table 1. Two elds had a signi cant amount of
their FIR sources contain two or more radio counterparts. The multiple matches in XMM-LSS and
ELAIS-N1 accounted for 60% and 45% of their totdérschelsources, respectively. On the other
hand, GAMA elds, Stripe-82 and HATLAS-NGP are much shallower in depth and their multiplicity
rates did not exceed 20%. A higher multiplicity rate in deep radio observations could translate
as an observational bias. Wang et al. (2021) derived the ux ratio between LOFAR deep elds and
250um SPIRE observations where they concluded the ability of LOTSS to detected sources that are
3 4 times fainter than the applied 2p8nh ux limit. This suggests that elds with shallower FIR
depth may show similar multiplicity rates, provided deeper radio data.

We suspect there might be a physical interpretation towards the high multiplicity rates in radio deep
elds. It could be due to the environment surrounding our quasars. As quasars are thought to be
progenitors for local elliptical galaxies. A recent large-scale structure study by Poudel et al. (2017)
revealed the fraction of elliptical galaxies in the central region of cosmic web laments to be the high-
est. We propose it could hence be the dense environment of the laments that causes high multiplicity
rates in the elds with deep observations.

Figure 10: Unigque and multiple matches ranked by the observation depth (highest depths at top),
left panel Multiplicity as observed by the SPIRE instrument at 250 microns. Lockman, XMM-LSS,
ELAIS-N1 and Bates have very similar FIR depthRight panel Multiplicity ranked as a function

of radio observations depths of LOTSS, LoLSS, MIGHTEE and VLA mentioned in Section 2.1.2. We
display the quantitative depths for both FIR and radio data for all elds in Table 1.

Sources with multiple matches were discarded, making our sample much smaller. We only make use
of unique matches in this study. We apply a separation radiu®wf #he unique matches. This limit
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was used by Wang et al. (2021) to derive low §%) false identi cation rates in Lockman, Btes

and ELAIS-N1. This radius eliminates amerschelsources with their radio counterpart situated
more than B%way. The number of sources remaining after applying the separation radius above are
displayed for each eld in Table 2 under the colum{9@atching Radius'.

Moreover, we plot in Figure 11 the distribution in positional separation betieeschelsources and

their matched radio component for all nine elds combined. We note that the separation distribution
is similar for all elds except GAMA-12, where it is more evenly distributed betwe®ard 8Ysee

Figure A.1). In Figure 11, the separation peaks a:2°% which matches the positional offset of
SPIRE observations Smith et al., 2011; Bourne et al., 2014. LOFAR on the other hand, has a negligi-
ble positional errof0:2°Y compared tdHerschelwilliams et al., 2019.

Once theHerschelradio unique matches were assembled, shown as the shaded region in Figure 9. We
used the radio data positional coordinates to cross-match our galaxies with DR16Q using a matching
radius of 29 This resulted in 731 optical quasars havingerschelcounterpart, which is 1% of the
SDSS population in the elds used in this study. For adding the ancillary data, we also cross-matched
their catalogs with the radio counterparts using a matching radiu®’?of\2SE is the ancillary data
catalog with the most matches in our sample, they complemented 93% of our data sample. Moreover,
40% of our quasars had GALEX matches. The XMM contributed its data to 19% (139/721) of our
population, with XMM-LSS containing the most matched sources (81). With eROSITA, we found 11
sources matches for the GAMA-09 eld. The WSRT data were matched with 5(45%) sources from
Bootes. We display the distribution of galaxies and their ancillary data across all elds in Table 2.

Field Radio sensitivity jilJy beam?) | SPIRE 25Qum depth (mJy)
XMM-LSS 9.25 2.53
ELAIS-N1 22.9 3.15
LH 23 2.32
Bootes 30 3.25
Stripe-82 52 7.33
GAMA-15 170 5.11
GAMA-12 170 5.08
GAMA-09 170 5.20
HATLAS-NGP | 1550 5.17

Table 1: Sensitivity of the radio data and the SPIRE 2% instrument. The radio obersations
depth of XMM-LSS , Stripe-82, HATLAS-NGP were corrected to the central frequency of 144 MHz,
corresponding to the LOTSS.
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Figure 11: Left panel Positional offsets in RA and D between radio sources and their matched SDSS
sources, with a cross-matching radius limit 8¢ Right panel Distribution of positional separation
betweenHerscheland their unique radio counterparts, which peaks:at%2 This plot combines
separation from all nine elds, where they share the same trend except for GAMA-12. We show the
seperation distribution for each eld individually in Figure A.1.
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Figure 12: Survey footprints of all elds used in this study excluding XMM-LSS which was shown

in Figure 9. The yellow line represents tHerschelsky coverage and the cyan line is the radio data

sky coverage. The shaded region is the overlapping region where cross-matched objects were found,
check Subsection 2.2 for details.
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2.3 Final quasar sample

Our nal sample of objects span a large range of redshifts @. 7). From Figure 13, one can

see our galaxy population concentratea at 3, which matches the peak duration of quasar activity
(Hewitt & Burbidge, 1993; Richards et al., 2006). Moreover, there is only a few (8) objects located at
z> 4, where our most distant galaxy is situate@ at6:7. However, we expect the redshift range of
our study to shrink due to galaxies with unreliable SED ts.

Figure 13: A contour plot of the SDSS parent catalog (DR16Q) u-band absolute magnitude distri-
bution as a function of redshift, overlaid with our galaxy sample (blue dots)). Our galaxies mostly
lieatz 3 and are slightly dimmer in the u-band. The small black points at high redshifts are due
to the scattering of the contour. The normalized histograms show the redshift and u-band absolute
magnitude of our sample compared to DR16Q.

We are interested in comparing the optical and IR emission of our sample to the general optical quasar
population. We can already see in Figure 13 our sample shifting towards dimmer absolute u magni-
tudes compared to the parent SDSS catalog. One of the possible interpretations for such a feature
could be due to dust obscuring the blue light in our cold quasars sample. We also compare the red-
dening by plotting a color-color diagram gf r againstr i in Figure 14. We can see the blueness

of the DR16Q catalog is shifted leftwards compared to our sample. In addition, the ngediafor

DR16Q is 017 while for ours it was only a bit higher;2 The distribution itself however, displays

our sample to be residing in the redder regime of the plot, while also being less blue than the major-
ity of the SDSS quasars. Such a distribution shows our quasar sample to be slightly redder than the
general unobscured quasar population.
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Figure 14: g r versusr i color-color diagram. The heat contour is the DR16Q catalog while the
scattered blue points are the quasars in this study. There is a slight reddening in our quasars compared
to the parent sample.

Kirkpatrick et al. (2020) compared the MIR emission of their cold quasars sample with SDSS quasars
within the same elds. They found their cold quasars to fall below a certain slope, which is the solid
line displayed in Figure 15. They conclude that cold quasars are, on average redder in the MIR than
most optical quasars. We note that below their established relation, 40% of unobscured quasars were
also located. When applying our sample on this relation, 74%~«B3B) of our sample lie below the

line. While this could indicate most of our sample are classi ed as cold quasars, the slope derived by
Kirkpatrick et al. (2020) is clearly not a strict threshold.
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Figure 15: W2 W4 as a function of redshift. The black line slope is expressed as W2 =
0:6z+ 5:5, and was derived by Kirkpatrick et al. (2020) to show all their quasars lying below it. In
our case, 74% of the quasars lie below the slope.
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3 Methods

In this part of the thesis, we will discuss our SED tting process in Subsection 3.1, including the
model we use, the validation of our SEDs and their analysis. We also illustrate our approach at
constructing luminosity functions to study the BHARD and SFRD in Subsection 3.2.

3.1 CIGALE SED tting

As already mentioned in Section 1.3, studying the SFR of a galaxy by applying a conversion factor

to one of the SFR tracers is a frequently used method. Depending on the calibration model used on
the tracer, different measurements could be derived. In our case, we use SED tting. The usage of
SED analysis requires a panchromatic wavelength coverage to be able to accurately assess the galaxy
properties, which is why the inclusion of ancillary data is vital.

The library we use is Code Investigating GALaxy Emission (CIGALE; Burgarella et al., 2005; Noll
et al., 2009; Boquien et al., 2019), which is a python-oriented SED tting and modelling tool that
allows us to derive physical properties (e.g. Bhd bolometric luminosity, §e). The improvement

of CIGALE code over the years has made it possible to t uxes from X-ray to radio wavelengths
(Yang et al., 2020; Yang et al., 2022).

For setting up the CIGALE SED tting, we demonstrate here the models we use in addition to the
parameters we select from Boquien et al. (2019). Firstly, to establish the general stellar environment
for our sample, we assume a “delayed' star-formation history (SFH) model. This model is given as:

SFRt)utt—2 exp( t=t)for0 t t5: (2)

Thet is the age of the galaxy itself, amglis the age of the occurring star formation. This model is
based on having a linear increase in the star formation activity, until it peaks atAfter that peak,

the star formation activity for the population exponentially decreases. This model is logical to apply
on our sample, as quasars are expected to be active star formation factories (Willott et al., 2007). We
adopt the single stellar population model (SSP) of Bruzual and Charlot (2003) with solar metallic-
ity. As already established before, a signi cant amount of the stellar emission is re-emitted in the
IR by dust. Boquien et al. (2019) discussed the complexity in assembling a template of attenuation
curves due to the dust structure depending on the host galaxy itself (for recent a review see Salim and
Narayanan, 2020). They therefore provided us with two models to adjust the attenuation curve tem-
plate to, and we chose Calzetti et al. (2000) exible model complemented with Leitherer et al. (2002).
This is starburst attenuation curve is equipped with a Lyman break feature, where galactic neutral
hydrogen absorbs the ionizing UV radiation, affecting the emission spectra (Gonzalez Delgado et al.,
1998). It is also important to account for the dust emission which causes the attenuation in the rst
place. For that, we use the model of Draine et al. (2014). They derived the surface density of dust
for our most nearby galaxy, Andromeda. Their dust emission model is split into two parts depending
on the spatial location. The model shows the stellar bulge to account for dust heating in the central
regions. In the outer regions, star-forming regions cause an increase in reprocessed dust emission.
The aforementioned modules govern the stellar emission component of the SED.

For modelling the AGN, an update to CIGALE by Yang et al. (2020) and Yang et al. (2022) was
implemented to add X-ray and radio wavelengths to the SED tting range in addition to adding new
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AGN modules to the template. Previously in CIGALE, Fritz et al. (2006) was the only AGN template
available. Their template assumed a smooth structure for the dusty torus. However, it is thought that
thick clumps in the torus are needed to avoid dust dissipation by AGN radiation (Krolik & Begelman,
1988; Gar@a-Bernete et al., 2022). Therefore, CIGALE added the SKIRTOR model (Stalevski et al.,
2016), which assumes signi cant dust clumpiness in addition to a non-uniform AGN disk emission.
Our sample consists dferscheldetected SDSS quasars. Being an SDSS quasar automatically clas-
si es the object to be optically visible with respect to the observer. We therefore select the viewing
angle of 30, which is what is recommended by CIGALE for type-1 AGN. We note that thenitdel

adds a polar dust extinction 8(B V)= 0:1. The approach by CIGALE focused on connecting the
X-ray with other wavelengths in the SED. Firstly, the X-ray ux is then tted as :

fapt E S lexp E=Ecw) ()

WhereGis the photon index which describes the power-law X-ray spectruntEapdepresents the
threshold where the X-ray contribution falls off. This cut-off term, for a spatially resolved central
region, could help locate where the dense gas (Comptonizing region) responsible for absorption lies
(Malizia et al., 2014). Secondly, CIGALE usesx L5004 relation to link the X-ray emission

(2 keV) to the intrinsic UV luminosity I(,.,500) (Steffen et al., 2006; Just et al., 2007; Lusso &
Risaliti, 2017). Theaoy is the power-law term given as

L.
aox= 0:3838log 20", 3)
n;2keV
and CIGALE allows the user to vaioy. Finally, the last addition to the CIGALE model, a radio
module. CIGALE makes full use of the FIRC to derive the radio emission from star formation (Helou
et al., 1985), using !

LsrIr _

dir = log (4)

where theqr is the correlation parameter and can be input as multiple values by the user. The
radio luminosity is also constrained by a power-law slope parameter, which could also be changed
by the user. To consider the AGN component in the radio wavelength regime, Yang et al. (2022)
iImplemented a radio-loudness parameter, which is described by the parameter, R (Kellermann et al.,

2016), derived as
Ln:5GHz .

Racgn =

; (5)
I-n;2500A
where it is simply the ratio between the radio luminosity at 5 GHz and UV luminosity at250@

note here that the radio-implemented AGN template is oversimpli ed and does not majorly impact
the shape of the SED.

After the aforementioned modules and parameters, one can expect different types of parameters to
produce a good tto the SED, despite it having different physical properties than what the true object
has. To counter this, CIGALE implements likelihood-weighted parameters, by applyifig €%2)

to derive the physical properties. CIGALE would run through all the possibilitiesn) of the input
parameters on its grid mode, temporary save the extrapolated physical properties, and weigh them
depending on the wellness of the t. These are the Bayesian-derived values, which we use in this
study, and avoid using "best- t' values.
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Figure 16: The percentage of good and badly tted SEDs in each of the elds involved in this
study. HATLAS-NGP, GAMA-09, GAMA-15, Lockman, ELAIS-N1 and XMM-LSS elds had good
(c?< 5) SED tsfor 80% of their galaxies.

The goodness of the SED t is determined &% computed as

i a m? fjamj2+é fie me 2 ©)
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i denotes the properties fdr andmy, of the observed and modelled ux, respectively, whileepre-
sent the intensive properties apére the extensive properties. In this study, we only use SEDs ts

with c2 < 5. Thus, we discard galaxies with SED ts that excegd> 5 as they are unreliable.

Table 3 summaries the section above by displaying all the modules and parameters used to run
CIGALE. We note that we lost 20%(14821) of the galaxies due to bad t€{> 5). The red-

shift range of our galaxies became& @< 5. We show the bad ts contribution for each of the elds

in Figure 16. Well- tted SEDs seem to populate certain elds more than the other. For example,
HATLAS-NGP, GAMA-09, GAMA-15, Lockman, ELAIS-N1 and XMM-LSS had 80% of their

initial sample to have a successful CIGALE run. FordBzs and GAMA-12, most( 60%) of their
sources were simply eliminated after the SED tting. This could be due to the lack of ancillary data
in both elds. Both elds did not have any X-ray counterparts in addition to the low matches acquired
from GALEX, which might have unconstrained the high-energy regime of the SED. However, for
Stripe-82, itis puzzling why only 13 objects out of 53 had good ts despite noticeable contribution of
ancillary data.

We include four examples for some of the best € 1:2) tted SEDs derived from CIGALE in
Figure 17. The SEDs show the big blue bump feature in the UV wavelength range dominated by the
AGN (Malkan & Sargent, 1982). The IR bump at OOum due to reprocessed UV emission by dust

is also visible (Elvis et al., 1994). We also display four examples of bad (5) ts with different

c? values from the Botes and Stripe-82 elds in Figure 18. For the badly tted SEDs, the top row
are two galaxies from Stripe-82 while the bottom two are frondt®s. The model of the top left

gure seem to underestimate the uxes of the whole object. For the top right one, the radio module
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ignores the bright ux detected, which ruins the goodness of the t. Most of the objects dteBo

eld, however, have a similac? to the bottom gures in Figure 18, where the normalization of the
SED seem to slightly differ from the observed uxes. Despite using multiple parameters for each of
the modules, such objects with panchromatic observations could not diverge to a reliable SED t. A
further analysis into why this is the case is needed.

Star Formation History

e-folding time of the main stellar population (Myr) 500, 1000, 2000, 3000,
sthdelayed ¢ bop y 5000, 6000, 7000

500, 1000, 2000, 4000,

Age of the main stellar population in the galaxy (Myr
g Pop g y (Myn) 6000, 7000, 9000

Single Stellar Population

Bruzual and Charlot, 2003 Initial rn.ass function Chabrier, 2003
Metallicity 0.02
Dust Attenuation
EB-V) 0,0.05,0.1,0.2,0.3,
Calzetti et al., 2000 . 0.4,05,0.7,08,0.9
Reduction factor 0.44
Extinction law MilkyWay (1)
Dust Emission
Draine et al., 2014 Mass.fra.ction.of PAH . . o 0.47,1.12,2.5,3.9
Fraction illuminated from minimum to maximum radiation eld 0.02,0.1, 0.5
AGN
Average edge-on optical depth a7@m 3,7
Inclination 30
SKIRTOR Stalevski et al., 2016 . -0.9,-0.7,-0.5 ,-0.2, 0.0,
d Power-law index
0.2,05
AGN fraction 0.1,0.3,0.5,0.7,0.9,0.99
E(B - V) of polar dust 0.03
X-ray
Yang et al., 2020; Yang et al., 2022 Photon in@&x 1.8
power slopeaoy -2.0,-1.8,-1.6,-1.4,-1.2
Maximum deviation fromagy- Ly relation 0.2
Radio
Yang et al., 2022 FIRC coef cient for star formation 24,25,2.6
Radio loudness parameter 0.1,1, 10,20
Power-law AGN radio emission slope 0.7

Table 3: The CIGALE modules and parameters used in this study. We used the “sfhdelayed' SFH
model for our sample. We apply solar metallicity to the SSP model of Bruzual and Charlot (2003).
For the dust attenutation and emission, we use the models of Calzetti et al. (2000) and Draine et al.
(2014), respectively. We use the SKIRTOR AGN model (Stalevski et al., 2016). The X-ray module is
based on Equation 2 and Equation 3 while the radio module is based on Equation 4 and Equation 5.
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Figure 17: Examples for some of the best’(< 1:2) CIGALE SED ts done on our galaxies. The
SEDs contain the Big Blue Bump feature at 0 1 um as well as the infrared bump at 1100 pm.

The legend speci es the type of emission in the SED and the title includes the SDSS galaxy ID,
redshift and reduced chi-square. Image cutouts7@®1 20:9% in the SDSS i-band are overlaid for

each galaxy.
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Figure 18: Same as Figure 17 but for bacf(> 5) SED ts in the Stripe-82tpp pane) and Bdtes
elds (bottom panél
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To test the accuracy of our SED tting process, we compare our CIGALE AGN luminosities with
bolometric luminosity measurements on the entire SDSS DR16Q done by Wu and Shen (2022).
Their work tted spectra of continuum and emission lines from the BOSS spectral measurements.
This complements similar work they also did on the SDSS DR7 catalog Shen et al. (2011). We cross-
match the SDSS galaxy IDs of our sample with their catalog. The comparison shown in Figure 19
displays a general agreement between both luminosities, as 0% of our sample fall outside of

the Q5 dex offset. Throughout the thesis, we will be using the bolometric luminosities derived by Wu
and Shen (2022) for our quasars.

Figure 19: A comparison between AGN luminosities of our sample from CIGALE SED tting and
the bolometric luminosities acquired from spectra tting (Wu & Shen, 2022). The solid black line
shows a 1:1 relation, while the dashed lines represent.thdex offsets.

We further validate the SED CIGALE ttings of our sample by comparing their stellar masses with
stellar masses of Li et al. (2021), hereafter L21. Their work involves 2D quasar-host light pro le
decomposition to construct host galaxy SED tting to derive its physical properties (see Figure 20).
Their study is based on SDSS quasars &<0z< 1, observed by the Hyper Suprime-Cam Subaru
Strategic Program (HSC-SSP; Aihara et al., 2018; Miyazaki et al., 2018) with its exceptional median
resolution of 6%%n ve optical bands @rizy).

Their work included three elds that are used in our study (GAMA-09, GAMA-15 and XMM-LSS).

We therefore directly cross-match the SDSS galaxy IDs in those three elds and we get 14 matches.
The small number of matches could be due to our galaxy sample lying in the high mass regime of their
stellar mass distribution (see left panel of Figure 22). The stellar mass residuals (difference between
L21 mass and M for the 14 objects are shown as the blue stars in Figure 21. We see a scatter with

a slight trend for CIGALE to overestimate the stellar mass rather than underestimating it. The mean
residual is @2 dex, shown as the blue dashed line. We cannot however, draw a conclusion about our
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Figure 20: The decompositon procedure by Li et al. (2021), from left to right: (1) The HB&hd
image; (2) The best point source function model t and the host galaxy model; (3) The galaxy image
subtracted from the model; (5) The residual map between data and the g&)desurface brightness

pro le for the subtracted host galaxy.

SED tting stellar mass estimation from a sample size of 14 objects.

We thus expanded the validation sample by randomly selecti®@00 (40% of their sample) galaxies

from the L21 catalog to t their host galaxy ux using our CIGALE tting parameters (see Table 3).

The SED tting produces 1500 good ¢ < 5) ts which have a mean mass residual o @ex,

shown as the black solid line in Figure 21. We also see there is an even residual scatter for the L21
galaxies. The residual means of both samples agree and we consider the deviation in stellar mass
acceptable in our study.

In addition to using it to verify our SED tting accuracy, we use Li et al. (2021) galaxy catalog to
study our sample of extremely luminous quasars by inspecting the difference in SFR and stellar mass
between both samples. The SFR for L21 catalog is derived by our CIGALE parameters. In Figure 22,
we plot the difference in distributions of the stellar mass and SFR. We limited our quasar sample to
match L21 redshift rang@:2 < z< 1). Our quasar population consists of more massive host galax-
ies that extends to 184 M whereas L21 mass distribution contains low-mass galaxies and does not
have galaxies with M> 1015, The SFR of L21 stays approximately the same throughout the whole
redshift range. The SFR of our galaxies however, constantly increases with redslzift. 38, our
galaxies have POM yr 1 more star formation compared to L21 galaxies. We also note that 70%

of L21 sample are star-forming galaxies. Our sample seem to have redder emission (see Figure 14),
more massive galaxies and two orders of magnitude higher SFR than the average optical quasar.
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Figure 21: A residual plot for stellar masses acquired through two different methods. The Blue stars
are the 14 directly matched galaxies between our sample and L21 catalog. The blue dashed line
represents their mean residual value. Th&500 HSC-SSP galaxies we tted using our CIGALE
parameters are shown as orange circles. Their mean residual is shown as the black solid line, which
overlaps the blue dashed line. The mean residual mass of both galaxy sampkedédg,@vhich we
consider acceptable.

Figure 22: We compare physical properties of our galaxies (blue) to unobscured SDSS quasars from
Li et al. (2021) (yellow). The panel on the left shows the stellar mass distribution, and the right panel
displays the mean SFR derived from CIGALE with &s the shaded region. Our sample of galaxies

is more massive and show SFRs that are 100 times higher than those occurring in the L21 galaxy
sample.
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In this study, we make use of the SMBH mass measurements computed by Wu and Shen (2022).
Using single-epoch detections of broad-linéb(H1g Il and C IV) emissions, they were able to es-
timate Mgy (Vestergaard & Peterson, 2006). Such method is commonly used in huge spectroscopic
catalogs, especially if the survey contains high redshift objects, such as Shen et al. (2011) and a more
recent one, Liu et al. (2022). A major disadvantage of using single-epoch estimators, however, is
that they rely on a tight correlation between the BLR size and AGN luminosity which is extrapolated
from reverberation mapped AGNs in the local Universe. Reverberation mapping (RM) is a robust
method to measure the BLR size by computing the time lag in variability of its continuum emission
(Blandford & McKee, 1982). However, measurements by Du et al. (2016), Fonseca Alvarez et al.
(2020), and Homayouni et al. (2020) showed that quasar properties in the local Universe could be
different to quasars at higher redshift and hence create a selection bias for the BLR size. This bias
could overestimate the mass by @lex, aside from @ dex systematic uncertainty of Wu and Shen
(2022).

3.2 Luminosity function tting

Luminosity functions (LF) allow us to understand the distribution of galaxies across cosmic time.
The LF directly measures the number of objects that emit a certain luminosity in given volume of the
Universe (e.g. Le Floc'h et al., 2005). We aim to study the distribution of the galaxies in our sample,
which have shown to be a rare subsample of the optical quasars (1% of DR16Q, see Section 2.2)
population.

As already mentioned in Subsection 1.3, dust plays a major role in understanding the star formation
activity in the galaxy. The total IR luminosity (&) is assumed to cover the wavelength of stellar
emission by old and young stars (Calzetti, 2012; Kennicutt & Evans, 2012). We aim to construct a
IR LF using the total IR luminosity derived from CIGALE. The integration of the IR LF would then
allow us to derive the SFRD within the redshift range of our study.

X-ray LFs (XLF) could track the AGN activity, since for type 1 quasars (non Compton-thick), the host
galaxy emission is orders of magnitude weaker. X-ray surveys are also affected less from obscuration
compared to optical emission. When integrating the XLF, we can derive the BHARD as a function of
redshift. Madau and Dickinson (2014) showed the BHARD and SFRD to peak &t which could

hint at a possible coevolution scenario. This peak however is then followed by a sharp decline till the
current cosmic epoch. The uniqueness of our galaxy sample due to radio observations enabled us to
concurrently study the SFRD and BHARD.

3.2.1 Total IR LF

The Lr is the total integrated emission in the 8000um range of the SED. The comoving number
density is then calculated as
1 o DNpin

F= : 7
Dlog Lir binVZbin ( )

whereDlogLr is the step size for theik in a given redshift binV,,, . is the differential comoving vol-

ume for the redshift range given. We construct the IR LF throughout the redshift range p&k04.

We discuss certain limitations in our analysis. Firstly, our cross-matching process involved uniquely
matched objects, meaning that, tHerscheldetected quasars that had multiple radio counterparts
were discarded and not included in this study. This as a result affects the number density derived
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from Equation 7.

Furthermore, establishing ad.completeness limit of the sample is essential to ensure a level of cer-
tainty. To estimate the completeness of our data, we tried three different methods. The rst method
was computing the total IR luminosity completeness at which there is 85% identi cation rate of
matched (unique and multiple) sources in the overlapped region (check Figure 9 and Figure 12) be-
tweenHerscheland radio surveys. For example, in the shaded area of Figure 9, there are 31637
Herschelsources. If we consider all sources to lie above the total IR luminosity limit implemented,
then a 85% lr completeness limit is achieved if there are 26@%26)Herschelradio matches in the
region. We would expect a deep survey to therefore have a jgwampleteness limit. We rank the
multiplicity rates of our elds based on thed.completeness level achieved (top is lowegt tom-
pleteness limit realized). A relatively lowk completeness limit was achieved for the top four most
sensitive surveys in our study (XMM-LSS, ELAIS-N1, Lockman and#&s). The g limit realized

by other elds however, was a factor of three more or higher. It should also be noted that certain elds
could not achieve a completeness leveHesschelhad mauch more source counts (Stripe-82 and
GAMA-12). Moreover, GAMA-09 and GAMA-15 only achieved a completeness of 80% and 65%,
respectively.

Figure 23: Unique (green) and multiple (black) percentage of matches for all elds ranked as a
function of the Lr 85% completeness limit (i.e. ELAIS-N1 is the deepest eld). We note that
GAMA-09 and GAMA-15 achieved only a completeness of 80% and 65%, respectively, while it was
not possible to reach a sophisticated completeness for Stripe-82 and GAMA-12.

As we mentioned before, a signi cant amount of data (20%) was eliminated due to their bad ts.
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Furthermore, if we apply the aforementioneg lcompleteness limits, we would lose more data, es-
pecially in the elds shallower than XMM-LSS, ELAIS-N1, Lockman andd@es. Therefore we
chose to not apply this method to derive the tompleteness limit.

Another method to constrain the completeness of the IR LF was adopted from Wang et al. (2021),
who used the 250n ux limit to compute the Lgr completeness limit. It is based on plotting the L
distribution of sources which lie close to the 268 ux limit in each of the elds against redshift.

For instance, if we take sources wiasqm < 41 mJy in Lockman and observe the upper limit of

Lir in each redshift bin. The upper limit is then the completeness limit derived. However, this was
dif cult to implement in our study since very few sources lie close to the selection linhgfi, in

each redshift bin.

To overcome the statistical issue in our study, we derive thecbhmpleteness limit by applying a
conversion factor to th&sqm limit. We use the simulated infrared dusty extragalactic sky (SIDES)
model by Bethermin et al. (2017). SIDES aimed to connect simulation models and observations by
correcting the intrinsic number of galaxy counts through a Z dight cone for dark matter haloes.

The simulated galaxies are connected to their parent haloes using abundance matching of peak circular
velocity ( highest velocity galaxy is matched to the most massive halo, see Reddick et al., 2013), after
which their properties are derived through SED tting. The simulation contains ux density in the
250pum SPIRE band as well agdfor over 5 million sources.

Therefore, for each of our redshift bins, we derive the completeness factor by multiplyiBgsghe

85% completeness limit (see Table 2) of SPIRE observations with the mode oktHetqm ratio

derived from the simulation. dsqm is the derived luminosity using the 2%0n SPIRE ux density

and redshift of the simulated galaxies. We plot the distribution of {hellosqm ratio in Figure 24.

We note that there is a negligible:R7%) fraction of galaxies that hadd=L>squm ratio less than 1.

This is physically impossible and we do not take them into account when computing the mode. As
the completeness limit of our IR LF is now established, we can t the IR LF function. We only use
HATLAS-NGP eld in constructing the LF. It is the only eld in this study that contains a suf cient
amount of data after the SED tting process. We note that combining all elds to overcome the
aforementioned issue would introduce an observational bias. This is because not all elds have the
same FIR depth (refer to Table 1), which would contaminate the faint-end of the IR LF slope. We
assume a modi ed Schechter function derived by Saunders et al. (1990) to parametrize our ts. Itis

given by,
1l a

F(L)= F LL exp glzlogfo 1+ LL : (8)
The LF in this case depends on four free parameterss the characteristic luminosity at which the
power-law of the slope breaks, is the normalization component of the L& s the faint-end slope
parameter and shapes the cut-off around the characteristic luminosity. We choose to Lt tlaad

F parameters across our redshift bins and x the faint-end sbop@ds Gaussian due to the lack

of data points in each redshift bin. We adept 1:26 ands = 0:44 values from a IR LF study on

dusty star-forming galaxies by Wang et al. (2019). We also bin our data in the same redshift ranges
as their study. To therefore compute the comoving number density fo¥ |R),(we integrate the

aforementioned Schechter function
I-upper
YRrR= LF(L)dL: (9)

limit

We chose the upper limit to be 0. . The lower limit is the assigned completeness limit in each
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Figure 24: A 2D histogram distribution of the k=L 25qm ratio where dense regions are reddgg L

and Losqm were derived from SIDES across the redshift range of our IR L&H{Brmin et al., 2017).

The vertical white dashed lines represent the binnings for our IR LF and the black crosses represent
the mode value of the ratio for each redshift bin.

redshift bin, shown as the black line in Figure 34. Data points lying close or behind the completeness
limit at the faint-end slope of the plot were simply ignored in the tting process. We also did not t
the redshift bin of X z< 4 since it lacked data.

3.2.2 X-ray LF

Fitting a XLF to our data is much more challenging than tting a IR LF. For the IR LF, thei&
derived from CIGALE SED tting for all the HATLAS-NGP good ts. For the X-ray however, our
multi-wavelength catalog does not have extensive detections in the high energy range beyond UV.
Moreover, the derived soft and hard X-ray bands from CIGALE, are based on a uniform sensitiv-
ity (boxcar Iter) which will not be robust enough to t a XLF. In HATLAS-NGP, we only have 32
sources with total band ® 12 keV) XMM detections prior to SED tting. This number decreased

to 26 sources after the CIGALE tting process, which is about 7% of the sample size we had for the
IR LF. For calculating the volume density in X-ray, we use Equation 7 for much larger redshift bins.

The completeness of the XLF can be directly derived from the EPIC observations. The EPIC depth
limit in the hard (2 12 keV) X-ray is 68 10 ® ergcm 2s 1. We used the hard band limit to

avoid the excess emission in the soft X-ray from Comptonized UV photons emitted by the accretion
disk (Zdziarski et al., 1995; Boissay et al., 2016). To parametrize our data, we use the Luminosity-
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dependent density evolution (LDDE) model described by (Ueda et al., 2014):
F(Lx;2 = F(Lx;z= 0) &z Lx) (10)

The LDDE model is based on two components; the rst one describes the volume density of the XLF
atz= 0, F(Lx;z= 0) using a double power-law which hgé and@? as the faint- and bright-end
power-law slopes, respectively and is given as
| |
. gl H
b o, koo
L L

@ 1
K (11)
whereK is the normalization factor anld is the break luminosity. The second term of the LDDE
model is an evolution termg(z Lx). This factor changes depending on the redshift of the XLF.
Originally developed by Ueda et al. (2003), the evolution term depended on one redshift cut-off term.
It was the bright-end observations of luminous AGNs that suggested a drop in the number density at
z& 3 (Silverman et al., 2005; Hiroi et al., 2012). Therefore, a second cut-off term was introduced
into the evolution term, which is described by (Ueda et al., 2014):

g (1+ 2% [2< Za(Lx)]
zlx) = _ (1+ za(Lx) H(FE) % [Ze1(Lx) < 2< Zea(Lx)]
T (14 (L) HGERN (S22 )S  [2> zep(Lx)]
where the cut-off redshifts are given b)E power-law functionkypf (12)
L L
A Pt e @
and (
)= 2o L (14)

7(£)22  [Lx < Lag]

There is also a further parametrization for #aeparameter but we do not use it. The evolution
parameter of the LDDE model contains 9 free parameters in addition to the 4 parameters in the double
power-law function. Due to our limited sample of data, we only parametrize the normalization and
the break luminosity terms. We take the rest of the parameters from Aird et al., 2015 who measured
the XLF in hard X-ray (2 7 keV) band. We use the parameters displayed in Table 4 to complete
the tting process. The XLFs of our study are divided into 5 bins throughout the redshift range of
0< z< 4. The IR LF on the other hand, had 11 redshift bins.

To derive the BHARD however, it is important to account for the entire luminosity emitted by the
AGN and not just the X-ray. To do that, a bolometric correction factor, giveKyby Lyo=Lx, can

be applied. The AGN emission spans the entire SED range. It is therefore vital to understand the char-
acteristics of its emission in addition to their physical origin. For example, correction factor models
for X-ray emission need to consider the surrounding torus, as already mentioned in Subsection 1.3, a
large quantity of the AGN population suffer large X-ray absorption (Brightman et al., 2017). Optical
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Parametersgl @ e & & Zy, 2, La(ergs?) Lap(ergs?) al a2
LDDE 0.73 222 434 -0.3 -7.33 185 3.16 4@ 107446 0.23 0.12

Table 4: Best estimates of hard (27 keV) X-ray LDDE model parameters taken from Aird et al.
(2015).

corrections are needed in the case of a low-luminous AGN (Duras et al., 2020), as well as dust ab-
sorption of UV emission (Runnoe et al., 2012). Several works have already performed such analysis
(e.g. Elvis et al., 1994; Marconi and Hunt, 2003) as well as more recent work (e.g. Netzer, 2019).
However, their work focused on bright X-ray sources as well as type 1 quasars for a limited range of
AGN luminosity. Establishing a correction factor for type 1 AGNs is much easier than type 2 AGNs
since there is much less obscuration.

We use the work of Duras et al. (2020) who tted SEDs for type 1 and type 2 AGNS across a wide
range of redshift (& z< 5). They derived bolometric correction factors for hard X-ray (20 keV)
emission for a huge AGN luminosity range of10’ 10 L . Their work agrees well with Lusso

et al. (2012) who also characterized #e for bolometric luminosities of type 1 AGNs. Duras et al.
(2020) linked the the X-ray luminosity tdx by:

n | #

*C
k(L= a 1+ 2BL)

- (15)

The correction factor derived for type 1 and type 2 AGNs was similar, yielding the same best t param-
eters,a; b andc, which are available in Table B.1. To derive the black hole accretion rate (BHAR)
from the derived AGN bolometric luminosity, we assume an accretion disk radiation ef ciency of
e= 0:1 (Soltan, 1982). The BHAR is then given as

1l e

We plug in the BHAR term into the integral of the XLF to derive the BHARD:HARD,

z Lx;upper] e
Y BHARD = o LbolF (Lbol)dlogLpor; (17)

I—X;Iower

The upper limit for the integration is #8° L and the lower limit is the completeness threshold of
the XLF. We note that these limits are X-ray luminosities, so we applied the bolometric correction
factor to them. We further simplify the integral into

1 e z Lx;upper

v F (Lool)dLyol : (18)

Y BHARD =

LX;Iower

We show the derived BHARD and SFRD for our galaxy population in Figure 38.
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4 Results

We present our ndings in this section. We discuss the star activity in our sample, the stellar mass
of our galaxies and its evolution with the black hole mass. We show the downsizing phenomenon.
We explore whether the black hole affects the growth of its host galaxy in a wide range of redshifts
(0< z< 5), and lastly we show the SFRD and BHARD evolution throuh cosmic time.

4.1 Star formation activity

We rst analyse how the galaxies in our sample relate to the well-established relation between SFR
and stellar mass, which attens towards high stellar masses (e.g. Daddi et al., 2007; Elbaz et al., 2007,
Lee et al., 2015). We adopt the approach by Popesso et al. (2022) (hereafter P22) who compiled
27 published work focused on MS measurements to reach a normalized MS function that covers
0< z< 6. Calibrating the IMF, SFR indicators and cosmology were primary corrections to align
the studies and remove any impactful systematic effect. P22 adapted from Lee et al. (2015) a tting
function that constrains the shape of the MS t depending on characteristics that can be interpreted
physically. The MS tis hence described as (Popesso et al., 2022),

log(SFRt;M ))= ap+ at log(1+(M =103ty a4y (19)

Fitting as a function of redshift can lead to more complex ttings. Thus, P22 tted Equation 19 as a
function of time, as adapted from Speagle et al. (2014). The tting parameters used are available in
Table C.1. The functional form show a bending of the MS t in the high stellar mass regime. The
bending feature depends on the turnover mass. If the stellar mass surpasses the turnover mass, it is
thought that cold streams feeding the accretion become suppressed. The suppression of the infalling
cold gas hence downturns the increase in SFR, causing the MS tto bend, as seen in Figure 26.

Figure 25: Stellar mass as a function of redshift for our classi ed galaxy sample. The classi cation is
done through Equation 19, and the gray vertical and horizontal lines represent the redshift and stellar
mass bins used in this thesis. We ignore the SB galaxies witk NIO'® M . Most (77%) of our
galaxies are SFGs while only four galaxies are quiescent.

The causes behind the diminishing of cold gas reservoir for galaxies is an active area of research
where AGN feedback (Ma et al., 2022), mergers (Spilker et al., 2022) or instability (Kalita et al.,
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2022) are the most frequent phenomenon suggested. We classify our galaxies as follows, a galaxy
Is selected as a star-forming galaxy (SFG) if its SFR lie withen(@:9 dex) of Equation 19. This
criteria classi es 77% (451/585) of our galaxy population as SFGs while quiescent galaxies count
for only four in our sample. Those quenched galaxies could perhaps be gas-poor, which thus limits
their star formation activity. All four quenched massive galaxies are located in the lowest redshift
bin. 'Starburst' (SB) galaxies on the other hand, possess an intense star-forming episode that is much
higher than the average SFG. They account for 22%=38D) of our galaxy sample and reach ex-
treme values of SFR ($0 10*M yr 1).

Figure 26: SFR vs stellar mass in four redshift bins. The dashed lines are the MS ts (from Equa-
tion 19) representing low and upper limits of each redshift bin. The green data points are classi ed as
SFGs, SB galaxies are in blue and quiescent galaxies are dark red Figure 25.

Our fraction of SB galaxies increases fromiPat0 z< 0:9to 038 at 225 z< 5, marking an
increase of 26%. The SB fraction estimated by Rinaldi et al. (2022) repres&i%o of their galaxy
sample. Their ndings approximately matches ours, however their sample expands a lot more into the
low mass galaxy regime (10° M ). Coleman et al. (2022) found 60% of their 20 cold quasar sample

to be starburst galaxies and share our extreme SFR values. Figure 26 contains MS ts for upper and
lower limit of each redshift bin. The rst redshift bin (0 z< 0:9) covers almost half of the cosmic

time, which also explains the3 dex offset between both MS lines. The bending feature occurs at
higher stellar masses as the redshift increases, which could be due to the high cold gas density at
high redshifts (Daddi et al., 2022; Teklu et al., 2023). Moreover, the scatter of SFGs shifts upwards
compared to the MS ts as the redshift increases. For instance, 53 sources lie within both MS ts in
our lowest redshift bin, but after 1.5, all the MS galaxies have SBRLO0 M yr ! and are found

at the higher-end of MS galaxies.
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Figure 27: SFR/ISFRys ratio of our galaxies as a function of their bolometric luminosity and color
coded by their redshift. The solid line is the average ratio derived by Kirkpatrick et al. (2020), which
is 9:3 while the dashed line marks a starburstiness of 1. The starburstiness of our sample is 6.

To further illustrate the star formation activity in our sample, we show in Figure 27 the ratio between
the SFR of each galaxy and the expected SFR for a typical galaxy on the main sequenge) (SFR
for their respective redsift, SEHSFRys, also known as the 'starburstiness’ (Elbaz et al., 2011). Our
galaxies have a factor of 6 for their starburstiness. Cold quasars of Kirkpatrick et al. (2020) had a
ratio of 93 with a huge standard deviation o#46 The ratio increases as we go to higher redshifts,
which was also observed by Coleman et al. (2022).

The distribution of the optical and MIR emission (see Figure 14 and Figure 15) for our galaxies sug-
gested that a signi cant sample of our study may be cold quasars. A selection criteria has been
implemented by Kirkpatrick et al. (2020) to classify cold quasars based on their emission. The
classi cation depends on the X-ray luminosity, the blueness and the FIR emission of the galaxy.
We use the hard (2 10 keV) X-ray luminosities (k 10 kev) derived from CIGALE, which would
roughly allow us to apply the selection criteria. However, it is worth noting that the X-ray luminosi-
ties derived from CIGALE are based on Equation 3. The criteria for cold quasars are as follows; (i)
(Lo 10Kkev> 10* erg s 1), (ii) W3 [Vegd < 11:5, (iii) detection in all FIR SPIRE bands and (iv)

Mg < 23 whereMg is the B-band of the Johnson photometric system (Johnson & Morgan, 1953).
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Figure 28: Classi cation diagram for cold quasars set by Kirkpatrick et al. (2020). Filled circles have
Mg < 23 while empty circles did not achieve the required B-band magnitude. The solid line is at
W3 = 11:5and Ly 19kev= 10* erg s 1. 56% of lled circles lie inside of the solid line rectangle
and thus t the cold quasar classi cation.

The result of the aforementioned classi cation is shown in Figure 28. Out of 585 galaxies, 281 satis-
ed all conditions to be cold quasars. Our quasar sample contain galaxies which extends to a much
bluer W3 range than Kirkpatrick et al. (2020) sample where they mostly lie between Y23 11.
Galaxies withMg < 23 seem to also have brighter X-ray luminosities. The criteria applied by Kirk-
patrick et al. (2020) is not a de nitive classi cation method for cold quasars. Their criteria involved
applying the MIR limit to exclude optical quasars. However, 19% of optical quasars in their sample
had W3< 11.5.

Kirkpatrick et al. (2020) argued that establishing a different AGN class for cold quasars may not be
needed if they are intrinsically red quasars. Red quasars are thought to be a preceeding stage before
optical quasars. The galaxy is then fully shrouded in dust and gas while the AGN accrete close to its
Eddington limit as the feedback is not fully activated yet (Kim & Im, 2018). Kirkpatrick et al. (2020)
suggested that the AGN emission might have been able to poke a whole through the center of the dusty
envelope for red quasars. This would hence make the galaxy optically visible to us, while the rest of
the galaxy is still covered in dust. To roughly test that, we plot thg;Mgainst lyo as a function

of the Eddington ratio (bo=Leqq). We compare our quasars with 16 red quasars from Kim et al.
(2015). Figure 29 shows a relative difference between our cold quasars sample and the red quasars.
These red quasars have a high mean Eddington ratio68f &vhile our sample has®4, which is

slightly higher than what Kim et al. (2015) derived for their type 1 quasars samg) (0 his result

does not support cold quasars being fundamentally red quasars. A method to further investigate this
theory could be through radio observations to probe molecular gas around the galaxy, as red quasars
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have prominent merger features (Urrutia et al., 2012). Moreover, it is worth noting that the Eddington
ratio being somewhat higher than typical optical quasars might indicate that cold quasars are part of
the AGN evolution paradigm. Kirkpatrick et al. (2020) suggested that they could be&%of the

optical quasar lifetime, which would be 40 Myr.

Figure 29: Mgy against lyo plot. The Eddington ratios of 1, 0.1, 0.1 are overlaid as the black lines.
16 red quasars from Kim et al. (2015) are shown as the black circles. Our galaxies are shown as the
blue scatter dots. Cold quasars do not share similar Eddington ratios to that of red quasars.

4.2 The role of BH in SFR growth

In this section, we focus on comparing AGN properties (black hole accretion rate (BHAR), speci ¢
BHAR (sBHAR) and Msy) with their host galaxy properties (SFR, speci ¢ SFR (sSFR) anyl M

421 sSFR-sBHAR relation with redshift

We show the sBHARRIAR) and sSFR$F) evolution throughout redshift in Figure 30. Downsiz-

ing phenomenon is the general trend seen, where massive galaxies show low SFR at low redshifts
compared to lower mass galaxies (Mortlock et al., 2011). This was also tracked by the high metal-
licity found in massive galaxies. Maiolino and Mannucci (2019) found their current metallicity to be
already achieved 1 by transforming a signi cant fraction of their gas into metals. Lower mass
galaxies are conversely, accreting their mass at a much slower rate and thus maintaining a higher
SFR average over time. It is important to mention that this does not disregard the hierachical galaxy
formation theory; small galaxies merging and forming the large structures we observe today (Cole
et al., 2002). Downsizing is suggested to be environmental dependent. Our sSFR results for SFG
galaxies are roughly higher than Carraro et al. (2020) ttings. Using X-ray stacking analysis, Car-
raro et al. (2020) derived the SFR for SFGs and SB galaxies through SED tting. Our mass bin of
115 log(M =M )< 12:5is compared to their best- t for mass bin of £llog(M =M ) < 12 (dark

green line). Taking downsizing into consideration and our larger bin mass, our sample should lie be-
low their relation, but they overlap the line well. For our mass bin of 18g(M =M ) < 11 which
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Figure 30: sBHAR (eft pane) and sSFRright pane) divided into stellar mass bins and plotted as
a function of redshift for SB (blue) and SFG (green) galaxies. The solid lines are best- ts of Carraro
et al. (2020) and their colors roughly represent which mass bin of our study they correspond to.

is directly compared to their t (light green) for masses of 10og(M =M ) < 11. The line seems

to match at low redshifts but our galaxies have higher accretion rates earlier in the cosmic epoch. As
we discuss below in Section 4.2.3, it could be due to the massive difference in SFR between both
populations. For SB galaxies, we see the same tendency as our mass bin matches well with their SB
galaxy t, despite our mass bin spanning an additiondldkx compared to their mass bin upper limit.
Additionally, the mass-doubling timescale for SFG galaxies agrees well with Carraro et al. (2020).
This timescale is the inverse of both sSSFR and sBHAR, and it indicates the time needed to double the
stellar and black hole mass, respectively. However for SB galaxies, it is dif cult to compare due to
the lack of samples in our data in addition to the different mass bins where our galaxies are generally
more massive.

The sBHAR side of the plot, which tracks the evolution of black hole mass, does not display the
downsizing phenomenon. Given the overall large scattering for the mass bins, it is most likely because
our bins are based on the stellar masses. As previously mentioned in Section 1.1, the inconsistency
inthe M Mgy scaling relation at high redshifts shows that black holes are overmassive compared
to local ones with similar host galaxy masses (elipler et al., 2023) galaxies. We suspect this
could be the reason for such a scatter and to further investigate the reasoning, we plot and discuss the
M Mgy relation of our sample in Section 4.2.2.

422 M Mgy relation

We plot the M Mgy relation for our redshift bins in Figure 31. It is important to note that the
Mgy mass measurements could contain a systematic error u@ dex (Shen, 2013). Also a cou-

ple (< 6) of galaxies in our sample were agged with bad black hole mass measurements. We also
showed the mean deviation for CIGALE mass estimates tobddék. The black hole mass correlates
with the stellar mass of their host galaxy. We computed the Pearson correlation coef cients (r) for
each of our bins. The coef cient does not vary signi cantly between redshift bins but it peaks in the
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1.5 z< 2:25 bin. We overlay our M Mgy plot with two local relations. The Kormendy and Ho
(2013) relation probed massive elliptical and pseudobulge galaxies. The other relation is from Reines
and Volonteri (2015), where they probed AGNSs in the nearby UniverseQ:055) with visible Ha
emission in the BLR.

Figure 31: The Mgy vs. M per redshift bin. We display the Pearson correlation coef cient (r) for
each redshift. There is a weak correlation which does not greatly vary between our redshift bins. The
black solid and purple dashed lines are from Kormendy and Ho (2013) who and Reines and Volonteri
(2015) local black hole—to—stellar mass relation, respectively. Kormendy and Ho (2013). The relation
by Kormendy and Ho (2013) was derived from elliptical galaxies, while Reines and Volonteri (2015)
used type 1 AGNSs to derive theirs.

If we focus at our lowest redshift bin to directly compare our sample with both local relations. The
scaling relation of Kormendy and Ho (2013) seem to underestimate the growth of the galaxy, as a
signi cant number of them fall below the relation, where the stellar mass varies massivelggX)

for the same My, which are already massive (LM ). We also compare our results with Li et al.
(2023), who also studied the scaling relation using RM on 38 quasar2 at . 0:8. With no
impactful bias effects, their relation agrees with Kormendy and Ho (2013) with a scattei7ofi€x,

which is smaller than ours (8 0:04 dex, in 0 z< 0:9 bin). On the other hand, most of our
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galaxies lie above the Reines and Volonteri (2015) relation. The study by Carraro et al. (2020), which
involved wide redshift range (® z< 3:5), also agrees with the local relation of type 1 AGNs, though
their sample includes different types of galaxies.

If we go to higher redshifts however, the trend shifts systematically towards the Kormendy and Ho
(2013) relation, where the scatter decreases:36 00:16 and 047 0:13 for the 15 z< 2:25

and Q9 z< 1.5 redshift bins, respectively. In those bins, a signi cant amount of galaxies have
BH masses which are comparable to the local ellipticals, which in contrast, make our BH masses
overmassive compared to the Reines and Volonteri (2015) relation. A similar result was observed by
Zhang et al. (2023), who studied type 1 AGNSs at redshitof2 2:5. They suggested the increase

of normalization for the local relation at higher redshift could be linked to the availability of denser
gas reservoirs at higher redshifts, as shown by simulations (e.g. Habouzit et al., 2019).

A trend where galaxies lie above the local relation was also observed by Ding et al. (2020). How-
ever, their sample was overmassive for the Kormendy and Ho (2013) relation. They studied 8 lensed
guasars at intermediate redshifts. They suggested a backwards growth scenario where the black hole
evolution occurred prior to the galaxy. This was also proposed by Mintz et al. (2024), who applied
SED ttings to 64 cold quasars.

The scaling relation is thought to depend heavily on the galaxy type observed. Shankar et al. (2019)
performed a study to constrain this relation, they argue that, the dependence on the velocity dispersion
to carry out black hole mass measurementgi{Ms # °, (Bernardi et al., 2007)) in ellipticals causes

a bias in the scaling relation. Such a relation would lead to a higher black hole mass due to a high
velocity dispersion value, while the host galaxy mass is still constant. Shankar et al. (2019) also added
the absence of dependency on morphological parameters for this relation. This claim is supported by
Davis et al. (2019) ndings, who derived §y M relation for local quiescent spiral galaxies and

their relation agreed well with Reines and Volonteri (2015). Thus if we directly compare our sample
to the local derived from type 1 AGNS, then our sample contains overmassive black holes. To match
the local relation of Reines and Volonteri (2015), our sample would have to grow in stellar mass.
We can view our plots as snapshots for the population at different times. At the lowest redshift bin,
one can interpret what we observe as the stage where the galaxies are approaching the local AGN
relation. If we go back further in time, so higher redshift, we see galaxieshdveex scatter and

are generally farther from the local AGN relation. This could perhaps support the idea of backwards
growth of black holes. To have a better look at the growing behavior for the black hole and its host
galaxy, we plot the accretion rate in the next section.

4.2.3 SFR-BHAR evolution

We further explore the coevolution between the black hole and the host galaxy by plotting the SFR
against the BHAR in Figure 32. There is a general trend of positive correlation in all redshift bins.
This, however, does not mean there is a direct connection between both aspects. High gas fraction in
the galaxy could cause simultaneous feeding for both the black hole and host galaxy (Shimizu et al.,
2019; Woo et al., 2020; Zhuang et al., 2021). For 8< 0:9 bin, there is a rough agreement between

our work and the overlaid ndings (Zhuang & Ho, 2020; Spinoglio et al., 2022; Torbaniuk et al.,
2023). Spinoglio et al. (2022) derived their SFR for type 1 quasars using [Clljidb&mission line

to avoid AGN contamination. Their BHAR was traced using the MIR [O 1V] forbidden line, which
correlates well with AGN X-ray emission. Zhuang and Ho (2020) performed SFR measurements
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using the forbidden [O Ill] emission line, which is contaminated by the AGN but is thought to not
affect the SFR measurements by more th@2d@x. Torbaniuk et al. (2023) used X-ray data to derive
the BHAR for optically selected quasars.

Figure 32: The logBHAR logSFR relation divided in four redshift bins. The solid black lines
represent the ts for this study (see Table D.1 for best- tting parameters) and the dashed dotted lines
represent the relations from Delvecchio et al. (2015), Yang et al. (2019), Zhuang and Ho (2020),
Spinoglio et al. (2022) and Torbaniuk et al. (2023). The pink data point in e @< 1:5 bin

plot represents the most 'active’ data point in Yang et al. (2019). The shaded blue region in the
1.5 z< 2:25 plot represents the dynamical range studied by Delvecchio et al. (2015).

The slopes from Spinoglio et al. (2022) and Torbaniuk et al. (2023) matches well with our ndings,
however the type 1 AGN study by Zhuang and Ho (2020) has a steeper slope than ours, indicating
a greater black hole growth. Their sample cover black hole masses*6f 100°4 M , and their

BHAR and SFR had similar values to our sample in the redshift bin.

At bins of higher redshifts, there is a signi cant difference in the dynamical range of BHAR and
SFR values between our work and other studies. For example9in @< 1:5 bin, our tlies 1

dex above the relation by Yang et al. (2019). To demonstrate the difference further, the pink data
point represents the most active bin in their study, where the bin contains 361 galaxies. It is worth
mentioning however, that they used bulge-dominated galaxies, which are thought to be signi cantly
quenched by . 1:0 (M. Du et al., 2021), which might explain the gap. Moreover, Stemo et al.
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(2020) studied X-ray and IR selected AGN host galaxies that are optically detected galaxies by the
Hubble Space Telescopéheir BHAR and SFR are 1 and8ldex less than our measurements in the

0:9 z< 15, respectively. Rodighiero et al. (2015) included 231 starburstsbat ¥ < 2:5 with

high SFR ( 500 750 M yr 1). They derived their BHAR using X-ray stacking analysis but the
galaxies did not have equally strong BHAR (only M yr ). There is also a similar case in the

1.5 z< 2:25 bin plot, where Delvecchio et al. (2015) studied FIR-selected galaxies and their X-ray
counterparts. Their data lie in the shaded region of the 1z< 2:25 redshift bin plot, where their
BHAR values are 2 dex less than our ndings. Our cold quasars sample could indeed be a brief
phase between the red and optical quasar stage where there AGN is partially shrouded in dust and
gas, enabling the central engine and star-forming regions to grow further (Kirkpatrick et al., 2020).
The derived SFR and BHAR values in our study expand the previously known empirical range for
such properties. Carraro et al. (2020) studied SB galaxies zip @5 to which their IR-derived SFR
peaked at 1229 Myr 1. Thatis 9 times less than our most active galaxy in 12282 z< 5 redshift

bin.

As the redshift increases, our best- ttings become less steep. This disagrees with the other studies
involved in our plot. The slope and y-intercept for each bin can be found in Table D.1. We note that
our highest redshift contains the steepest best- t line. However, due to the large scatter around the
relation, we cannot conclude such a trend. It is dif cult to make a direct comparison as the selection
criteria of each work differs from one another. For example, Yang et al. (2019) found a slightly steeper
trend in their 15 3 redshift bin compared to the® 1:5 redshift bin. In the case of Delvecchio et

al. (2015), their highest redshift bin:gl< z< 2:5) slope doubles with respect to their lowest redshift

bin (0:01< z< 0:25). Stemo et al. (2020) found a atter slope trend as the redshift increased.

The scatter of BHAR increases at higher redshifts. That is, the SFR is maintaining its growth while
the BHAR slowed down in comparison. The depletion of gas fraction in the galaxy is likely not the
case, since star formation activity is still occurring. It may be a due to the AGNs expelling the gas
from its central region, hence halting their own accretion as observed by Ellison et al. (2021). We
explore possible links for coevolution by plotting the BHAR/SFR ratio against stellar m&8s in

4.2.4 BHAR/SFR ratio against the stellar mass

As seen in Figure 32, there is a correlation between both systems that weakens at higher redshifts.
We further illustrate the relation by plotting the BHARFR ratio as a function of the stellar mass.

A linear trend in Figure 33, as derived by Aird et al. (2019) and Carraro et al. (2020), indicates
that black holes become more ef cient at accreting matter compared to star formation as the galaxy
grows in mass. Aird et al. (2019) used X-ray luminosity to measure the BHAR and used UV to MIR
wavelengths to derive SFR and stellar mass from SED tting. They argued that low mass galaxies are
less likely to trigger an AGN due to the supernova feedback preventing the gas clouds from falling
into the central region. However, once an AGN in a low mass galaxy is triggered, it starts accreting at
similar rates to that of massive galaxies. Torbaniuk et al. (2023) derived a at trend. They suggest it
could be linked to the growth of the black hole potential well, enabling more gas to fall into the center
(Nietal., 2020).
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Figure 33: BHAR=SFR ratio as a function of the stellar mass. As previously shown, our work is split
in four redshift bins, 0 z< 0:9 (blue), 09 z< 1:5(red), 15 z< 2:25and225 z< 5 (orange).

The work of Mullaney et al. (2011), Aird et al. (2019), Carraro et al. (2020), and Kirkpatrick et al.
(2020) is also overlaid. Our sample show a at trend in all redshift bins.

A attrend was also observed in Mullaney et al. (2011). They studied the BHAR using X-ray stacking
analysis for a redshift range offlx z< 2:5 and measured the SFR from MIR and UV observations.
Binned atz 1 andz 2, they derived a constant at trend that has the ratio BESRR 10 2.

From this ratio, they inferred the black hole mass and found that BEBFR= Mgy=M j=0. This

implies that the growth of the BHAR and SFR in their galaxies will maintain the same ratio for their
masses. For their galaxy sample, which included mergers (Ni et al., 2020), this ratio indicates no
enhancement in the SFR activity despite merger interactions. They argue that gas fraction is the
deciding factor for the overall galaxy growth. For our ndings, we observe a at trend for all redshift
bins. Moreover, our redshift bins share a BHAFER ratio of 10 2, which is about 1 dex higher

than other studies (Mullaney et al., 2011; Aird et al., 2019; Delvecchio et al., 2019; Carraro et al.,
2020; Torbaniuk et al., 2023), but agrees with Kirkpatrick et al. (2020). Both their sample and ours
expand the dynamical range of this plot into higher ratios and more massive galaxies. The trend
translates into a consistent growth rate between the SMBH and the host galaxy. We note however,
that our lowest redshift bin shows the highest BHAFER ratio whereas our highest redshift bin show

the lowest ratio. This might indicate a decline in BHAR at high redshifts that is then followed by an
episode of active accretion once again at low redshifts.

4.3 LF tting

We compare our IR LF to Wang et al. (2019) who adopted a double Schechter function as well. Their
work is based on implementing the XID+ probabilistic tool on 30 optical bands as prior information
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to derive confusion-limited SPIRE 25860 and 50Qum ux densities in addition to 87(im ALMA
waveband for dusty star-forming galaxies. Those ux densities were then used in CIGALE to derive
the physical properties of galaxies. Their deblending tool have shown similar source counts as other
FIR observations (e.g. Casey et al., 2013; Valiante et al., 2016; Geach et al., 2017; Zavala et al.,
2017). They achieved ten times the source counts of source extraction techniques. Their de-blending
catalog also obtained deeper galaxy counts for submillimetre wavelengthgr§ @@mpared to ob-
servations done by the Submillimetre Common-User Bolometer Array ati85QHolland et al.,

1999).

Firstly, the volume density of our sample shown in Figure 34 is orders of magnitude less than the work
of Wang et al. (2019). While our galaxy population is a subsample of dusty star-forming galaxies,
there could also be limitations attributing to such low volume densities. Firstly, HATLAS-NGP radio
data were part of the LOLSS, which is a wide radio survey. As seen from multiplicity plots (Figure 10
and Figure 23), deep elds have more multiplicities which could be directly linked to more source
detections. In addition to the undetected sources, the eliminatibfeisichelobjects with multiple

radio counterparts also contributed to the low comoving number density achieved for such a wide area
eld (179 ded). The bright-end of the slope of our galaxies at low redshift bins g 0:3; 0:3<

z< 0:45; 0:45< z< 0:6; and 06;< z< 0:8) is on average:6 dex less than Wang et al. (2019). At
higher redshift bins, the bright-end cut-offs still do not agree with each other but the discrepancy in
the break luminosity decreases between both studies. If we compare our results to the work of Wang
et al. (2021) where they studied ULIRGS in Lockman, ELAIS-N1 andts. Our densities are 1

dex lower than their sample, while thesLare fairly similar beyond the completeness limit of both IR

LF.
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