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Zusammenfassung

Das circumgalaktische Medium (CGM) enthélt wertvolle Informationen iiber die Gaswech-
sel, die zwischen einer Galaxie und ihrer Umgebung stattfinden (z. B. Ein- und Ausfliisse),
und bietet somit Einblicke in die physikalischen Prozesse, die das Wachstum und die En-
twicklung von Galaxien regulieren. Diese Arbeit konzentriert sich auf die direkte Charak-
terisierung der kiihlen Gasreservoire des CGM mit Temperaturen von 7' ~ 10* K um mas-
sive Galaxien bei z ~ 3 mit unterschiedlichen Graden der Strahlung aktiver Galaxienkerne
(AGN), basierend auf tiber 100 Stunden VLT /MUSE-Beobachtungen, die nach ausgedehn-
ter Linienemission suchen. Diese Emission stammt tiberwiegend von Gas, das in den
Halo einféllt, wahrend sich eine Galaxie bildet, und kann in Anwesenheit von ionisierender
Strahlung sichtbar gemacht werden, die diffuse Lya-Emission erzeugt. Ziel dieser Arbeit
war es, diese ausgedehnte Lya-Emission zu charakterisieren und mit den physikalischen
Mechanismen zu verkniipfen, die an der Galaxienentwicklung beteiligt sind (Akkretion,
Sternentstehung, Riickkopplung), sowie mit den physikalischen Eigenschaften ihres zen-
tralen AGN und der Wirtsgalaxie (Quasarstrahlung, Schwarzes-Loch-Masse, Halomasse,
Sternentstehungsrate, Staubgehalt).

Ich liefere einen Uberblick iiber die Leuchtkraft, Morphologie und Kinematik von
Lya-Nebel und finde wichtige Korrelationen mit den Elgenschaften der Wirtsgalaxie und
des AGN. Hellere und gréflere Nebel werden normalerweise mit helleren Quasaren in
Verbindung gebracht, wahrend die Lya-Emission moglicherweise durch den Staubgehalt
der Wirtsgalaxie oder den Offnungswinkel des Quasars moduliert wird. Zusitzlich ist es
moglich, dass AGN-Feedback kinematische Spuren in der beobachteten Lya-Emission hin-
terldsst, da in den zentralen Regionen des CGM um AGN mit starkerer Strahlung breitere
Linienbreiten gemessen werden. Diese Ergebnisse zeigen eine wichtige Verbindung zwis-
chen den Eigenschaften des CGM und ihrer Wirtsgalaxie, was zusétzliche Einblicke in den
Prozess der Galaxienentwicklung bietet. Zukiinftige Beobachtungen, die auf zusatzliche
Linienemissionen wie C1v, Hell und Ha abzielen, sowie detaillierte Strahlungstransfer-
Simulationen konnten dazu beitragen, diese Zusammenhénge besser zu interpretieren.
Durch das Erforschen dieser Emissionslinien konnen wir theoretische Modelle verfeinern
und letztendlich die Mechanismen aufdecken, die das Wachstum von Galaxien regulieren.
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Summary

The circumgalactic medium (CGM) carries valuable information on the gas exchanges
that occur between a galaxy and its surroundings (e.g., inflows and outflows), offering a
perspective into the physical processes that regulate galaxy growth and evolution. This
thesis focuses on the direct characterization of the cool T' ~ 10*K gas reservoirs of the
CGM around z ~ 3 massive galaxies with different degrees of active galactic nucleus (AGN)
radiation, through more than 100 hrs of VLT /MUSE observations searching for extended
line emission. This emission originates predominantly from gas infalling into the halo as
a galaxy forms and can be illuminated in the presence of ionizing radiation producing
diffuse Lya emission. The goal of this thesis has been to characterize this extended Ly«
emission and link it to the physical mechanisms involved in galaxy evolution (accretion,
star formation, feedback) and the physical properties of their central AGN and host galaxy
(quasar radiation, black hole mass, halo mass, star formation rate, dust content).

I provide an overview of the luminosity, morphology and kinematics of Lya nebulae
and find important correlations with the host galaxy and AGN properties. Brighter and
larger nebulae are usually associated to brighter quasars, while the Lya emission could
be modulated by the dust content of the host galaxy or opening angle of the quasar.
Additionally, it is possible that AGN feedback has kinematic imprints in the observed Ly«
emission, due to larger linewidths measured in the central regions of the CGM around AGN
with stronger radiation. These results revealed an important link between the properties
of the CGM and their hosts, which provide additional insights into the process of galaxy
evolution. Future observations targeting additional line emissions (C1v, Hell and Ha)
and detailed radiative transfer simulations could further aid in the interpretation of these
relationships. By probing these emission lines we can refine theoretical models, ultimately
uncovering the mechanisms regulating galaxy growth.
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Chapter 1

Introduction

1.1 How do galaxies form?

Describing the observed variety and origin of galaxies in the present universe requires
understanding of the physical processes shaping galaxy formation and evolution in a cos-
mological context. In the current A Cold Dark Matter (CDM) paradigm (Blumenthal et al.
1982), the density field of the universe is composed of 4.8% baryons corresponding to all
visible matter in the universe, 26.6% CDM collisionless particles that only interact through
gravity (Peebles| [1982)) and 68.6% dark energy which causes the accelerated expansion of
the universe (Planck Collaboration et al., [2020). The cosmic density field after the Big
Bang is thought to be initially nearly homogeneous, however small perturbations are orig-
inated by quantum fluctuations during an inﬂationaryE] period. These perturbations grow
as the universe expands until they are able to become gravitationally unstable and collapse
forming virialized structuresﬂ (Jeans| [1902). Depending on the initial perturbations, this
process can distribute baryons and dark matter into a large-scale filamentary cosmic web
(Bond et al., [1996).

Large scale spectroscopic surveys, such as the 2dF survey (Colless| |1999; (Colless et al.,
2001) and the Sloan Digital Sky Survey (SDSS; |Stoughton et al./[2002} |Almeida et al.[2023)),
have been carried out to map the distribution of galaxies in the sky as a function of their
redshiff’] The left panel of Figure shows the distribution of SDSS galaxies out to

IThe theory of cosmic inflation (Guth and Steinhardt, |1984) refers to a period of exponential expansion
of the universe shortly after the Big Bang. This theory can explain the isotropy and flatness of the universe.

2A virialized structure is in hydrostatic equilibrium, i.e., gravity is balanced by the internal pressure
of its particles (due to thermal or kinetic energy). Virialized structures are gravitationally bound and
obey the virial theorem 2(K) + (U) = 0, where (K) and (U) are the kinetic energy and potential energy
averaged over time, respectively.

3The redshift is a measurement of the observed change in wavelength of electromagnetic radiation due
to the relative velocities between the source and the observer. The redshift is defined in terms of the
observed wavelength A\.ps and the emitted wavelength A\ as:

Aobs= — AQ
= o= 0 1.1
Ao (1.1)
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o

Figure 1.1: Large-scale distribution of matter. Left: Diagram of the distribution of galaxies
across the plane of the sky as a function of redshift observed with SDSS (Stoughton et al.,
2002; Almeida et al. 2023), the redshift of z = 0.14 corresponds to a distance of roughly
500 Mpc. Image credit: SDSS science results website (https://www.sdss4.org/science/).
Right: Distribution of gas (top left), dark matter (top right) and starlight (bottom center)
projected within 10 Mpc of the full 740 Mpc box of the MilleniumTNG project cosmological
simulations. The panels show zooms of different physical scales such as filaments (top),
galaxy super cluster (bottom left) and galaxy cluster (bottom right). The bottom right
panel additionally shows a zoom within a radius of 50 kpc of an individual spiral galaxy.
Figure obtained from [Pakmor et al.| (2023]).

z = 0.14, each dot is a galaxy and the color-scale represents the local density (increasing
from red to blue). It is possible to see that galaxies are distributed in a filamentary
pattern, which is similar to the one arising from initial perturbations in the density field
predicted in large cosmological simulations, such as the MilleniumTNG project (right panel
of Figure 1.1} Hernandez-Aguayo et al.|2023; [Pakmor et al.[[2023). These studies show that
dark matter and baryons are distributed in a pattern set by the initial perturbations, known
as the cosmic web.

Additionally, the observed properties of galaxies reveal a variety of morphologies and
luminosities, which fall into a spectrum ranging from low mass faint galaxies (e.g., dwarf
galaxies) to massive bright galaxies (e.g., elliptical galaxies). The number density of galax-

In a cosmological context, objects can appear redshifted due to the Doppler shift caused in an accelerating
expanding universe (Riess et al., [1998).
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ies within a range of luminosities is described by the luminosity function ¢(L)dL, which
can be modeled with a Schechter function (Schechter, |1976) and is given by:

S(L)AL = o* (Li)a exp (—Li) iL | (1.2)

Where, ¢* is the volume density scale factor, L* is the characteristic luminosity and « is
the faint end slope of the distribution. This function is an analytical approximation to the
observed luminosity distribution of galaxies and can be traced to the mass distribution of
baryons. In order to measure the luminosity function, large surveys covering the faint end of
magnitudes are required. For example, Blanton et al. (2003)) used SDSS data to determine
that the luminosity function at z = 0.1 can be fitted using a Schechter function, in units of
magnitude, with parameters ¢* = 1.49 x 1072 Mpc=3, M* = —20.44 and o = —1.05. This
value for the characteristic magnitude translates into a luminosity of L* ~ 10'° L, which is
roughly the luminosity of the Milky Way. The fitted Schechter function implies that most of
the observed light is contributed by galaxies with L*, while the number of brighter galaxies
declines exponentially. On the other hand, the observed value for the faint end slope of
the luminosity function implies that faint dwarf galaxies dominate the population. These
observations can be translated into mass using the mass-luminosity relation (Eddington
and Vogt,, [1924)) and be used to constrain the density of baryons within galaxies and test
cosmological models. Figure shows the luminosity (left) and mass (right) function for
SDSS galaxies shown in Blanton and Moustakas| (2009).

If baryons co-evolve with dark matter due to the influence of the same initial density
perturbations, then the observed properties of the galaxies (such as the luminosity function)
should be correlated to the evolution of the underlying dark matter distribution. Rees
and Ostriker| (1977) explored this scenario and predicted that the early stages of collapse
arranges the baryons into a multi-phase medium: ionized gas at virial temperatures T" >
10° K can be cooled down to neutral 7" > 10* K through collisions, the condensed neutral
gas can continue cooling down and reach temperatures of T ~ 100 K where is suitable to
form molecular gas and allow star formation. Moreover, the formalism presented in |Press
and Schechter| (1974)) uses linear perturbation theory to describe the mass distribution
of virialized objects that arise from a set of initial density perturbations. Similar to the
Schechter function, the Press-Schechter formalism provides a characteristic halo mass that
increases with time for which only halos with M < M* can form at a given moment.
Following these works, White and Rees (1978) proposed a model for galaxy formation,
in which dark matter halos grow through clustering with other halos and that baryons
condense into the potential well of these halos. In this cosmological framework, galaxies
grow embedded in dark matter halos, which are located at the peaks of the initial density
perturbations, and build their stellar mass through gas accretion from the surrounding
filamentary cosmic web and through merging with other halos.

White and Rees (1978)) also highlighted the importance that baryonic effects have in
regulating the growth of structures. They discuss effects such as gas cooling, which occurs
as baryons set into the gravitational potential well and emit radiation due to collisional
excitation. Additionally, gas falling into the potential well can be shock heated from
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Figure 1.2: Observed galaxy luminosity and mass functions. Left: Optical r-band lu-
minosity function from all galaxies (gray histogram), star forming galaxies (blue), red
concentrated galaxies (red) and red diffuse galaxies (orange) in SDSS. The Schechter func-
tion fit to all galaxies is shown with a grey curve. Right: The same colors are used to show
the corresponding stellar mass function obtained using a stellar mass-to-light ratio. Figure
adapted from Blanton and Moustakas (2009).

the interaction with the virialized halo structure, thus suppressing cooling. Then, star
formation only happens once cooling has been able to condense enough cold material into
the galactic disk. Finally, feedback due to the stars formed, such as supernova explosions
and photoionization, can dissipate and heat the gas counteracting cooling. The authors
argue that these baryonic processes can be used to describe the luminosity function, for
example, for larger halos, they suggest that gas may not have had enough time to cool
down and therefore cannot contribute to the amount of condensed baryons. Additionally,
they proposed that efficient cooling in massive halos could supply the necessary gas to
fuel the extreme star formation rates of a population of observed massive submillimeter
galaxies at z > 2 (e.g., Smail et al.,|1997). On the other hand, the galaxies at the lower end
of the halo masses might have their cool gas supply disrupted due to supernova feedback
and photoionization. Indeed, Dekel and Silk (1986) presented an analytical model for the
mass loss in dwarf galaxies due to supernova feedback and predicted that these reside
in dark matter dominated halos which are less clustered. In this context,
studied the shape of the luminosity function using hierarchical clustering models
that included these baryonic effects and found that stellar and supernova feedback were not
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enough to reproduce the number of high luminosity systems, which were instead predicted
in larger numbers. Therefore, the authors concluded that additional mechanisms such as
efficient heating and/or gas expulsion were needed to reproduce the observations.

1.2 Active galactic nuclei

In the context of galaxy formation discussed in Section cold gas accretion and mergers
can efficiently transfer material towards the center of massive galaxies, if the galaxy is
hosting a supermassive black hole (SMBH) then this material could be accreted and trigger
an active galactic nucleus (AGN; Salpeter, [1964). As a galaxy grows, matter can be
transported into a SMBH (M ~ 10° — 10° M) through a compact (< 1pc) accretion disk,
this process releases radiation in all wavelengths and strong winds placing AGN among
the brightest objects in the universe (Mo et al., 2010).

The luminosity of an AGN depends on the amount of accreted material, which releases
energy due to the gravitational potential of the SMBH. In order to ensure black hole
growth, the radiation pressure force generated cannot be larger than the gravitational
binding force. This sets a maximum luminosity of an accreting black hole which is given
by the Eddington luminosity:

ArGemy, v
—— MpH

M,
Liaq = ~ 1.28 x 107 ( = ) ergs ™, (1.3)

oT 109 Mg,

where c is the speed of light, m, is the proton mass and or is the Thomson scattering
cross-sectionf]

AGN emission is observed across the whole wavelength range due to the different compo-
nents of their structure (Mo et al., 2010; |[Netzer, |2015). Strong emission lines are produced
in the accretion disk and appear broad due to large keplerian velocities, this is called the
broad line region (BLR). This disk is surrounded by an obscuring dusty torus which can
re-process the ionizing radiation of the BLR into infrarred emission. This torus is thought
to cause the AGN radiation to be directed preferentially through axisymmetric ionization
cones. These cones can produce collimated jets of outflowing material and radiation, which
can accelerate relativistic electrons producing synchrotron radiation. Farther from the ac-
cretion disk, clouds of lower velocity ionized material produce narrow line emission due to
photoionization by the AGN, this region is called the narrow line region (NLR).

Additionally, SMBH growth is expected to produce strong episodic feedback capable
of regulating the cool gas phase of a galaxy, thus linking both SMBH growth and star
formation (Silk and Rees|, 1998). In this case, the properties of the black hole would be
correlated to the stellar content of galaxies. Indeed, Kormendy and Richstone| (1995) had
conducted a study of 7 elliptical galaxies which showed that their stellar dynamics were

4Thomson scattering occurs as charged particles, such as free electrons, and photons interact. The

2
Thomson cross section is defined as op = %’T (%) ~ 6.65 x 1072° cm?, where ¢, and m. are the charge
e

and mass of an electron, respectively.
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Figure 1.3: Comparison of the galaxy luminosity function from simulations with observa-
tions. The blue points show the observed K— and bj-band luminosity functions on the
left and right panels, respectively. The predicted luminosity functions from cosmological
simulations with and without AGN heating are shown with solid and dashed lines, respec-
tively). Figure obtained from Croton et al.| (2006).

consistent with central SMBHs of Mgy ~ 10° — 10°° M. Furthermore, the black hole
masses derived from this study were proportional to the mass of the galaxy’s bulge. Such
relationship implies that SMBH growth is tightly linked with galaxy formation. In this
context, |[Kauffmann and Haehnelt| (2000a)) proposed a model of galaxy formation based
on hierarchical growth where an efficient way of transferring mass into SMBHs is through
galaxy mergers, which could be an explanation to the observed relationship between Mgy
and Mpyge in elliptical galaxies. Then, Binney| (2004) proposed a scenario that could
reconcile the high number of luminous galaxies predicted with analytical models of galaxy
formation (e.g.,[Benson et al., [2003]) with the observed luminosity function which considers
that AGN feedback can suppress gas cooling in massive halos. Later, Di Matteo et al.| (2005)
and Springel et al. (2005) implemented these ideas into large cosmological simulations which
were able to agree with the bright end of the luminosity function. Further work by Croton
et al.| (2006) showed that AGN feedback is capable of suppressing cooling flows and star
formation in massive halos through heating and ejection of material, linking them to the
formation of massive elliptical galaxies. Figure shows with blue points the K- and bj-
band luminosity function on the left and right panels, respectively. The two panels show
the predicted luminosity function from cosmological simulations with and without AGN
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heating (solid and dashed lines, respectively) obtained in (Croton et al.| (2006]).

AGN feedback is episodic and present as jets and winds that inject both mechanical and
radiative energy into the environment, which ionize, heat and push away surrounding gas
(King and Pounds, [2015). For example, UV and X-ray photons from an AGN can ionize
neutral atoms and heat them, or they can transfer momentum creating winds. Evidence
of AGN feedback in the most massive galaxies at the center of galaxy clusters has been
extensively observed in the form of X-ray jets and bubbles that can extend out to hundreds
of kiloparsecs, revealing an important mechanism that prevents gas cooling and quenches
star formation (Fabian| 2012). Additionally, outflow signatures observed from the BLR
imply that AGN feedback can inject mechanic and radiative energy into the surrounding
medium (Harrison and Ramos Almeidal 2024b).

1.2.1 Quasars

Due to the anisotropy of the AGN radiation discussed in Section [1.2] different spectral
features of the material surrounding a SMBH will be apparent depending on the viewing
angle [Netzer| (2015)). In this context, the brightest AGN (Lyq > 10% Ly; [Shen et al.|[2020)
are being observed through their ionization cones providing a direct view of the accre-
tion disk. These systems, referred to as quasi-stellar radio-objects (QSO) or quasars, were
first identified as compact radio sources (Schmidt} [1963) and later associated to accreting
massive objects (Salpeter], |1964). The radio emission of a quasar is mainly produced by
synchrotron emission (which produces emission in all wavelengths) due to relativistic elec-
trons being accelerated in the magnetic field from the accretion disk, some of these quasars
show collimated jets (Fabian, [2012). Additionally, quasars can be routinely detected in
optical to near infrarred observed wavelengths (e.g., |[Lyke et al. 2020) and their emission
is characterized by time variability and broad lines (velocity widths > 1000 km/s), which
originate from the BLR.

Due to their large luminosities, quasars can be detected out to large redshifts (z = 7.6;
Wang et al.[2021)), providing a valuable test into the early epochs of the universe. For
this reason, quasars have been a repeated target in high-redshift observational studies.
For example, |Shen et al.| (2020) measured the 1.0 < z < 6.0 evolution of the quasar
bolometric luminosity function and showed that the characteristic luminosity peaks at
Lypo = 10%5L, at redshift z ~ 3. Additionally, different clustering studies showed that
2z = 0.3 — 5.1 quasars reside in overdense regions implying halo masses of My, ~ 102 Mg
at all redshifts (Porciani et al., 2004; Croom et al., 2005 [Shen et al., 2009; White et al.,
2012; Eftekharzadeh et al. 2015 [Timlin et al., 2018]). To reach such masses, those halos
are expected to form at the highest peaks of the cosmic density field (Efstathiou and Rees
1988) and this mass range suggests that cold-accretion streams can directly fuel the central
SMBH during the peak activity time of quasars (z ~ 3). Additionally, it was possible to see
that not all halos with such high masses were hosting a bright AGN. Therefore, Martini
and Weinberg (2001)) used the quasar halo masses estimated from clustering studies to
compute the fraction of halos that host active quasars at z = 2 — 3 and inferred a quasar
lifetime of tq =4 x 107 yr.
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Within this framework, quasars are expected to reside in environments where all of the
aforementioned processes regulating galaxy formation can happen at the same time and
span sub-parsec to kiloparsec scales. Also, their feedback interacts with multiple gas phases
ranging from the molecular (7" < 100 K) content within (and possibly beyond) the galaxy,
to halo gas heated up to the virial temperatures (T ~ 107 K). Therefore, to describe the
massive end of galaxy formation in a cosmological context requires not only the knowledge
of the central engine of quasars, but the inclusion of the larger scale environment in which
they reside.

1.3 The circumgalactic medium

In order to build an accurate model of galaxy formation, we require to understand the
role of quasars in a cosmological context. As discussed in Section [I.2] cold gas accretion
from the cosmic web can feed SMBHs in massive galaxies, which can in turn modify their
surrounding gas distribution through AGN feedback and regulate its own growth. In this
context, galaxy formation involves multi-scale processes which require a description of the
physical mechanisms regulating the balance of cold/hot gas in the vicinity of quasars and
galaxies. This diffuse gas interface that surrounds a galaxy’s interstellar medium out to
the virial radius of of its dark matter halo is defined as the circumgalactic medium (CGM;
Tumlinson et al|[2017). The CGM harbors information of the gas exchange between a
galaxy and its surroundings caused by the physical processes mentioned in Section (gas
cooling, star formation, AGN, mergers, feedback), therefore it is multiphase. Indeed, the
CGM contains ionized gas as hot as the virial temperature corresponding to 7' ~ 107 K
for a M ~ 102 M, halo (enough to keep the gas ionized) down to cold T < 10* K neutral
gas Tumlinson et al. (2017); Faucher-Giguere and Oh! (2023b)). The balance between these
phases is regulated by cooling and feedback generating a continuous cycle of inflows and
outflows within the CGM, this process is called the baryon cycle (Péroux and Howk, 2020))
and it is responsible for shaping the observed properties of galaxies such as stellar and
black hole mass.

As discussed in the previous sections and reviewed in Tumlinson et al.| (2017)), the hot
ionized gas (T ~ 107 K) can be cooled down to T" < 10*K through collisional excitation
forming cooling flows that feed a galaxy with gas, which at earlier times are more likely
to be metal poor. As enough material is condensed into the galaxy it can cool down to
T < 100K, then star formation proceeds in molecular clouds (Lada and Lada;, 2003; | McKee
and Ostriker}, 2007)). If the galaxy hosts a SMBH, material reaching the center could trigger
an AGN. Mergers are an efficient way to supply large amounts of gas into the galaxy, which
can enhance star formation and/or trigger AGN. Stellar winds and supernova inject energy
and metals into the interstellar medium and CGM, in low mass halos this can quench star
formation. On the other hand, AGN can produce strong winds and outflows that prevent
gas cooling, regulating both star formation and SMBH growth. In turn, feedback from stars
and AGN will disturb and heat the gas, regulating the baryon cycle. The gas expelled in
feedback processes can escape the galaxy’s halo (outflows) or it can condense back into the
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Figure 1.4: Illustration of the CGM. The blue regions represent cool streams of accreting
gas from the large-scale cosmic web into the galaxy at the center (represented with white
stars), the pink regions represent gas expelled from the galaxy that is condensing back
into it, while the orange regions represent material that is ejected from the halo through
outflows. Finally, the purple regions represent diffuse gas that is mixed from the other
phases. The arrows represent the motions expected in the different gas phases.

interstellar medium (recycling). Figure shows an illustration of the CGM in a galaxy
halo, with the different colors representing different gas phases (see caption for details) and
their motions represented with arrows.

In this context, the long term growth of a galaxy requires the continuous replenishment
of the gas supply available for star formation, either through inflows, mergers, or recycling.

Historically, the CGM of galaxies has been probed in absorption lines using background
bright quasars, as the UV light from a quasar travels in our direction it is absorbed by
any intervening gas. Depending on the gas temperature and density of the galaxy’s CGM,
different lines will appear in absorption. For example, the presence of Lyman-a (Ly«)
absorption in background quasar spectra due to T ~ 10* K neutral hydrogen revealed
column densities of N ~ 10%5cm™2 in the CGM of 2.4 < z < 3.1 galaxies
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2014). The T ~ 10*K gas phase has also been probed in absorption of heavier elements
such as neutral carbon (Ledoux et al., [2015) and Mg1r (Bergeron and Boissé, [1991; (Chen
et al., 2010)), indicating that the cool CGM of z ~ 0.5 — 2 galaxies is also enriched with
metals. Bouché et al.| (2012) studied the Mg 11 absorption line of 12 quasar sightlines and
found that the absorbers preferentially align with the major and minor axis of z ~ 0.1
galaxies, suggesting that they are tracing inflows and outflows, respectively. Additionally,
absorption lines from highly ionized species such as C1v, Nv and O VI can indicate the
presence of hot 7' > 10° K CGM gas (Oppenheimer et al., [2012).

Carrying out such absorption studies to detect the CGM of quasars is particularly
challenging due to the small number of bright background quasars, as these drop exponen-
tially at high-redshift. Notwithstanding this difficulty, their massive M ~ 102 Mg, cool
T ~ 10*K and metal rich gas reservoirs at z ~ 3 have been probed in absorption through
optically thick hydrogen, Mg11 and C1v absorption (Hennawi and Prochaskay, 2007; Farina
et al, 2013, [2014; Hennawi and Prochaska, [2013; Prochaska et al., [2014; Lau et al., [2016)).
More recently, |Jalan et al.| (2019)) studied a large sample of 181 projected quasar pairs at
z ~ 3 and found that the Lya absorption along the line of sight of the foreground quasars
was less than the perpendicular direction, consistent with the hypothesis that we observe
quasars through their ionization cones and these can alter the surrounding gas distribution
and ionization state.

In summary, absorption studies are a powerful test of the physical conditions in the
CGM gas, however they are not able to provide information on the complex gas distribution
of the CGM of quasars since each background quasar can only provide information of one
line of sight. Instead, observations need to aim to map the CGM directly in emission in
order to account for the multi-scale physical conditions.

1.3.1 The CGM of high-redshift quasars in emission

Due to the multi-phase nature of the CGM of quasars, we expect characteristic emission
from the different states of the gas. For example, inflowing gas is typically expected to
consist of cold T ~ 10* K neutral hydrogen and is expected to emit Ly« alpha radiation
through gravitational cooling (Dijkstra and Loeb| 2009). Another way of tracing the cold
gas is through Mg 11 2796 A and 2803 A doublet emission (Nelson et al., [2021; (Chang et al.,
2023)), however at z > 3 this emission is observed in the near infrared and is more difficult
to access. Additionally, we expect the presence of outflows due to AGN or star formation
feedback, which can enrich the CGM with metals and produce line emission due to shocks
(e.g., [Vidal-Garcia et al. 2021). Moreover, the warm ionized CGM gas (T ~ 10° — 7)
is expected to produce UV (C1v, O VI, e.g, Bertone and Schaye 2012; Hayes et al. 2016])
and soft X-ray emission (Truong et al. [2023)), however due to the low surface brightness
is difficult to achieve for quasar halos at high redshifts with current facilities. Also, the
densest regions of the CGM could reach low temperatures T" < 100 K allowing the formation
of molecular gas, which can be detected through CO, CII or dust emission (e.g., |Ginolfi
et al., 2020; Li et al., [2023), however this emission only traces a small fraction of the bulk
of the CGM gas. Finally, the advancement of current space infrared spectroscopy such as
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with the James Webb Space Telescope will us to access rest-frame optical emission (He,
[O111)) of the high redshift CGM.

In summary, the CGM emission is elusive, most of its mass is contained in the hot ion-
ized phase and is diffuse. Regardless, the cold gas T' ~ 10* K phase is relatively significant
and carries valuable information on the inflowing material that fuels a galaxy. Therefore, a
direct detection of this phase is key to determining the amount of gas available to regulate
galaxy and SMBH growth.

The Lyman-« line: A beacon into the CGM of high-redshift quasars

The Ly« line is the strongest (resonant) line from neutral hydrogen produced when an
electron decays from the first excited state to the ground state, it is emitted in the UV
with a wavelength of A = 1215.67 A. Additionally, due to the abundance of hydrogen, the
Ly« line is ubiquitous across astronomical objects and is one of the most powerful probes
of the high-redshift universe. The optical depth of the Ly« line is defined in (Draine, 2011)

as:
15kms!

b

where 7(Ly cont) = 6.3 x 1078 cm?N(H) is the optical depth of hydrogen to ionizing
radiation, b is the line broadening due to the Doppler effect and N (H) is the number density
of hydrogen atoms. If the medium is optically thick to ionizing radiation (7(Ly cont) > 1,
i.e., fully neutral), then the optical depth of Lya is much larger (~ 10%). For this reason,
in most cases Lya photons will easily be scattered many times when encountering neutral
hydrogen atoms. When Lya photons are absorbed and re-emitted by hydrogen atoms they
are also diffused in frequency, which decreases their optical depth in the medium until they
eventually can escape. Consequently, the Lya line profile contains valuable information
of the distribution and kinematics of the gas, however its interpretation requires careful
modeling of the scattering process using radiative transfer simulations.

Specifically, quasars have been targeted for their Lya emission out to large redshifts
(e.g., Fan et al., 2004; Richards et al.| |2006; [Shen et al| [2020)). Their bright rest-frame UV
emission can be detected by optical telescopes at redshifts z > 2 . which is characterized
by broad emission lines from their BLR. The most prominent lines in the UV spectra of
quasars are the Lya line and C1v which show linewidths of ~ 1000 km/s.

7o(Lya) = 8.02 x 10* ( ) 7(Ly cont), (1.4)

As discussed in Section [1.2] the radiation produced by an AGN can illuminate the
surrounding mass distribution. At z ~ 3 this material is expected to be cool T ~ 10*K
infalling gas extending out to 100 kpc, which should radiate Ly« emission as it sets into
the gravitational potential of the halo due to collisional excitation (Haiman et al., [2000).
Additionally, if the material is being illuminated by the quasar it will also produce low
surface brightness (SB ~ 107 ergs™! cm~2 arcsec™2) Lya emission due to photoionization
followed by recombination (Haiman and Rees| 2001b)).

Particularly, Hennawi and Prochaskal (2013) proposed an analytical estimate of the
Lya SB expected in the CGM from photoionization due to the quasar radiation, where
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the T' ~ 10*K gas consists of spherically uniform clouds that are smoothly distributed
throughout the halo. In this framework, they discuss two limiting cases: one where the
clouds are optically thin Ny; < 1072 ecm™ and another where the clouds are optically
thick Ny; > 10'"2cm™3 to ionizing radiation. For the optically thin case, the gas is
expected to be highly ionized and emits via recombination regardless of the strength of
the ionizing source, producing Ly« emission that only depends on the clouds density and

distribution:
SBthin _ 1+2 - f_c nu NH
Lya 3.0 1.0/ \0.1cm=3 /) \ 1020 cim—2

x 7.7 x 107 * ergs™ cm ™2 arcsec ™2, (1.5)

where fo is the covering factorﬂ, ny is the gas volume density and Ny the gas column
density (obtained from absorption studies, e.g., Hennawi and Prochaskal2007)).

For the optically thick case, the clouds will be shielded from the radiation and only
their surface will emit Lya proportionally to the quasar ionizing radiation and decrease
with distance from the quasar:

SBthick: 1+ = - f_C R - LVLL
Lya 3.0 1.0 ) \ 100kpc 1030 ergs—! Hz~!

x 6.0 x 107 ergs™ cm ™% arcsec ™, (1.6)

where R is the radius of the halo and L, is the ionizing luminosity of the quasaxﬂ

The extended Lya emission from the CGM of quasars was was first detected around
z > 2 quasars using deep narrow-band imaging and appeared faint and diffuse, consistent
with the photoionization scenario (Hu and Cowie} [1987a; Heckman et al., [1991b)), longslit
spectra of the same systems revealed broad Ly« linewidths (¢ > 600 km/s; Heckman et al.
1991al The authors suggested that these linewdiths could be due to gravitational infall or
outflowing material due to the AGN. These observations confirmed the presence of T' ~
10K gas reservoirs extending out to ~ 100kpc and revealed asymmetric morphologies.
Using deep narrow band imaging techniques, the discovery of additional z ~ 3 ~ 80kpc
Lya nebulae expanded these observations (Smith et al., 2009) and indicated that the
AGN radiation was enough to ionize the halo. With similar technique, Arrigoni Battaia
et al.| (2016) discovered ~ 50kpc Ly« nebulae around z ~ 2 quasars consistent with the
photoionization scenario if the gas density is ~ 0.6 x 10?2 cm ™ (see Equation . However,
Hayes et al.| (2011) and |Kim et al.| (2020) reported the detection of polarized extended Ly«
emission, challenging the assumption of photoionization and revealing a component from
resonant, scattering of Lya photons. Some works revealed extreme objects extending out

5In the assumption of spherical uniform clouds from Hennawi and Prochaskal (2013), the covering factor
is given by fc = nco.4R/3, where n. is the number density of clouds, o is the cloud cross-sectional area
and R is the radius of the halo. Essentially this value represents the average fraction of the sky covered
by clouds within the halo in our line of sight.

6This parameter is computed from the scale factor at the Lyman limit frequency (v, = ¢/ 912A =
3.3 x 10% Hz) of a power law fit of the form L, = L,,, (v/vLL)~® to the quasar spectrum.
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Figure 1.5: Collection of Lya nebulae around 2 < z < 6 quasars observed with integral
field spectrographs. Each panel shows Lya SB maps from different studies with a scale
bar in physical sizes. (a) z ~ 3.5 quasars observed with MUSE from Borisova et al|
, thick contours indicate levels of ~ 107 ¥ ergs™ ecm™2 arcsec ™. (b) 2z ~ 3 quasars
observed with MUSE from |Arrigoni Battaia et al.| (2019a), the lowest contours indicates
levels of ~ 4x 1078 ergs™ em™2 arcsec ™. (c) z ~ 2 quasars observed with KCWT from
(2019), white contours indicate levels of ~ 107 ergs~! cm~2arcsec™. (d) 2z ~ 6.2
quasar observed with MUSE from |Farina et al.| (2019)), the dark contour indicates a level of
~ 10" ®ergs™! em 2 arcsec 2. (e) z ~ 3.15 quasars observed with MUSE from
(2021b)), the lowest contour indicate levels of ~ 107 ergs~! cm~2 arcsec 2.

to ~500kpc associated with multiple active galaxies (Cantalupo et al. 2014; Hennawi
, . Certainly, studying the origin of the low surface brightness emission from the
CGM was challenging due to the high sensitivities required and the lack of precise systemic
redshifts necessary to image them with narrow-bands.

Meanwhile, cosmological simulations were carried out to predict the Lya signal ex-
pected from gravitational cooling and photoionization during structure formation (Furlan-
etto et all 2005; Dijkstra et al.| 2006; [Dijkstra and Loeb, 2009; [Faucher-Giguere et al.|
2010; Rosdahl and Blaizot|, 2012b), which suggested that each mechanism is plausible in
producing such emission. Some of these simulations included the radiative transfer effects
that undergo the Lya photons (Hansen and Ohl [2006; Gronke et al., 2015]), pointing at
how the line profiles are affected by the gas distribution and kinematics.

Recently, the development of sensitive optical integral field spectrographs (IFS) such
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as the Potsdam Multi Aperture Spectrophotometer (Roth et al.; [2005) at the Calar Alto
Observatory, the Keck Cosmic Web Imager (KCWI; Morrissey et al.|2018) at the Keck ob-
servatory and the Multi Unit Spectroscopic Explorer (MUSE;|Bacon et al.[2010) at the Very
Large Telescope (VLT) revolutionized this search. Such instruments combine the power of
imaging with spectroscopy and can reach sensitivities of SB ~ 107 erg s™! cm ™2 arcsec™2,
which allowed to reveal extended Ly« emission around z > 2 quasars without the need
for accurate systemic redshifts. Indeed, the detection of extended Lya emission around
2 < z < 6 quasars is now routinely reported (Christensen et al., 2006; Borisova et al., 2016
Arrigoni Battaia et al., 2018, 2019alb; Drake et al., 2019; Farina et al.l 2019; (Cai et al.,
2019; O’Sullivan et all [2020; Drake et al., |2020; [Mackenzie et al., 2021b} |[Fossati et al.,
2021}, |Lau et al., 2022; |Gonzalez Lobos et al., [2023; Hall and Fu, [2024; Herwig et al., 2024]).
These works (see Figure highlighted that extended Lya nebulae are common around
high-z quasars with a broad range in morphologies (sizes of ~ 20 — 100kpc) and opened
up the discussion of the different powering mechanisms. For example, Christensen et al.
(2006) found that the Ly« nebulae were asymmetric and their luminosity was correlated
to the Lya luminosity of the quasar. Later, |Arrigoni Battaia et al. (2019a)) presented a
large MUSE survey of 61 bright (—29 < M;(z = 2) < —27) quasars at z ~ 3 and found a
similar correlation with their luminosities, in addition to quiescent kinematics indicative of
gravitational motions. Further, Mackenzie et al.| (2021b) characterized the nebulae around
12 fainter (—27 < M;(z = 2) < —24) quasars at similar redshift and found that their
nebulae also appear dimmer and more compact. These studies suggested that, in addi-
tion to photoionization followed by recombination, resonant scattering of the Lya photons
from the BLR could be an important powering mechanism. Additionally, some works
focused on the kinematics of the Ly« nebulae and revealed that these show relatively qui-
escent velocity dispersions (o ~ 300 — 400 km/s) consistent with gravitational motions in
Mhya1o ~ 102 Mg, halos (Arrigoni Battaia et al., [2018;|O’Sullivan et al., 2020). At the most
extreme redshifts available, [Farina et al. (2019) discovered with MUSE 12 Ly« nebulae
around z ~ 6 quasars extending out to 30kpc from the quasars which, when accounting
for cosmological dimming and comoving distances, were completely consistent with the
Lya SB of nebulae found around z ~ 3 quasars discussed above. On the other hand, |Cai
et al.| (2019) presented KCWI observations of 14 Lya nebulae around z ~ 2 quasars, which
displayed irregular morphologies and sizes between 50-100 kpc. Importantly, these nebulae
were fainter than their higher-redshift counterparts, for which the authors suggested that
this is a result of a lower covering factor of the emission. Regarding this, |Arrigoni Battaia
et al.| (2019a)) explored the redshift evolution between z = 2 and z = 3 quasar nebulae
and concluded that this drop in emission could be linked to a variation in the neutral gas
content, which could be a consequence of the gas being shock heated as the halo reaches a
mass of My, ~ 1015 M, as proposed in [Dekel and Birnboim! (2006).

From an observational point of view it is not clear which are the main drivers of the
extended Lya emission, however the studies mentioned above hint that photoionization
followed by recombination and resonant scattering of Lya photons could be responsible for
the observed emission. Additionally, it is possible that AGN outflows can shock material
around producing line emission due to collisional excitation and photoionization, these are



1.3 The circumgalactic medium 15

usually associated with ionized material displaying violent kinematics (see e.g., [Taniguchi
and Shioya, 2000; Vidal-Garcia et al., [2021)).

In this context, recent work by |Costa et al.| (2022) presented cosmological simulations of
a z = 6 quasar host halo post-processed with Lya radiative transfer in order to reproduce
the extended Ly« emission observed in Farina et al.[(2019). These simulations included the
effect of collisional excitation, recombination, scattering of Lya photons from the BLR and
quasar outflows. The authors found that a combination of photoionization and collisional
excitation was able to agree with observations, however they also found that scattering
of Lya photons from the BLR of the quasar alone was enough to produce consistent
~ 100 kpc nebula. Importantly, they found that outflows were necessary to eject gas in
order to allow the Lya emission to escape and produce extended nebulae. Additionally,
Obreja et al| (2024) studied the impact that AGN radiation has on the gas distribution
in a z = 3 quasar host halo as a function of the opening angle of the ionization cones of
the AGN. They found that photoionization from the AGN decreases the amount of gas
in the cooling phase by half if the opening angle is ~ 60°, highlighting the importance of
feedback in regulating the cool gas content. Additionally, these opening angles were able to
reproduce the levels of the nebulae Lya SB observed around z ~ 3 quasars. In summary;,
these simulations are capable of taking into account the impact of feedback of the AGN
on CGM scales and require observational constraints on the models implemented, such as
the relationship between observed nebulae properties with AGN properties.

The CGM of quasars in additional line emissions

The interpretation of the observed Lya emission around quasars is complex due to radiative
transfer effects and the lack of constraints on the balance between powering mechanisms.
One way to help achieve this is through detection of additional line emission such as He 1l
and C1v, which are available at z ~ 3 with the same instruments used to detect Ly«
nebulae. He1r (A1640) occurs primarily by photoionization followed by recombination and
it is not resonant, therefore can hint to the strength and extent of quasar radiation. For this,
direct comparison of Lya with Hell can constrain the contribution from photoionization
followed by recombination. C1v (A1548) is a tracer of the metal enriched region of the
CGM of quasars usually associated with outflowing material, this line is also scattered
therefore could be more easily detected if the gas is enriched. However, those transitions
are much fainter due to their sensitivity to metallicity and higher ionization state required.

These lines were first tentatively detected in longslit spectra around two z ~ 2 — 3
quasars with radio jets by Heckman et al.| (1991a)), however deeper observations were needed
to discriminate between powering mechanisms. Arrigoni Battaia et al.| (2015b) and |Arrigoni
Battaia et al| (2015a) conducted a deep narrow-band and spectroscopic search of these
lines in already detected Ly« nebulae without successful results, implying dense (nyg > 3)
gas reservoirs. The unprecedented SB achievable with MUSE allowed the detection of a
~ 100 kpc He 11 nebulae associated to a 450 kpce Lya nebulae at z = 2.3 (Cantalupo et al.|
2019). The Henl was detected in a region associated to a continuum source where gas
densities could be enhanced, suggesting a clumpy gas distribution. Moreover, 'Travascio
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Figure 1.6: KCWI observations of an extremely red quasar at z = 2.32 with extended Ly,
C1v and He1r emission shown in the left, middle and right panels, respectively. In each
panel a plus symbols marks the position of the quasar, a cross symbol indicates the peak of
the emission and the diamond symbol represents the centroid of each nebulae. The right
panel shows the full width at half maximum of the empirical point spread function of the
quasar. Figure obtained from [Lau et al.| (2022).

reported the detection at z = 3.5 of a 75kpc C1v nebulae associated to a
~ 100 kpc Lya nebula, revealing metal enriched gas likely associated to an outflow. These
authors found that the C1v emission is associated to the region with brightest Ly« emission
and measured a high Lya velocity dispersion (o ~ 700km/s), which is consistent with the
velocity dispersions found in other systems with outflows.

Further, (Guo et al., 2020) reported both Hell and C1v simultaneously around four
z ~ 3 quasars with already identified Lya nebula, which showed much more compact emis-
sion. Additionally, they stacked 80 previous MUSE observations of quasar with detected
Lya nebulae and resulted in the detection of additional C111] (A1909), indicating CGM
metallicities between 0.5 — 1Zs. Additionally, their stacking also revealed that the veloc-
ity dispersions of the lines increased towards the center of the nebulae, suggesting regions
tracing quasar outflows. Moreover, Fossati et al. (2021)) conducted a deep MUSE search
of 27 z = 3 — 4.5 quasars with extended Lya nebulae and detected C1v and marginally
He11 emission out to ~ 40 kpc through stacking analysis, consistent with metal enriched
gas and a clumpy gas distribution. Finally, Lau et al,(2022) presented KCWI observations
of a z = 2.3 extremely red quasar (Figure , which are thought to be dusty and in the
early phases of AGN feedback, which showed a ~ 100kpc Lya nebulae and associated
He1r and C1v emission extending out to 33 and 47 kpc, respectively. The authors studied




1.4 Goals and structure of this thesis 17

the kinematics of the Lya and C1v and proposed that the inner halo is dominated by an
outflow.

In summary, these observations showed that the CGM of z ~ 3 quasars is enriched
with metals and highlighted the need for detection of additional line emission in order to
disentangle the physical properties of quasar’s CGM. Also, they emphasize the importance
of quasar outflows and radiation in producing extended nebulae around z ~ 3 quasars.

1.4 Goals and structure of this thesis

This thesis contains the work I have carried out during my PhD, which undertakes an
investigation into the role of the CGM in the formation of massive galaxies within the
cosmological framework discussed in this chapter. I explored the physical properties and
emission mechanisms of the cool T' ~ 10* K phase of the CGM of high-redshift quasars
with the aim to link them to the quasar and host galaxy properties. For this, I used a large
sample adding to 123 quasars observed with MUSE at redshift z ~ 3 — 4.7 and compared
the observed properties of their nebulae such as SB, luminosity and kinematics with quasar
properties such as Lya luminosity, bolometric luminosity, black hole mass, host galaxy dust
mass and star formation rates. This thesis contains the work published in |Gonzélez Lobos
et al.| (2023) and another in preparation.

The structure of this thesis is as follows:

Chapter 2| presents a Python analysis tool that I developed to reveal extended line emis-
sion around quasars in MUSE datacubes, including detailed description of the algorithm
and how to use it. These Python routines have been used throughout the thesis and in the
work presented in Herwig et al. (2024), therefore I aim to make the tool publicly available
and provide in this thesis a first documentation.

Chapter |3| presents a pilot study of the CGM around five submillimeter-bright galaxies
at z ~ 3 —4 with different quasar contribution and similar halo mass. I detected Ly« neb-
ulae around the systems with quasar and no emission around the systems without AGN
contribution. This study concluded that gravitational cooling is likely not a dominant
powering mechanism for quasar Lya nebulae.

Chapter [4] presents a large search of Lya nebulae around 120 quasars, expanding the
work presented in Arrigoni Battaia et al. (2019a) to fainter systems at z ~ 3. This survey
contains a statistical value that is used to study relationships between the extended emis-
sion and quasar properties.

In Chapter [5| I present a summary of the main results of this thesis and discuss the
future prospects of my future research.
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Chapter 2

Revealing extended circumgalactic
emission around quasars: Python
code and analysis tools

The study carried out in this thesis focuses on revealing the faint circumgalactic (CGM)
line emission around high-redshift (z ~ 3) quasars using integral field spectroscopic (IFS)
observations (see Chapter . To do this I designed a Python code that can reveal this emis-
sion using observations carried out with the Multi Unit Spectroscopic Explorer (MUSE;
Bacon et al., 2010) at the Very Large Telescope (VLT). This chapter is dedicated to de-
scribe the design and usage of the pipeline and it is organized as follows: Section
introduces the project along with some technical aspects of optical IF'S observations and
MUSE, Section lists the instructions to run the pipeline, Section contains a detailed
description of the steps of the code and Section contains the3, 54, 55 conclusions of
this project. The code is available by request in my Github repository: @JaysonAstro and
I intend to release it publicly in the future.

2.1 Introduction

2.1.1 How can we observe the emission from the CGM of quasars?

The introduction of modern IFS and their unprecedented surface brightness (SB) limits
(~ 1078 ergs™! em 2 arcsec™2) achievable in reasonable observation time (1 hour), such as
MUSE at VLT, have been revolutionary in the study of the CGM in emission, leading to
routinely reporting faint extended Lya emission around 2 < z < 6 quasars (e.g. Borisova
et al., 2016; Farina et al| 2019; |Arrigoni Battaia et al., 2019aj; [Mackenzie et al.| 2021a;
Fossati et al., [2021)).

Quasars are one of the most luminous objects in the universe and with their unresolved
emission outshine the faint CGM emission we search. Therefore, in order to detect any
extended line emission below the quasar spectra we need to remove the quasar’s point
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spread function (PSF; |Mgller, 2000). The method of subtracting the quasar’s PSF has
been extensively tested and described in past works and, in particular, I used the method
described in|Borisova et al.| (2016]) and Mackenzie et al.| (2021a) as a guideline for developing
Python routines that are able to reveal CGM emission around z ~ 3 quasars using MUSE
observations. These two works used the same technique to extract the quasar nebulae
(CUBEXTRACTOR; Cantalupo et al. in prep.), however they used different parameters
(e.g., PSF subtraction radius, PSF width) suited to the different quasar luminosities in
their samples. The Python tool I developed considers this case, therefore these parameters
can also be adapted to each observation. Finally, the tool I present in this chapter has
already been used for the analysis of ~ 100 hours of MUSE observations including the
projects presented in Chapters [3] and [4] in addition to the work presented in [Herwig et al.
(2024]).

In summary the method presented in Borisova et al.[(2016) and Mackenzie et al.| (2021b])
consists of building a wavelength dependent empirical model of the quasar’s PSF, which
is constructed at the quasar location by computing a pseudo narrow-band (NB) at each
wavelength and excluding wavelength ranges where the line emission of interest is located.
The pseudo-NBs are normalised to the quasar’s central flux and then subtracted from
the datacube at the quasar location inside a circular aperture of radius proportional to
the seeing of the observation. Then, continuum sources are removed from the datacube
producing a cube with only extended line emission present. The limitations of this method,
as described in Borisova et al.| (2016)), include that an artifact is introduced at the region

of normalization and that it cannot deal with continuum sources blended to the quasar
PSF.

2.1.2 Angular resolution and astronomical seeing

When using a telescope to observe a point-like source, such as a distant star or quasar, the
image produced is distorted due to the diffraction pattern caused by the aperture used. In
the case of an optical telescope this aperture corresponds to the mirror, and for a circular
aperture the diffraction pattern can be described with an Airy distribution (Figure
left panel). The size of brightest region in the Airy pattern defines the (diffraction-limited)
angular resolution of the telescope and it is wavelength dependent.

The angular resolution for a circular aperture is defined as:

A
inf ~1.22—
sin D

0 ~ 1.22% ; when 0 < 1, (2.1)

where 6 is the angular resolution in radians, A is the observed wavelength and D is the
diameter of the aperture. The angular resolution from diffraction is, theoretically, the
smallest spatial size that can be resolved in an observation, i.e., observing two point sources
separated in the sky by a projected distance smaller than the angular resolution are indis-
tinguishable and appear as one.
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Figure 2.1: Example of 2D Airy and Moffat patterns. Left: Image of a 2D model of an Airy
diffraction pattern in arbitrary units which results from observing a point source through
a circular aperture, Right: Image of a 2D model of a Moffat distribution. Adapted from
https://docs.astropy.org/en/stable/modeling/predef _models2D.html.

In most applicable cases, the light reaching the mirror of a ground-based telescope has
to first travel through the Earth’s atmosphere, which distorts the image due to turbulence
resulting in both blurring and variations in the observed brightness. This effect is called
astronomical seeing and degrades the theoretical resolution from diffraction alone. The
seeing can vary quickly over time, depends on the observed wavelength and changes when
pointing at different locations of the sky. To measure the seeing of an observation, one
must measure the angular size of an observed point-source by computing the full width at
half maximum (FWHM) of the resulting image.

The combined effect between the diffraction pattern and the atmospheric seeing can be
characterized by the PSF and it is used as a measurement of the image quality. The image
formed in an instrument when observing an object of any shape is the convolution between
the shape and the PSF. For ground-based telescopes the PSF is dominated by the seeing
and can be described with a 2D Moffat distribution (Figure right panel) of the form:

(x — l’g)? + (y B y0)2)—/3 , (22)

f(:v,y)ZA(lJr -

where A is the amplitude, zy and 1, are the centroid coordinates, 7 is the core width and
B the power. The FWHM of the Moffat model is the representation of the seeing of the
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observation, measured in in angular units, and is given by:

FWHMytoftar = 27V 21/ — 1. (2.3)

2.1.3 Overview of the MUSE instrument and datacubes

The MUSE instrument (Bacon et al., 2010) is an integral field spectrograph at the VLT
that operates in the optical wavelength range of 4650-9300 A with a spectral resolution
(R = \/A)\) of R = 2000 and 4000 at 4600 A and 9300 A, respectively. MUSE can benefit
from improved spatial resolution compared to other ground-based optical telescopes due
to the adaptive optics capabilities of the VLT, which is able to move the secondary mirror
in order to correct atmospheric distortions caused by turbulence in real time. Such an
instrument is then capable of combining spectroscopy with high-resolution imaging in a
1 x larcmin? field of view (see Table . Additionally, the unprecedented flux limit
reached by MUSE (Table has allowed the study of objects that were too faint to be
seen with typical optical imaging instruments. The combination of these characteristics
allow us to observe, for example, high redshift extended objects with low surface brightness
(see e.g., Wisotzki et al.| 2016; [Umehata et al. [2019; Bacon et al., 2021; Tornotti et al.|
2024)). MUSE has two observing modes with different field of view and spatial resolution,
the specifications are summarized in Table

Wide Field mode (WFM) Narrow Field Mode (NFW)

Field of view 1 x 1arcmin? 7.5 x 7.5 arcsec?
Pixel scale 0.2 arcsec 0.025 arcsec
Spatial resolution 0.3-0.4 arcsec 0.03-0.05 arcsec
Flux limit 3.9 x 107 cgs (in 80 hrs) 2.3 x 10718 cgs (in 1hr)

Table 2.1: Summary of MUSE capabilities. Adapted from https://www.eso.org/sci/
facilities/develop/instruments/muse.html

The process of creating datasets from IFS observations is illustrated in Figure
For the case of MUSE, the instrument splits each field of view into 24 channels that are
subsequently divided into 48 slices by integral field units (IFU). The slices corresponding
to each channel are sent to the spectrograph which disperses each slice and produces a set
of spectra that are then imaged onto a 4Kx4K detector. The data from all 48 IFUs is
processed using the MUSE data reduction pipeline (Weilbacher et al., 2020) to produce
datacubes. Chapters 3| and {4| contain descriptions of the steps performed to reduce raw
MUSE data into datacubes using this pipeline.

MUSE datacubes consist of three dimensional (two spatial and one spectral) Flexible
Image Transport System (FITS) cubes which contain science (DATA) and variance (STAT)
extensions. When referring to MUSE cubes, I will use the following definitions:


https://www.eso.org/sci/facilities/develop/instruments/muse.html
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Figure 2.2: Schematic of the resulting datacube from an integral field spectroscopic obser-
vation using the Near-Infrared Spectrograph (NIRSpec; Jakobsen et al, [2022; [Boker et al.)
2022)) on the James Webb Space Telescope. The NIRSpec instrument concept is similar to
MUSE, but operates at near-infrared wavelengths and a field of view smaller than MUSE
(3" x 3"). The top row shows how the field of view is sliced into channels. The second
row shows how the channels are separated into slices. The third row shows the channels
as are dispersed by the spectrograph and recorded by the detector. The fourth row shows
how the data from the detector can reconstructed as a datacube. The sixth row shows the
resulting white image from collapsing the cube at all wavelengths (left) and a spectrum
extracted from one spaxel of the cube (right). Image credit: https://jwst-docs.stsci.
edu/methods-and-roadmaps/jwst-integral-field-spectroscopy.
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e Datacube: This is a cube which contains science data (DATA extension). It has
two spatial axes representing sky coordinates in units of degrees, each spatial axis
has 380 elements and a scale of 0.2” (5.5 x 1075 degrees). Additionally, the MUSE
datacube contains one spectral axis in units of Angstrom and a total of 3681 elements
with scale of 1.25 A. The data values at each coordinate have flux density units of
107 ergem 251 A"

e Variance cube: A cube containing the associated variance of a datacube (STAT ex-
tension), with the same axes and dimensions. The units are 104 erg? em™*s~2 A,

e Channel: Refers to one element of the spectral axis. One spectral channel has a

width of 1.25A.

e Voxel: This is the equivalent of a three-dimensional pixel (or volume pixel), it
contains one value of the flux density at a 3D coordinate in the cube.

e Spaxel: Corresponds to a column in the cube at a 2D coordinate. Usually this
position is chosen as spatial, for which case the column contains the spectral energy
distribution at this location.

e Slice: Corresponds to a subset of the cube that is obtained using a fixed range of a
selected axis, usually chosen as the spectral axis. If the slice is extracted using one
spectral channel, then it will contain a 2D image and I will refer to it as layer. The
slice can also be extracted using multiple channels, which can also be referred to as
a slab.

2.2 Using the pipeline

In this Section I describe the instructions to use the analysis pipeline I developed, after
the used has reduced the raw dataset using the MUSE pipeline. This analysis pipeline is
designed to combine individual reduced MUSE exposures of quasars and remove the PSF
of the quasar together with continuum sources. Figure [2.3| shows a flowchart of the steps
performed by the pipeline, which are described in the following sections after an overview
of the scripts and requirements.

2.2.1 Overview of the scripts and requirements

The pipeline is separated into two main steps: (i) alignment and combination of single
exposures done by the mask-align-combine.py script and (ii) subtraction of the quasar’s
PSF and continuum sources done by the psf-sub.py (see Section for instructions on
how to use the scripts). The code has been optimized to extract faint emission around
single quasars in the field, but has been modified in Herwig et al.| (2024) for quasar pairs.
The following scripts were written by my and contain the different steps of the pipeline:
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Figure 2.3: Flowchart of the pipeline steps and products. The first segment of the pipeline
begins at START I and takes as inputs the (user defined) data table and reduced data
(see Section. In this segment the pipeline masks artifacts, aligns exposures, combines
datacubes and estimates the seeing as a function of wavelength of the observation (blue).
The second segment of the pipeline begins at START II, which uses as input the the
products from the previous segment. This step produces a PSF-cube, a PSF-subtracted
cube, a continuum cube and continuum-subtracted cube (blue).

MUSE-Lya.py: This is a module that contains functions for alignment, estimation
of the seeing as a function of wavelength, combination of data and variance cubes,
estimation of the surface brightness (SB) limit and masking circular apertures in a
given cube.

new-reduceQSOMUSEUM.py: This is a module that contains generic masks used to
remove artifacts when combining single exposures due to the separation of the MUSE
IFUs.

mask-align-combine.py: This script uses single reduced exposures of the same field
of view and combines them into a final data and variance cube. It first masks artifacts
using a white image of the datacube, then aligns each exposure and finally combines
using the median. This step has a large memory usage because it needs to load each
datacube (~ 2 GB) that will be combined at the same time.

psf-sub.py: This script is used to build and subtract the wavelength dependent
quasar PSF. Finally, continuum sources are removed and only extended line emission
remains in the datacube, if detectable.

The scripts have been tested in Python version 3.6.8 and the following packages are

required to be installed in order to use it:
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e NumPy 1.16.3: Handling and arithmetic of multidimensional arrays (Harris et al.,
2020).

e Astropy 4.1: Several classes and functions useful for manipulating astronomical
datasets (Astropy Collaboration et al., 2013} [2018| [2022)). The most used Astropy
algorithms for this project are: handling of FITS files, world coordinate systems,
implementation of physical units, model fitting, tables, cosmological calculations,
convolution.

e Matplotlib 3.1.3: Library for data visualization and figure production (Hunter,
2007)).

e SciPy 1.2.1: Mathematical algorithms for statistics, interpolation, integration (Vir-
tanen et al., |2020).

e spectral cube 0.5.0: Package created for the handling, visualization and manipu-
lation of astronomical datacubes with two spatial and one spectral dimension (Gins-
burg et al., 2015 Robitaille et al. 2016)).

e MUSE Python Data Analysis Framework (MPDAF) 3.4: Tools specifically designed
to handle MUSE datasets (Bacon et al., [2016; Piqueras et al., [2017)).

e Photutils 0.7.1: A package developed for photometry of astronomical sources,
source detection, centroid calculation and many other utilities (Bradley et al. |2024).

e Astronomical Plotting Library in Python (APLpy) 1.1.1: Package for graph
production directly from astronomical data, handles coordinate systems and FIT'S file
headers. This package is fully compatible with Matplotlib (Robitaille and Bressert,
2012).

e Zurich Atmosphere Purge (ZAP) 2.1: Tool for removing sky subtraction residuals
of MUSE datacubes (Soto et al., 2016).

2.2.2 Data table with source list and directory hierarchy

Additionally to the required Python packages, it is required by the pipeline to create a
datatable with the list of systems that will be analyzed, the location of the reduced MUSE
data, and the sky coordinates of the quasar that will be subtracted. This table is read and
updated as the pipeline performs the different steps. Finally, it is required that the raw
data has been already reduced with the MUSE data reduction pipeline (see [Weilbacher
et all 2020) and the sky residuals removed with ZAP (Section before attempting
to use this pipeline. Chapters |3 and 4| contain detailed descriptions of the process of data
reduction of MUSE observations.

To use the code, an input datatable in .csv format is needed for reading the list of
systems that will be analyzed. The location and filename of the table is specified inside
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of the scripts as a global variable, but it can also be defined with the --tab-path option
when running the scripts from the command line (Section . In my case, the global
variable for the table filename is:

table_dir = ’/afs/mpa/temp/valegl2/QSOMUSEUMfaint/’ # path to
datatabdble
table_filename = ’data-table.csv’ # table filename

The datatable must contain the path of the parent directory where the reduced individual
exposures are located (this is also where the pipeline will automatically create the directo-
ries with the final products) and the sky coordinates of the quasar that will be removed.
Additionally, columns with each step that the pipeline performs will be created and filled
with ”yes” in order to keep the progress organized when handling large datasets. An
example of a row of the datatable for a system is written below:

ID SOURCE DIR

70 J0923+0011 /afs/mpa/temp/valegl3/QSOMUSEUMfaint/J0923

RA DEC SEEING STAR-RA STAR-DEC

09:23:00.29 +00:11:56.7 0.86 --= -

Where ID is the identification number of the system (arbitrary) and is used with --ID when
using the scripts, SOURCE is the source name, DIR is the parent directory of the MUSE data
for the system, RA and DEC are the coordinates of the quasar in hour angles and degrees,
respectively, SEEING (see Section [2.3.4]) is the angular resolution of the observation in units
of arcseconds, STAR-RA and STAR-DEC are the coordinates of a reference field star that can
be optionally used to align the cubes (this example table does not use them).

Finally, each system’s individual reduced exposures need to be located in the user-
created /clean directory inside the parent directory DIR, and each system has to have one
separated directory. An example of how the files in the /clean directory are named for
one source is shown in Figure 2.4] It is important that the filename begins with the same
keyword as the corresponding SOURCE in the datatable. With these files ready, one can
start using the pipeline.

2.2.3 Running the scripts

After making sure that all the requirements are fulfilled, the user can now use the pipeline.
To run the pipeline, type the following commands in the terminal from the location of the
scripts listed in Section [2.2.1}

$ python mask-align-combine.py --ID 1 --median-combine --DATA --show-
plot --tab-path /path-to-table/data-table.csv

$ python mask-align-combine.py --ID 1 --STAT --tab-path /path-to-table/
data-table.csv
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(valu) 1s -tlsh
total 8.1G

2.7G -rw-r--r-- 1 valegl mpa 2.7G Aug 23 2021 J0247-0023.2_DATACUBE_ZAP.fits
2.7G -rw-r--r-- 1 valegl mpa 2.7G Aug 23 2021 J0247-0023.1_DATACUBE_ZAP.fits
2.7G -rw-r--r-- 1 valegl mpa 2.7G Aug 23 2021 J0247-0023.0 DATACUBE ZAP.fits

Figure 2.4: Example of /clean directory where the pipeline looks for individual reduced
MUSE exposures for one system. Each file is a cube previously reduced with the MUSE
pipeline and sky subtraction performed with ZAP.

The first command will perform a median combine of the DATA extensions from the single
exposures for ID 1 of the provided datatable (see Section , the location of the datat-
able is specified with the option --tab-path, otherwise the code will read from the global
variables written inside the script. The second line will combine the STAT extensions of
the same MUSE observations. The command --show-plot will pause the pipeline to show
figures with the results of aligning the cubes for the user’s inspection (see Section [2.3.2)).

Once the first step of the pipeline is complete, the user can run the PSF subtraction
by typing in the terminal:

$ python psf-sub.py --ID 1 --tab-path /path-to-table/data-table.csv

The pipeline will create for this example the directories /combined, /psf-sub and
/contsub inside the parent directory DIR of ID 1, which are listed in the datatable. Inside
these directories files created during each step of the pipeline will be stored, the steps are

described in Section 2.3l

2.3 Description of the code and pipeline steps

2.3.1 Masking of MUSE IFU artifacts

The first step performed by the pipeline is to remove artifacts in individual exposures due
to the physical separation of the MUSE IFUs. These separations produce shadows and
light leaks, which can be seen as stripes in the collapsed white image of the datacube
(Figure . To remove these artifacts a simple mask is done for each exposure, taking
advantage of the observational strategy that is usually done for MUSE observations. This
strategy consists of rotating the field of view by 90° and adding a dithering of < 5” between
each exposure, which ensures that the pattern of artifacts in the sensor does not overlap
when combining the single exposures.

The code uses mask_fov_generic within the new-reduceQSOMUSEUM. py module which
contains a generic mask that is applied to each exposure, assuming the rotation and dither-
ing patterns. Visual inspection is necessary to ensure that the mask is correctly placed on
top of the artifacts, so the option --show-plot is set to True by default within the masking
function. The function is by default designed to work with three exposures per system,
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Figure 2.5: Example white image of a single field of view for a quasar observed with MUSE.
The image shows the quasar located close to the center of the field, surrounded by other
point sources and galaxies. Artifacts due to the separation of the IFUs are seen as stripes
across the field. The white image is computed by collapsing (i.e., integrating) the datacube
along its whole spectral axis.
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however including masks for additional exposures (or dithering angles) is straightforward
but needs to be done manually by the user.

2.3.2 Alignment of single exposures

Once the artifacts in each field of view are masked, the pipeline will attempt to align
each exposure in preparation for combination. Alignment is done by computing a simple
offset between each exposure, with respect to the first exposure. The offset is by default
computed using the quasar, but it can be also done by using a field star if its coordinates
(STAR-RA and STAR-DEC) are specified in the input data table (Section[2.2.2) and the option
--star-align is used when calling the script in the command line. The pipeline will read
the coordinates provided in the data table and search for them in the datacube.

The pipeline first recenters the header of the reference cube (by default the first expo-
sure) using the function recenter _header within the MUSE-Lya.py module. This function
uses the reference cube, the reference coordinates (both in degrees and in pixels) and a
default radius of centroid radius=10 pixels, where computes the centroid of the quasar
(or star), within the given radius, by fitting a 2D gaussian model using the white image.
Then the header of the reference cube is updated with new reference pixels at the cen-
troid coordinates. After this, the pipeline recenters the other exposures using the same
method and computes the offset in pixels with respect to the reference cube. Using these
offsets, the pipeline uses the align_cube function within the MUSE-Lya.py module to align
each exposure with respect to the reference cube. To do this, the cubes are inserted in
slightly larger cubes by taking into account the computed offsets, forcing the quasar to be
located at the same position in the larger cubes. Visual inspection is important for this
step, therefore a figure of the white images of the aligned cubes with the position of the
quasar overlayed can be produced when specifying the option --show-plot when running
the mask-align-combine.py script.

2.3.3 Combination of single exposures

With each exposure aligned, the pipeline can now combine the single exposures into two
final cubes. The pipeline combines the DATA and STAT extensions (see Section into
separated cubes, which is specified by using the option —-DATA or --STAT when calling the
mask-align-combine.py script in the command line. Combining the cubes is straightfor-
ward, but memory consuming, as all cubes need to be loaded at the same time (on average,
MUSE datacubes have sizes of ~ 2 GB). The functions combine data or combine var will
loop over the spectral axis of the final cubes and extract one layer per channel, then
will combine the layers of the cubes. For the DATA extension it is possible for the user
to choose to combine using the mean or median with the options --mean-combine or
--median-combine, however for the STAT extension it is always computed the variance of
the mean as to properly propagate noise for the median would require bootstrapping on
too heavy datacubes.
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The combined layer at each channel is inserted into a new cube, which will be the final
combined cube. This step is time consuming as the loop over the spectral axis goes over
3681 channels. The combined DATA and STAT cubes will be stored in a new directory called
/combined which is created in the parent directory of the system (see Section .

2.3.4 Seeing estimation

With the combined datacube from Section the PSF-subtraction can be performed
with the psf-sub.py script. First, the seeing of the observation is estimated to define the
radius of aperture to compute and subtract the quasar PSF (Section . As mentioned
in Section [2.1.2] the seeing, which is wavelength dependent, can be computed from the
FWHM of a Moffat function. The pipeline does this by computing a pseudo NB by
collapsing a slice of the cube of 25A (20 channels) at each wavelength, then fitting a
Moffat function to the resulting image. The Moffat model is fitted using the moffat fit
function of the MPDAF package, which takes the 25 A pseudo-NB and same parameters as
the recenter_header from Section 2.3.2

The resulting seeing as a function of wavelength for one system is shown in Figure [2.6
with a black curve, it is possible to see how the seeing is better at longer wavelengths as
expected (Boyd, 1978). The black curve was smoothed with a median filter of 150 channels
(~ 190 A), to reduce the spectral variability of the estimation that frequently affects faint
quasars. Indeed, in the faint quasar sample presented in Chapter [ the seeing of some
quasars cannot be estimated at every wavelength because the signal-to-noise is too low
and the image in the pseudo-NB cannot be modeled with a 2D Moffat distribution. For
these cases, the seeing was only estimated at the Lya peak wavelength (obtained from the
quasar spectrum). In any other case, the seeing is estimated at the Lya peak wavelength
of the smoothed seeing curve.

| . . . . Figure 2.6: Example of the estimated see-
-—= B(A)=(13.7%0.02)A7%3=000 | ing as a function of wavelength for a quasar
observed with MUSE. The seeing is mea-
sured from the FWHM of a 2D Moffat fit
(Equation to pseudo-NBs of the observed
quasar at each wavelength. The black curve
is the seeing smoothed with a median filter
of 150 channels. The resulting curve is fit-
ted with a power law of form O(\) = a)\’
shown with a red dashed curve and param-
5000 6000 7000 8000 9000  eters shown in the legend. It can be seen how
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the image quality increases towards longer

wavelengths.
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2.3.5 PSF construction and subtraction

The method for PSF-subtraction of the quasar relies on empirically determining and re-
moving the wavelength dependent quasar emission (Mgller, |2000) from the datacube. For
this, I developed the psf-sub.py script, which is mostly based on the methods described
in Borisova et al| (2016] Section 3.1) and [Mackenzie et al.| (2021aj, Section 2.3), however
it is also described in several other works (Cantalupo et all 2019; Arrigoni Battaia et al.|
2018, 2019a; [Farina et al., 2019; Cai et all 2019} |O’Sullivan et all [2020; [Fossati et al.,
2021).

The script begins by creating a new directory called /psf-sub inside the parent direc-
tory, where the data products will be stored. Then, the pipeline will re-align the combined
cube as done in Section in order to secure that the quasar coordinates are centered
for PSF-subtraction.

To build the quasar PSF at each wavelength, the pipeline will compute a pseudo-NB
of width and scale defined as global variables:

nb_width = 150 # number of channels
psf_scale = 7 # scale factor

centered at the quasar position. The variable nb_width is the pseudo-NB width in channels
and the value of psf_scale will be multiplied by the measured seeing (Section [2.3.4)) to
define the radius for the aperture where the PSF is subtracted. This radius has to be chosen
to ensure that the wings of the PSF distribution are negligible. During the progress of this
thesis I noted that there is no optimal fixed NB-width or radius that will ensure quality
results for all quasars, therefore visual inspection and adjustment needs to be carried out
by the user at this step of the pipeline. For example, for the quasar samples in Borisova
et al.| (2016) and Arrigoni Battaia et al.| (2019a) the PSFs were constructed using a NB-
width of 150 channels with a PSF radius scale of 5 times the seeing, while in the fainter
sample of Mackenzie et al.| (2021a) a NB-width of 400 channels was used. The values I
chose for the different projects are listed in the following chapters. The different methods
have shown that the description of the CGM of quasars can depend on the parameters
chosen, and the data itself, however I found that in general the trends and overall behavior
of the extended Ly« emission found in (Arrigoni Battaia et al., 2019a)) can be reproduced
with this pipeline .

Computing the quasar PSF across the whole spectral range will mean that the extended
emission, if present, will also be removed from the datacube. That is why the pipeline masks
wavelength ranges where we expect extended emission to be observed, which should be close
to the wavelength of the quasar broad line emissions. The pipeline blindly searches for line
emission in the quasar spectra as the lines are usually shifted from the systemic |Shen (e.g.,
2016) and the shift is usually luminosity dependent. In the pipeline, this is done by first
estimating the wavelength range where we expect quasar line emissions (such as Ly«, Si1v
C1v, He1r, C111]) from a user-defined redshift range (z_ini and z_end in the global variables
of psf-sub.py). Then, an integrated spectrum centered at the quasar is computed inside
a 1 arcsec diameter aperture, shown in Figure with a black curve. The quasar spectrum
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is smoothed using a median filter of 500 channels to produce a ”continuum” spectrumﬂ
shown with a green curve in the same figure. The ”continuum” spectrum is constructed this
way to remove features from line emission. Additionally, the quasar spectrum is smoothed
using a median filter of 50 channels to produce a ”smoothed” spectrum (blue curve), which
is constructed to highlight broad emission lines. The difference between the smoothed and
continuum spectrum, shown with a black curve in the bottom panel of Figure [2.7] is used
to determine the location in wavelength of line emission by identifying local peaks. The
largest peak is assumed to be Ly« emission for every quasar and is used to set the most
likely reference wavelength of the extended emission for the preliminary analysis of the
system. The peaks are found using the find peaks function from scipy.signal which
uses the difference spectrum as data array, a detection threshold and a minimum separation
between the local peaks. I choose a threshold of 30, where ¢ is the standard deviation of
the difference spectrum at wavelengths redwards from the expected location of the C1v
line. The minimum separation for the peaks is computed from the A\ between the two
closest points from the peak Lya wavelength where the difference spectrum becomes zero
(pink crosses in Figure[2.7)). Once the local peaks are identified as line emission, I exclude a
conservative wavelength range around them (AX = 430 — 560 A) defined by the two closest
points from the peak Lya where the difference spectrum becomes zero plus 150 channels
(vertical dashed lines in the figure). This is chosen to ensure that the pseudo-NB will not
be computed where we expect extended line emission. Then, these wavelength ranges are
excluded when building the pseudo-NBs, instead, the pipeline will use as PSF the next
available pseudo-NB at longer wavelength.

The constructed pseudo-NBs are re-scaled, at each wavelength, to match the corre-
sponding flux of the quasar, which is computed inside a normalization region of 5 x 5
pixels (1”7 x 1”) centered at the quasar location. The scale factors are computed using
the ratio between the average sigma clip value from the quasar and pseudo-NB inside the
normalization region. After re-scaling, negative values are masked from each re-scaled
pseudo-NB in order to avoid introducing signal when subtracting. Finally, the re-scaled
pseudo-NB is subtracted from the data at the quasar location.

After this step, the pipeline stores a PSF cube built from the stack of re-scaled pseudo-
NBs, a PSF-subtracted cube and a Ly« pseudo-NB of 30 A inside the /psf-sub directory
in order to inspect the result from the subtraction. The location of the Lya wavelength is
identified, as first look, in Figure 2.7 The top left panel of Figure 2.8 shows an example
of a 30 A Lya pseudo-NB produced by the pipeline when removing the quasar PSF, some
extended emission is apparent close to the center of the field of view, however continuum
sources are still visible in the field. The subtraction of the quasar PSF introduces an
artifact at the normalization region, therefore the 1”7 x 1” (5 x 5 pixels) region at the center
of the quasar position is masked and excluded from analysis.

' This is not intended to characterize the quasar continuum spectrum, but a pathway to find the location
of line emissions.
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Figure 2.7: Example of identification of the location of quasar broad line emission using a
MUSE spectrum. Top: The spectrum of the quasar integrated inside a 1 arcsec? aperture
is shown in black. The ”continuum” spectrum (see Section is shown with a green
curve, the smooth spectrum used to highlight line emission features is shown in blue.
The dashed vertical lines mark the wavelength ranges around emission lines (red crosses)
excluded for computing the pseudo-NB (see text). Bottom: The difference between the
smooth and continuum spectrum is shown with black. The 30 intensity threshold is shown
with the green dashed line. The positions of local peaks in the difference spectrum are
shown with red crosses.



2.3 Description of the code and pipeline steps 35

5000 6000 7000 8000 9000
Angstrom

Figure 2.8: Example of PSF- and continuum-subtracted Lya pseudo-NBs of a quasar
field and estimated continuum of a field star. Top left: 30 A pseudo-NBs centered at the
wavelength of the Ly« line identified from Figure of a PSF-subtracted quasar cube
(Section . Some extended emission is apparent close to the quasar position, however
there are continuum sources in the field still present. Top right: The same pseudo-NB, but
after continuum-subtraction. At this stage the datacube is suitable for analysis of extended
CGM line emission. Bottom: The spectrum of a field star (which is visible in the top left
corner of the PSF-subtracted Lya pseudo-NB) and the estimated continuum (Section [2.3.6))
at its location are shown with a solid black and red dashed curve, respectively.
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2.3.6 Continuum sources subtraction

Once the quasar PSF has been subtracted, other continuum sources are removed from
the datacube in order to produce a cube with only line emission extending outside of the
quasar position, if detectable.

The pipeline creates a continuum cube with the contsubfits function from the ZAP
package, which uses a median filter of 300 channels to estimate the continuum at each
spaxel of the datacube. After this step, the continuum cube is subtracted from the PSF-
subtracted cube. The continuum cube and final subtracted MUSE datacubes are stored in
the folder /contsub created in the parent directory. The PSF- and continuum- subtracted
cube is suitable to search for extended Lya emission around each quasar. The top right
panel of Figure shows the 30 A Lya pseudo-NB produced by the pipeline when removing
continuum sources. This NB is produced as a first approach to check the quality of the
subtraction, however further careful analysis needs to be performed in order to characterize
the extended emission. Additionally, the bottom panel of Figure [2.8 shows a comparison
between the spectrum computed inside a 1 arcsec radius aperture at the location of a field
star (black line) and the spectrum extracted from the built continuum cube at the same
location and using the same aperture (red dashed line).

2.3.7 Surface brightness limit estimation

The sensitivity of an observation determines the minimum SB that we can detect from an
extended source. The pipeline estimates the SB limit using the combined variance cube
(see Section [2.3.3). Due to correlated noise between pixels in MUSE data (Bacon et all,
2015), the variance of each channel is rescaled to reflect the variance from the datacube
at the same layer. The surface brightness limit will be wavelength dependent, because
the background noise varies across the visible range due to sky emission lines. Figure 2.9
illustrates how the background noise of an observation varies across the wavelength range
due to sky emission lines, represented as the standard deviation associated to an observed
spectrum obtained by integrating inside a 1arcsec radius aperture at an arbitrary sky
location (because it is present in the complete field of view) from a MUSE variance cube.

To estimate the average surface brightness level of an observation at a given wavelength,
the SB_1imit_rescale function within the MUSE-Lya.py package first creates a sky mask
to perform the calculations only where there is no emission. A sky image is created by
computing the average sigma clip value of the white image (with o = 3), then setting a
threshold of 3x this value to mask out brighter sources. The sky mask is applied to both
the variance and datacube. Then, at each layer, I compute the ratio between the mean
standard deviation of the variance layer and the standard deviation of the datacube layer.
This ratio is used as scale factor which is multiplied to the variance layer.

Using the rescaled variance cube with the sky mask, a 30 A slab (default value of
nb_width) centered at the selected wavelength (set by center_wave, usually the wavelength
of the peak Ly« emission of the quasar), is integrated over the spectral axis and multiplied
by the channel width squared to obtain a ”variance NB”. Then this NB is transformed to
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Figure 2.9: Standard deviation associated to an observed spectrum integrated inside a
1 arcsec radius aperture from the corresponding variance cube at an arbitrary location.
This figure illustrates how the background noise changes across the wavelength range,
highlighting the effect of sky line emissions.

SB units squared by dividing by the area of a pixel squared to obtain a ”variance SB”,
which transformed to o by taking the square root. Then, I compute the mean of this sigma
map to get the mean SB limit per pixel within the 30 A pseudo-NB. To transform to per
arcsec?, I need to divide by the square root of the number of pixels within one arcsec?. If
one pixel is 0.2”, then there are 25 pixels inside 1 arcsec?. The SB limit obtained from this
step is used to determine the sensitivity of the observations I analyze in Chapters [3[ and
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2.4 Conclusion

In this chapter I presented how the process of revealing extended line emission around
quasars using MUSE observations has been studied and reproduced based on the descrip-
tion presented in past works (Borisova et al., 2016} |[Farina et al.l [2019; Arrigoni Battaia
et al., 2019a}; [Mackenzie et al|,[2021a)). The method relies in the empirical determination of
the quasar PSF and subsequent subtraction together with continuum sources, this process
is not trivial and careful analysis of the PSF needs to be done.

When the projects of this thesis started to be elaborated, there were no public tools
available to perform the extraction of CGM emission. Therefore, I developed my own
individual routines to carry out this task and collected them into this more versatile pipeline
with the aim that other people can use it, and improve it, as well. Today, there is one
publicly available tool in development that performs a similar task: q3df itE] (Rupke, 2014;
Rupke et al| 2021), however this was designed for JWST data and became available after
I already developed this pipeline. It has been compared with already published data in
order to test and evolve and has been used for the works presented in Chapters|3|and |4 and
others still in preparation by collaborators and myself (Herwig et al. 2024 and Gonzélez
Lobos et al. in prep.). Therefore this Chapter is presented as the first documentation for
a tool that will be publicly available in the future.

Zhttps://q3dfit.readthedocs.io/en/latest /


https://q3dfit.readthedocs.io/en/latest/

Chapter 3

Circumgalactic Lya emission around
submillimeter-bright galaxies with
different quasar contributions

The work described in this chapter has been published in Astronomy & Astrophysics
Volume 679, A41, (2023)

3.1 Introduction

In the ACDM paradigm, galaxies form and evolve embedded in a filamentary cosmic web,
and grow by accretion of material from their surrounding medium. In turn, galaxies are
expected to modify and pollute their vicinities through several processes (e.g., photoion-
ization, outflows). The gas interface, extending beyond a galaxy’s interstellar medium,
but bound to the galaxy’s halo, is often called the circumgalactic medium (CGM; e.g.,
Tumlinson et al., 2017). The CGM extends over hundreds of kpc and naturally encodes
information on the interactions between a galaxy and its surroundings (e.g., inflows, out-
flows), making its direct study fundamental for the understanding of galaxy formation and
evolution.

The current generation of sensitive integral-field unit (IFU) spectrographs, such as
the Multi Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010) at the Very Large
Telescope (VLT) and the Keck Cosmic Web Imager (KCWI; [Morrissey et al., 2018) at
the Keck Observatory, are able to push observations to unprecedented surface brightness
limits (SB ~ 1072 ergs™ cm ™2 arcsec™?) allowing us to study the CGM in emission. For
example, observations of the Hydrogen Lyman-a (Ly«) emission line surrounding high-z
(2 < z < 6) quasars are now routinely reported (e.g., Borisova et al., 2016; /Arrigoni Battaia
et al.| 2018} [2019a; Farina et al., [2019; |Cai et al., 2019; O’Sullivan et al., |2020; |Mackenzie
et al., 2021a; |[Fossati et al., 2021)). The Lya emission traces large-scale (~ 100kpc), cool
(T ~ 10*K), and massive gas reservoirs within the dark-matter halos hosting quasars at
these redshfits, which are expected to have masses in the range M ~ 102 — 103 M, (e.g.,


https://doi.org/10.1051/0004-6361/202346879
https://doi.org/10.1051/0004-6361/202346879

40 3. Circumgalactic Lya emission around submillimeter-bright galaxies

Timlin et al. 2018, and references therein).

The main powering mechanism of the extended Lya glow is frequently invoked as
photoionization from the associated bright quasar followed by recombination in optically
thin gas (e.g., Heckman et al.,|1991a; Cantalupo et al., 2014; |[Hennawi et al., 2015} |Arrigoni
Battaia et al., 2015a; |Cai et al., 2018; Arrigoni Battaia et al., 2018). However, the detailed
radiative transfer of this resonant line emission, and the balance between different powering
mechanisms is still unclear and debated. Hydrodynamical simulations of z ~ 2 halos show
that photoionization from the central active galactic nucleus (AGN) and star formation
from companion galaxies can produce extended Lya emission (Gronke and Bird| 2017)).
Also, recent simulations of z 2 6 quasar nebulae showed that scattering of Ly« photons is
required to explain the morphology of the extended Ly« emission (Costa et al.;2022). This
work also showed that Lya photons from the quasar’s broad-line-regions (BLR), added in
post-processing, can contribute to the powering of the extended emission as quasar feedback
is able to open channels of least resistance for the propagation of such photons out to CGM
scales.

There are at least four possible mechanisms that could act together to power the ex-
tended Lya emission: (i) photoionization from the central AGN or companion galaxies,
(ii) shocks powered by galactic/AGN outflows, (iii) gravitational cooling radiation, and
(iv) resonant scattering of Lya. Disentangling their relative roles and making an unique
interpretation of observations is challenging (e.g., |Arrigoni Battaia et al., [ 2015b; |[Mackenzie|
, and it is at the root of the difficulties in firmly constraining the physical
properties of the emitting gas. Possible avenues to assess the contribution of different
powering mechanisms are polarimetric observations of the Ly« emission (e.g., Hayes et al.
2011} Kim et all,[2020)), or constraints on additional emission lines such as Ha, C1vA1549]]
and He11\1640, which also aid in determining the ionization state and metallicity of the
CGM (e.g., |Arrigoni Battaia et al., 2015a)). For each of the mechanism, the following
expectations hold:

e Photoionization from the central AGN: The AGN illuminates the CGM, which in turn
reprocesses the UV emission into a recombination cascade including detectable Lya, Ha
and He1r emission (e.g., Heckman et al., [1991a; (Christensen et al., [2006; [Smith et al.,
2009} |Geach et al., 2009; [Humphrey et all [2013). If the CGM is already enriched (e.g.,
from outflows) then extended C1v emission could also be detected.

e Shocks powered by galactic/ AGN outflows: The Ly« linewidths observed for nebulae
around quasars are generally as expected for quiescent gas in virial equilibrium with
the surrounding dark matter halo (Full Width Half Maximum FWHM ~ 600kms™';
e.g., [Arrigoni Battaia et al., [2019a}; [Cai et al. 2019; |O’Sullivan et al., [2020; [Lau et al.|
2022). However, broader linewidths on tens of kpc around some objects (e.g.,
et al., 2018; |Vidal-Garcia et all 2021)) are evidence for larger turbulence likely caused
by outflows from the central AGN. Shocks produced by this outflowing material can
produce Lya emission through collisional excitation and ionization (e.g., Taniguchi and|

| !The C1v line is a doublet with wavelengths 1548 A and 1550 A. |
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Shioya, 2000; Taniguchi et al., [2001; Ohyama et al., 2003; |[Wilman et al., [2005; Mori
and Umemura, |2006). The same mechanisms could also allow for the emission of C1v
and HeTr lines.

e Gravitational cooling radiation: As gas cools within dark matter halos, it will radiate
away the lost gravitational potential energy through cooling channels. The main result
is the emission of Lya photons produced by collisional excitations (e.g., [Haiman et al.,
2000; Furlanetto et al.l 2005} Dijkstra et al., 2006; Faucher-Giguere et al., 2010; |Rosdahl
and Blaizot), [2012a). Detecting any other line emission due to this mechanism would be
difficult with current facilities.

e Resonant scattering of Lya photons originating from compact sources: Ly« photons
produced by the QSO, the host galaxy and companion galaxies can contribute to an
extended Lya glow as they undergo resonant scattering while propagating outwards
through the CGM (e.g., Dijkstra and Loeb| |2008; Hayes et al., [2011; |Cen and Zheng;,
2013; |Cantalupo et al., 2014)). C1v is also a resonant transition and it could be detected
as extended glow if scattered by a C3*-rich medium. Recombination transitions (e.g.,Ha,
He1r) are expected to be more compact and narrower than Ly« (e.g., Prescott et al.|
2015).

In addition, resonant scattering is expected to take place also for the Lya photons
originating from the first three mechanisms. This results in broader lines and larger nebulae
due to the diffusion in space and frequency of the Lya photons (e.g., Dijkstra|2019).

Stacking analysis of several objects start to reveal extended line emission besides Lya.
Using MUSE data on 80 z ~ 3 QSOs (1 hour/source) Guo et al.| (2020) reported average
C1v, He1r, and Cui| SB profiles, implying high metallicities in the inner CGM. Moreover,
the latest and deepest (4 hours/source with MUSE) survey targeting high-redshift quasars
was able to reveal extended emission from Ly, C1v and tentatively from He1r (barely 20
significance) in their stacked analysis of 27 targets Fossati et al., 2021. They derived line
ratios and highlighted the difficulties in modeling the observed metallicities, but conclude
that the CGM gas is metal polluted at redshift 2 = 3 — 4.5. In particular, they discussed
that resonant scattering of quasar’s Lya photons could be an explanation to the observed
ratios and to why their sample shows emission which is more extended in resonant lines
(Lya and C1v) than non-resonant lines (Helr).

The longer term goal of our endeavor is to break the degeneracies between different
powering mechanisms. In this project, we present the Lya extended emission around dif-
ferent types of galaxies: unobscured quasars with a companion submillimeter galaxy (SMG;
e.g., [Smail et al| |1997), SMGs hosting quasars, and SMGs. While all these objects are
predicted to reside in similarly massive dark matter halos as quasars (102713 Mg; e.g.,
Wilkinson et al.| [2017; |Garcia-Vergara et al., [2020; |[Lim et al., 2020), and to have large
star-formation rates, they have different contributions of quasar radiation (from none to
bright unobscured quasars). We stress that the clustering of quasars is independent of the
luminosity of the quasar (—28.7 < M; < —23.8, Eftekharzadeh et al.|2015), hence looking
at different luminosity systems probes the effect of different levels of ionizing radiation in
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the same environment. Therefore, once corrected for the cosmological surface brightness
dimming, we expect that these systems (i) have similar contributions to the total Lya
emission radiated from gravitational cooling (Haiman et al., 2000), (ii) have different con-
tributions from AGN photoionization, star-formation, and from Ly« resonant scattering,
proportional to the AGN luminosity, star-formation activity, and Ly« photon budget in
compact sources, respectively, and (iii) have a shock contribution only when evidence of
violent kinematics are present on CGM scales.

We emphasize that all our targets have large infrared luminosities (Lpg ~ 1012713 L),
similar to those of SMGs, and which are caused by dust heated by high rates of obscured
star formation, with star formation rates of SFR ~ 100 — 1000 My, yr~! (Blain et al., 1999
Casey et al., 2014). In particular, recent works have shown that the distribution of dust in
some SMGs appears clumpy and displaced from UV regions, which allows a fraction of their
UV photons to escape (e.g., Hodge et al., 2015; |Chen et al., 2017). Our observations could
therefore estimate what fraction of escaping UV photons from star formation impinge on
their CGM. In other words, if cool gas is present around these sources, then we expect that
extended Lya emission due to star formation might be detected when there are enough
escaping UV photons reaching the surrounding gas distribution.

This paper is organized as follows. In Section [3.2] we describe in detail the sample,
observations and data reduction. In Section [3.3] we describe the analysis carried out in
order to reveal the extended emission around our sources. In Section [3.4] we present our
results, discuss the properties of the detected extended Lya emission such as brightness,
morphology and kinematics, and report constraints on additional emission lines. In Sec-
tion we compare our observational results with previous literature and discuss the Ly«
powering mechanisms mentioned above, showing that the firmest constraint is that against
the gravitational cooling scenario. above. We summarize our findings in Section [3.6, We
adopt a flat ACDM cosmology with Hy = 70kms~' Mpc ™, Q,, = 0.3 and Q, = 0.7, for
which the scale of one arcsecond corresponds to 7.0 kpc at the mean redshift of our sources
(z ~4).
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3.2 Observations and data reduction

3.2.1 Sample selection

This project exploits the spectral-imaging capabilities of VLT /MUSE to target five systems
with strong star formation, including a SMG hosting a QSO with an SMG companion
(QSO+SMG), two SMGs hosting a QSO, and two SMGs. In particular, the SMGs are part
of the first samples with a firm estimate of their systemic redshifts through the observation
of molecular tracers. Our sample is composed as follows:

e One radio-quiet unobscured bright quasar with a submillimeter companion galaxy ~4 arc-
sec to the NW of the QSO, BR1202-0725 (e.g., Omont et al., [1996b; Drake et al., [2020));

e Two quasars in SMGs, G09-0902+0101 and G15-1444-0044 (Fu et al. 2017). Even
though these sources are bright in the submillimeter, their quasar spectra appear un-
obscured in the rest-frame UV along the line of sight. They are therefore unobscured
QSOs hosted by SMGs. They are about one order of magnitude fainter than the quasar

in BR1202-0725;

e Two isolated SMGs (with no AGN) with spectroscopic redshift from [CII] and CO,
ALESS61.1 and ALESS65.1 (Swinbank et al., 2012} Birkin et al}, 2021).

3.2.2 VLT/MUSE observations and data reduction

The VLT /MUSE data were taken as part of ESO programmes 0103.A-0296(A) and 0102.A-
0403(A) in service modes on UT dates between January 2019 and August 2019 (PIL: F.
Arrigoni Battaia). The observations were taken in wide field mode, resulting in a 0.2”
spatial sampling of a 1’ x 1’ field of view. In this configuration MUSE covers the spectral
range 4750 — 9350 A with a spectral resolution of R ~ 2230 at 6078 A (the Lya wavelength
at the mean z of the sample). The observing blocks were organized in three exposures of
about 15 minutes each with < 5” shifts and 90 degree rotations. The observing conditions
were clear and the seeing at the expected Lya wavelength was of 1.13”, on average. In
addition, for BR1202-0725 we include, re-reduce, and add to our dataset the 48 minutes
dataset from Drake et al.[(2020), which was taken with MUSE in the same configuration as
part of ESO programme 0102.A — 0428(A) (PI: E. P. Farina), with two exposures with a
< 5" shift and a 90 degree rotation. These observations were obtained under good weather
conditions and a 0.6” seeing. In Table 3.1 we list the total exposure time and the seeing at
the Lya wavelength measured for each field from its final datacube (see Appendix .
The data reduction was performed using the MUSE pipeline version 2.8.3 |Weilbacher
et al. (2012, 2014} |2020)) as described in Farina et al.| (2019)), which consist of bias and dark
subtraction, flat correction, wavelength calibration, illumination correction and standard
star calibration. We continue with the removal of sky emission residuals, which we per-
form using the Zurich Atmospheric Purge software (ZAP; Soto et al.[[2016). The reduced
datacubes contain both the science data cubes and the associated variance cubes.
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Figure 3.1: Overview of the five targeted systems before subtraction of the unresolved
quasar’s point spread function and continuum sources (see Section . Left: Integrated
spectra of the QSOs and SMGs inside a 3” radius aperture. Vertical dashed lines indicate
the positions of the Lya and quasar broad lines (Sitv, C1v, He1r and C1it]). The gray
shaded region indicates the FWHM of the nebular Lya emission for the quasars (see
Figure and Table and the 30A narrow band used for the SMGs (see Figure .
Right: 30 A Surface brightness maps at the expected Lya wavelength of the targeted QSOs
and SMGs before PSF- and continuum-subtraction (see Section [3.3). The maps have a
side of 207, corresponding to about 129, 152, 148, 133 and 132kpc for BR1202-0725,
G09-09024-0101, G15-1444-0044, ALESS61.1 and ALESS65.1 respectively.
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The later are rescaled as usually done in the literature to reflect the empirical variance
in the data cubes, since the pipeline underestimates the variance due to correlated noise
at pixel level (e.g., Bacon et al.2015). The scaling factor is found to be on average 1.4,
consistent with previous works (e.g., [Borisova et al., |2016]), and is applied layer by layer
to the variance cube. The final variance cubes are used to obtain surface brightness (SB)
limits and associated errors of our estimates. After data reduction, we manually mask
artifacts that appear due to the edges of the MUSE IFUs. This process needs to be
performed for each single exposure before combining. During this step, about ~ 4% of the
pixels are masked on average per exposure. Masking is done by inspection of white images
(computed by collapsing the datacube along the spectral axis using the full wavelength
range). After masking, each exposure is aligned by performing a 2D gaussian centroid
fitting of point sources (stars) in each field for reference, then a simple offset is computed.
Finally the datacubes are combined using the median, the variance cubes are also combined
by performing error propagation.

At the expected wavelength of the Lya emission, the final 20 SB limit is on average
~3x 10®ergs~! em 2 arcsec™?2 for an aperture of 1 square arcsecond and a 30 A narrow
band. We list in Table [3.1] these SB limits.

Finally, Figure [3.1] shows the integrated spectra obtained from our MUSE data inside
a 3" radius aperture for each of the systems studied here, together with SB maps of 30 A
narrow-bands centered at the expected Ly« line wavelength before subtracting the quasar’s
point spread function and continuum sources. We can already see from this figure that
there is no detected emission from the SMGs. Note that for BR1202-0725, the observed
He 1l wavelength is located right before the edge of the spectral range (about 9A). In
Section we discuss in detail these observations and their analysis.

3.2.3 Physical properties of the sample

To homogenize our sample, we re-compute some of the galaxies’ physical properties in a
consistent way for all sources, namely infrared (IR) luminosity, SFRs and dust masses. To
do this, we use ancillary submillimeter data. We construct the 8-1000 pum spectral energy
distribution using the datapoints from |Omont et al.| (1996a) (at 1250 gm with IRAM 30 m)
and [lono et al.| (2006 (at 900 pm with the Submillimeter Array) for BR1202-0725, from
Fu et al.| (2017) (at 250, 350 and 500 pm with Herschel/SPIRE and 870 ym with ALMA)
for G09-0902+0101 and G15-1444-0044, and from [Swinbank et al.| (2012)) (at 250, 350 and
500 pm with Herschel/SPIRE and 870 um with ALMA) for ALESS61.1 and ALESS65.1.
In Table B.2l we summarize the fluxes of these submillimeter observations.

We estimate the dust masses of each source assuming a modified black body of the form
Sy < B, x [1 —exp (—v/1p)?] with vy = 2.0 THz and dust emissivity spectral index 3 =
2.0 (Fu et al., 2017), integrating to obtain the total IR luminosity between A = 8 —1000 pm.
We then use this integrated IR luminosity to estimate the SFR for each source using the
formula SFR = [L3E/(10'° L) Mg yr~! from [Fu et al| (2017), which assumes a |Chabrier
(2003) initial mass function. This procedure is reasonable as it has been shown that most
of the IR emission in these sources is dominated by star formation in the host galaxy (e.g.,
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Table 3.2: Summary of the ancillary data fluxes used to estimate the physical properties
of the sample.

ID So50 S350 S500 Sg70 S900 S1250
mJy mJy mJy mJy mJy mJy

1 - - - - 3244 | 12.59+2.28

2 | 5377556786 |459+9.3| 14.44+0.8 - -

3 1473+6.661.2+82|588+88| 6.0+0.6 - -

4 | 434+15 | 744+16 [102+£1.7|4.32+0.44 — -

5 - 76+14 |102+1.51|4.24+0.49 - —

lono et al.2006; Fu et al.[2017). The dust masses are derived using equation (3) of Chen
et al.| (2021)), assuming a rest-frame dust mass absorption coefficient gs0 ,m = 0.431 cm? g™*
from |Li and Draine, (2001). For BR1202-0725 we fix the dust temperature to Ty = 68K
(Leech et al.l 2001) as we only use the two available datapoints for the quasar, which
are not covering the spectral energy distribution (SED) peak. For the other sources we
find Tyt ~ 55 K. If we adopt this same temperature for BR1202-0725 we derive a 20%
higher dust mass. The derived dust masses (see Table are consistent with dust masses
reported in the literature for similar objects. Specifically, the dust masses of ALESS61.1
and ALESS65.1 are in agreement with the values estimated by [Birkin et al.| (2021).

Further, we provide a rough calculation to show that the halo masses of these systems
are within the range expected for quasars and SMGs at these redshifts (102 — 103 My,).
Specifically, we predict their DM halo masses using the halo mass-stellar mass relation by
Moster et al.| (2018) at their redshifts. We stress that the obtained estimates are affected
by large uncertainties given the scatter in this relation. For the two SMGs, ALESS61.1 and
ALESS65.1, we can rely on their stellar masses obtained through SED fitting by Birkin
et al| (2021), log(M,/[My]) = 10.33708% and log(M,/[My]) = 10.487013, respectively.
For the three quasar systems, we instead convert their total gas mass to a stellar mass,
assuming the gas to stellar mass ratio at their redshift from Birkin et al.| (2021)) (e.g., see
their Figure 9, left panel). For this step, we homogenize all the measurements obtaining gas
masses from the far-IR continuum following equation 3 in [Tacconi et al.| (2020), assuming
a gas-to-dust ratio of 100 (e.g., Riechers et al.2013). We find Mg = 8 x 10'° M, for
BR1202-0725, and Mg, = 6.3 x 10" Mg and Mg = 1.9 x 10'° Mg for G09-0902+0101
and G15-1444-0044, respectively. The value for BR1202-0725 is consistent with the value
computed from CO emission and assuming an aco = 0.8 Mg K~'kms™ pc? (Riechers
et al., 2006). We therefore homogenized the values in [Birkin et al. (2021) to this aco.
We stress that they targeted 61 SMGs with no clear sign of AGN activity, therefore the
used ratio may introduce a systematic bias for our QSOs which are hosted by SMGs.
We find stellar masses of M, = 6.715) x 10'° Mg, for BR1202-0725, and M, = 8.073%" x
10" Mg, and M, = 2.3%27 x 101 M, for G09-0902+0101 and G15-1444-0044, respectively.
Therefore, the expected DM halo masses using the halo mass-stellar mass relation by
Moster et al| (2018) for the targeted sources are: log(Mpnm/[Mg]) ~ 12.3 for BR1202-
0725, log(Mpm/[Mg]) ~ 12.5 and log(Mpy/[Me]) ~ 11.9 for G09-09024+-0101 and G15-
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1444-0044, and log(Mpwm/[Me]) ~ 11.9 and log(Mpm/[Mg]) ~ 12.0 for ALESS61.1, and
ALESS65.1, respectively. We quote the halo mass estimates as approximate because of the
large uncertainties inherent to the use of the relation in Moster et al. (2018]), the use of gas
masses to obtain stellar masses, and the uncertainty on the aco assumed, which could be a
factor of 5 higher if avqo is close to the galactic value (Bolatto et al., 2013|). Notwithstanding
these uncertainties, the values we find are consistent with the range of halo masses from
clustering studies (Timlin et al., 2018, and references therein). These estimates are key in
placing these systems in the context of galaxy formation, and in quantifying the expected
signal for gravitational cooling. Table summarizes most of the properties of our targets
(redshift, quasar’s bolometric luminosity, infrared luminosity due to star formation, SFR,
estimated dust mass, seeing at the Lya wavelength, exposure time and their type) with
their respective references.

3.3 Analysis: Revealing the large-scale emission

While SMGs are faint in rest-frame UV, we need to remove the unresolved quasar’s point
spread function (PSF) to reveal the extended emission around them. In the following sub-
sections we describe the method used to reveal the extended Lya emission. For this, we
develop new Python custom routines that construct and subtract the empirical quasar’s
PSF, similarly to what is usually done in the literature (e.g., Borisova et al.| 2016; [Huse-
mann et al) 2018; Farina et al., |2019; O’Sullivan et al., 2020). In summary, we build a
wavelength-dependent empirical quasar’s PSF which is later subtracted from the datacubes,
we then subtract continuum sources in order to obtain datacubes with pure extended line
emission. The steps for this method are described below.

3.3.1 PSF Subtraction

The quasars in our sample all outshine the host galaxy at the wavelengths targeted by
MUSE. As usually done in the literature, the PSF is computed at each wavelength by
constructing pseudo narrow-band images of 150 channels (187 A) centered at the quasar’s
position, and inside a box of size 6 times the seeing to ensure that its contribution at the
largest radii is negligible. We describe how the seeing is estimated for each observation in
Appendix [3.7.1]

We require that the PSF is not computed where we expect the extended line emission,
corresponding to wavelength ranges affected by broad quasar lines (such as, e.g., Lya,
CIV, Hell). These wavelength ranges are neglected and their PSF is computed at the
first available redshifted pseudo narrow-band. To identify where these wavelength ranges
are, we design a custom routine that automatically detects the location of line emission as
explained in detail in Appendix[3.7.2] In summary, we find the wavelength of local peaks in
the spectra that indicate expected line emission and define a conservative spectral window
of about A\ = 430 — 560 A (Av = 24400 — 26000 kms~') centered on each line, which is
excluded from computing the PSF. Such velocity ranges are much larger than the width
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of the discovered emission (Section [3.4)).

The empirical wavelength-dependent PSF is then rescaled at each layer to match the
quasar’s flux within the central 1 arcsec?. Due to possible cosmic rays, the scaling factor is
computed from the average sigma clip of the normalization region. We subtract the rescaled
PSF from the original datacube layer by layer, after masking negative pixels (at the edges
of the PSF where it approaches the background) in order to not introduce spurious signal.
In each field, we finally mask the 1arcsec? normalization region and exclude it from our
analysis.

The resulting PSF subtracted datacubes are already able to highlight the extended
emission around the quasars. However continuum sources in the field still need to be
removed in order to not contaminate the extended emission.

3.3.2 Continuum subtraction

After subtracting the empirical PSF, we remove the contribution from continuum sources in
all spaxels of our datacubes. For this, we first create a sky mask using the PSF-subtracted
white light image, for which we estimate the noise floor using an average sigma clip algo-
rithm and identify sources above 5 times this threshold. We estimate the continuum of the
identified sources by smoothing their spectra at each spaxel using an order 5 polynomial,
as done in the MPDAF Python package from Bacon et al.| (2016). Finally we subtract
the smoothed spectrum from each voxel of the identified sources. This process results in
a datacube of only line emission. To check the robustness of our PSF and continuum
subtractions we compare with the results from |Drake et al.| (2020) for BR1202-0725 and
find consistent results for the Ly« emission (emission morphology and levels), though our
data are deeper.

3.4 Results

The PSF- and continuum-subtracted cubes have been used to extract line emission nebulae
associated with the five targets. Below, we focus on the surface brightness maps, integrated
spectra, radial profiles and kinematics of the Ly« line emission. We also provide constraints
on additional rest-frame UV line emission, C1v, Si1v, Her11, and C III]E], when available
within the MUSE wavelength range.

3.4.1 Lya surface brightness maps and nebula spectra

To ease comparison with early narrow-band studies (e.g., |Cantalupo et al.. |2014)), here
we obtain SB maps by extracting 30 A narrow-band maps centered at the peak of the
Lya extended emission from the continuum- and PSF-subtracted cubes. The peak is com-
puted from the Gaussian fit to the integrated spectra inside a 3” radius aperture centered

2The C111] transition is a doublet of a forbidden and semi-forbidden transitions with wavelengths 1907
and 1909 A, respectively.
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Figure 3.2: Integrated spectra and surface brightness maps of the extended Lya emission
around the three systems with AGN. Left: Spectra of the identified Ly« nebulae (black
curve), integrated inside the 20 contour. The gray shaded area shows the channels used
to build the surface brightness map. The magenta vertical line indicates the Lya wave-
length from the systemic redshift of the quasars, while the blue vertical line indicates the
wavelength at the peak of the Lya spectra computed from the first moment of the line.
Overlayed in red is a Gaussian fit to the spectra. The velocity shift and the FWHM of
each system are listed in Table |3.3 The top axis of the spectra panels show the veloc-
ity shift with respect to the systemic redshift in kms™!. Right: Lya surface brightness
maps of BR1202-0725 (top), G09-0902+0101 (middle) and G15-1444-0044 (bottom) at
the expected wavelength from their systemic redshift (Table . The maps have a side
of 207, corresponding to about 129, 152 and 148 kpc for BR1202-0725, G09-0902+0101
and G15-1444-0044 respectively. A scalebar of 20 kpc is indicated on each map. The black
contours indicate surface brightness levels of 2,4, 10, 20, 50] o (see Table . These maps
are smoothed using a 2D box kernel of width of 3 pixels (0.6”). The central 1”7 x 1” re-
gion used for the quasar PSF normalization is masked and excluded from analysis. For
BR1202-0725, we indicate the position of the Ly« emitter (LAE) and SMG companions
(Carilli et al., 2013; Drake et al., [2020)) with a green and white cross, respectively.
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Figure 3.3: Integrated spectra and surface brightness maps of the two observed SMGs.
Left: Spectra integrated inside of the 2" radius aperture (black circle) of ALESS61.1 (top)
and ALESS65.1 (bottom). The gray shaded area shows the channels used to build the
surface brightness map, the magenta vertical line indicates the expected Lya wavelength.
Right: Lya surface brightness maps of the two SMGs at the expected wavelength from
their redshift shown in Table 3.1} The maps have a side of 207, which at their redshifts
correspond to about 133 and 132kpc for ALESS61.1 and ALESS65.1, respectively. A
scalebar is shown for each map. These maps are smoothed using a 2D box kernel of width
of 3 pixels (0.6”). The black circles indicate an aperture of radius 2” centered at the SMG
position.

at the quasar position after masking the 1arcsec? normalization region. To test possible

deviations from a Gaussian fit due to e.g. radiative transfer effects, we tested our calcu-
lation of the peak by estimating it using the first moment of the flux distribution within
+2.5x FWHM of that fit. We found agreement between the two calculations. The SB maps
for the quasar fields in our sample are shown in the right panel of Figure [3.2] and highlight
the different morphologies and brightness that we find around these sources. Specifically,
BR1202-0725 shows the largest Lya luminosity (~ 3 x 10%ergs™, or ~ 2.7 x 10* ergs™!
if we mask the LAE inside a 1.6” diameter aperture) and extent (A = 3062 pkpc?) (see
Table . The two obscured quasars show a factor of ~ 10 times smaller Ly« luminosity
and ~ 3 times smaller extent (see Table[3.3)). An extended Lya halo is not detected around
the two SMGs at the current depth. This can be appreciated from the 30 A SB maps at
the expected Lya wavelength shown in the right column of Figure [3.3] and also confirmed
by inspecting their integrated spectra within a 2” radius aperture (see left column of Fig-

ure . Appendix m presents the data shown in Figure and aS Xsmooth Maps
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(e.g., [Hennawi and Prochaskal2013)).

Given that the detected nebulae are at a different redshifts, we test their extent also
by using a common SB threshold corrected for cosmological dimming and compare to
another sample presented in |Arrigoni Battaia et al.[ (2023b)). This work report luminosity—
area relations for Lya nebulae around z ~ 2 — 3 type-I quasars obtained using different SB
thresholds. Because of the redshift of the targets and the sensitivity of our data, to compare
the detected nebulae we use the reference relation, the 2x and 4x higher SB thresholds in
that work for G09-0902+0101, G15-1444+4-0044, and BR1202-0725, respectively. By using
these specific SB isophote, we find physical areas of 878, 651, 2651 kpc? and Lya nebula
luminosities of 7.5 x 10%2, 9.0 x 10*2, 18.9 x 10*® erg s, respectively. These values are in
agreement with the relations reported in |Arrigoni Battaia et al. (2023b)), indicating that
also type-I quasars hosted by SMGs sit on these luminosity-area relations. Larger samples
are needed to confirm this finding.

Further, we extract an integrated spectrum for the Lya emission of each detected neb-
ula by using all the spaxels within the 2o contour of that nebula, shown in the left column
of Figure 3.2). We fit a simple Gaussian profile to describe the linewidth of the nebulae
spectra. We find that all the spectra have consistent broad (FWHM ~ 1500kms™!) line
profiles, with the presence of Ly« absorption features. Such broad lines are not frequently
seen around quasars (FWHM ~ 600kms™!; e.g., Borisova et al|[2016} [Arrigoni Battaia
et al. 2019a)), possibly indicating more turbulent gas reservoirs in the highly star-forming
environments targeted here. Interestingly, BR1202-0725 and G09-0902+0101 show inte-
grated Lya lines with positive shifts of the order of 300 — 400 kms~—! with respect to the
systemic redshift of each system, possibly indicating bulk winds. We note that G15-1444-
0044 also show a similar shift when using the maximum of its Ly« line as reference velocity
(see Table . These shifts are larger than the average positive shift found for quasars
with good systemic redshifts (from e.g., [CIT] 158 ym, 69 + 36 kms™!; [Farina et al. 2019).
We examine in detail the presence of an outflow for BR1202-0725 in Section [3.4.3]
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Table 3.3: Summary of the properties of the detected nebulae and upper limits for non-

detections.
y Object | BR1202-0725 | G09-0902+0101 [ G15-1444-0044 | ALESS61.1 | ALESS65.1 |
Loy © 193.6 +0.1 14.340.1 13.1+0.1 -
[x10%3 ergs~1]
Neb (b)
Lico 30.4+0.5 3.440.1 3.3+0.1 <0.2 <0.2
[x 1O4§’/erg s71]
Lo © <23 <0.2 <0.1 <0.7 <0.8
[x10%3 ergs~1]
Ly © <45 <0.1 <0.1 <1.0 <10
[x10%3 ergs~1]
Lya Nebula Area® | 73.0 (3062) 20.6 (1195) 17.5 (961) -
[arcsec?] (pkpc?)
SFRYeh (©) 276.9 + 4.1 30.6 £0.9 30.2+0.8 <2 <2
Mg yr~']
Avip o, @ 319 + 29 465 + 273 39 + 272 -
[kms™1]
FWHMF¢h (&) 1603 + 57 1578 + 93 1219 + 81 -
[kms™!]
SBsiv <05 <06 <07 <07 <12
% [10718}(h)
SBciv <10 <08 <06 <13 <13
% [10718}(h)
SBen <19 <05 <06 <18 <17
x[lO‘lS](h)
SBem - <12 <18 —
X [10—18}(}1)

(®): Quasars’ Lya luminosities obtained by integrating each quasar spectrum in +FWHM of the nebular
emission.

(b): Lya luminosities within the 20 contours of Figure for the three quasars. For the two SMGs, 20
upper limits rescaled assuming a nebula area of 20 arcsec? (from the 30 A narrow-band).

(©): 20 upper limits on the C1v and He 11 luminosities. For the three quasars, these are obtained for the
Lya nebula area within the the same velocity range as the fitted Ly« line (:I:FWHME;E) For
BR1202-0725, most of the velocity range redwards of the HelI line falls outside of the spectral range of
the MUSE datacube, therefore we use the same velocity span but shifted to the last available channels.
While for the SMGs, the limits are obtained assuming a nebula area of 20 arcsec? within a velocity range
equivalent to the Ly 30 A narrow-band.

(d): Area of the Lya nebulae inside the 20 contour.

(¢): SFR obtained from the Lyc luminosities listed in this table, assuming case B recombination and
Formula 2 in [Kennicutt| (1998]) (see section [3.5.1)).

(). Velocity shift between the quasars’ systemic redshift and the Lya peak velocity of the integrated
nebula spectrum computed as first moment. For completeness, the velocity shifts computed using simply
the maximum of each spectrum are 332 £ 29, 444 4 273, and 382 4 272 km s~ for BR1202-0725,
G09-0902+0101, and G15-1444-0044, respectively.

(8): FWHM of the Gaussian fit of the integrated Ly emission shown in Figure

(1): 20 surface brightness limits for an aperture equivalent to the nebula area (assuming 20 arcsec? for
the ALESS SMGs), and in a velocity range equivalent to the 30 A narrow-band used for Lyc, in units of

erg 871 cm*2 arcsec*Q.
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Figure 3.4: Lya surface brightness radial pro-
P, 7 1 files extraction. Left: Smoothed SB maps of
1 the quasar sample (same as in Figure
with the circular apertures used to extract
radial profiles overlayed. The gray circle in
each map indicates the 1 arcsec? region used
for the quasar’s PSF normalization, which is
neglected in our analysis. Right: Extracted
radial profiles inside each annulus. Open cir-
cles indicate negative values shown here for
completeness. The red line represents the
20 SB limit rescaled to the area of each an-
nulus. The blue dashed curve in the top
panel is the best fit of the datapoints above
the red line using an exponential function
with the form SBy,, = Cexp (—r/r), where
C =85.3+13.8x 10" ®¥ergs™! cm2 arcsec™2
and r, = 11 + 1 pkpc.

sl ]
10?2
Physical projected radius [pkpc]

3.4.2 Lya surface brightness radial profiles

In order to describe the morphology and relative brightness of our nebulae, we build circu-
larly averaged radial profiles as usually done in the literature (e.g., Arrigoni Battaia et al.,
2019a; Fossati et al 2021)). The radial profiles are extracted from the 30 A SB maps from
Figures [3.2], using logarithmically spaced bins starting at about 1.6”. The left panels of
Figure |3.4] show the circular apertures used to extract the profiles overlayed on the SB
maps for the detected sources, while the right panels show the individual extracted pro-
files. Filled circles represent positive mean SB values, while open circles represent negative
mean SB values. In the same figure, the solid red line represents the 20 SB limit within
each ring. From these profiles it is evident that the QSO+SMG system BR1202-0725 has
a more extended and bright nebula compared to the two SMGs hosting a QSO. We fit the
observed SB profile of BR1202-0725 with both an exponential SBr, = C'exp (—r/r,) and
a power law SByy, = C7® as usually done in the literature, finding a better agreement with
an exponential function. The scale length for the best fit is r, = 11 & 1 kpc. We do not
perform any fit on the other two detected nebulae given the limited radial range covered.
We discuss further these SB profiles in comparison to other samples in the literature in

Section B.5.2
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Figure 3.5: Kinematics of the detected Ly«
nebulae. Velocity shift Avpy, maps (left col-
TBRI202.0725] 1 umn) with respect to the Lya peak wave-
E P 1000 PEans o= length of the nebula (see Figure B-2), and
LA s00 £ velocity dispersion opy, maps (right column)
o ¢ of the Lya nebula around the three quasars,
AT computed from the first and second moment,
Tgos-o00zz0r01] respectively. The maps are smoothed as in
1000k } 1779~ Figure [3.2l The moment calculation is per-
formed only inside the 2¢ isophote of each
nebula. The position of the LAE and SMG
companion of the BR1202-0725 system are
marked with a green and white cross, re-
spectively. The side of the maps is 20” for
BR1202-0725, and 10" for G09-0902+0101
s and G15-1444-0044. A scalebar is shown for
each map. The gray circle in each map indi-
cates the 1 arcsec? region used for the quasar’s
PSF normalization, which is neglected in our
analysis.
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3.4.3 Lya kinematics
Mean velocity shift and velocity dispersion maps

We compute velocity shift and velocity dispersion maps for our detected sources by building
the first and second moment maps within narrow wavelength ranges, which are centered at
the peak of their nebula Ly« spectrum and encompass £FWHM of their gaussian fit (see
Table |3.3). Figure shows the velocity shift maps and the velocity dispersion maps on
the left and right columns respectively. The velocity shift maps are computed with respect
to the Ly« line peak of each nebula and highlight the complex kinematics of the nebulae,
likely affected by some Lya resonant scattering. We select the Ly« line peak as reference
to keep our sample homogeneous as we do not have an accurate systemic redshift for the
SMGs hosting QSOs. We find that BR1202-0725 presents a clear blueshifted and redshifted
component at velocities of ~ £400kms~!. Larger velocity dispersions are seen close to
the quasar (FWHM~ 1600 — 1800 kms™'), while we observe that the companion SMG
(indicated with a white cross) is located, in projection, in a region with more quiescent
kinematics with respect to the rest of the nebula (FWHM~ 1000kms™!). This might
be due to the fact that this zone is less turbulent or that dust absorbs some of the Ly«
photons (e.g., Laursen et al., 2009). However, we stress that there is a substantial velocity
shift between the SMG (—142.1km s !, with respect to the systemic z; |Drake et al.|2020)
and the Lya emission at its projected location (~ +400 km s™!), possibly indicating the
presence of peculiar velocities between the galaxy and the gas, on top of radiative transfer
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effects. Similarly, LAE1 shows a velocity offset of +42 km s~! with respect to BR1202-0725
(Drake et al.|2020), which is smaller than the Ly« velocity offset at its projected location.
We further study the large velocity components near the quasar in the BR1202-0725 system
in Section B.4.3]

The velocity shift and dispersion maps for G09-0902+0101 and G15-1444-0044 appear
noisy, possibly due to their lower surface brightness levels and the complexity of the gas
motions on these scales (e.g., Figure B1 in Costa et al 2022)). Deeper observations would
be needed to study in detail their kinematics.

Evidence of violent kinematics in BR1202-0725

As mentioned in Section we observe large Lya velocity dispersions near the QSO
position in the BR1202-0725 system. Indeed, we estimate a large Lyawe FWHM (see Ta-
ble , which could hint to the presence of large-scale outflows due to the QSO and
star-formation activity. Similarly large Ly FWHM (> 1000 km s™') has been observed in
the CGM around a broad-absorption line (BAL) quasar (Ginolfi et al., [2018)), suggesting
that we observe broader Lya emission when there are outflow signatures on small scales.

In this section, we further explore the aforementioned violent kinematics found in the
Ly« nebular emission of BR1202-0725. This nebula is bright and therefore we can access
the large velocity wings of its Lya line. Specifically, we investigate the difference in the
Lya line shape in the regions with positive and negative velocity shifts as seen from its first
moment map (see Figure . We show in the top left panel of Figure the integrated
spectra for regions with negative (blue) and positive (red) velocity shifts, with respect to
the peak of the nebular Ly« emission. For the integrated spectrum at positive velocities
we subtract the emission coming from a circular region of radius 1.6” centered at the
LAE companion position (from Drake et al.|[2020; see top-right panel in Figure to be
sensitive only to the emission from large-scale gas. Assuming this LAE follows a rescaled
version of the average SB profile for LAE presented by [Wisotzki et al. (2018), extended
emission associated with the LAE outside the chosen aperture should be below our 20
detection threshold, and therefore negligible.

We observe that both these spectra display large linewidths with wings at large ve-
locities (Av > 1000 kms™!). However, the spectrum for the positive velocities shows an
excess with a wing out to velocities as high as ~ 2500kms™! that can be appreciated in
the difference spectrum reported in the middle panel of Figure [3.6] Also, both spectra
show the presence of an absorption feature at velocities —470kms™!. This feature was
also reported in [Drake et al.| (2020)), who suggested that it is due to a shell of outflowing
material as usually invoked for the case of HzZRGs (e.g., van Ojik et al.[1997) and quasar
pairs (e.g., (Cai et al.| 2018} |Arrigoni Battaia et al.[2019b)).

Further, we investigate from which spatial region the largest velocity shifts are observ-
able. The bottom panels of Figure show Lya SB maps of BR1202-0725 using velocity
channels corresponding to the largest velocity shifts, indicated with blue and red shaded
regions in the spectra at the top panel respectively. These maps show that the largest
velocity shifts are located closer to the quasar position, extending out to about 20 kpc at
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Figure 3.6: Violent kinematics in the Lya nebula of BR1202-0725. Top left: Integrated
spectra of regions with negative (blue curve) and positive (red curve) velocity shifts for
BR1202-0725, with respect to the peak of the nebular Ly« emission (see Figure . The
spectra are taken after masking the 1”7 x 1” region of the quasar’s PSF subtraction and a
circular region with diameter of 1.6” at the LAE companion position. We indicate with
vertical lines the systemic redshift (solid magenta), the redshift of the SMG (black dashed)
and LAE (green dot-dashed) companions (Carilli et al., 2013; |Drake et al., [2020)). Top
middle: Residual spectrum between the positive and negative shift spectrum. We indicate
the systemic redshift with a magenta line. Top right: Lya velocity shift map computed from
the first moment using a spectral window of ZFWHM centered at the peak of the nebular
Lya emission (see Table and smoothed as in Figure . The position of the QSO
and LAE companion masks are indicated with a gray and green hashed circle, respectively.
Bottom left: Lya SB map using the spectral channels with the largest negative shifts of
the nebulae, indicated with a shaded blue region in the top left panel. The blue contours
indicate the 20 isophote of the extended emission shown in Figure [3.2l Bottom right: Ly«
SB map using the spectral channels with the largest positive shifts of the nebulae, indicated
with a shaded red region in the top left panel. Both of the SB maps at the bottom are
smoothed as in Figure 3.2l All maps have a side of 20” and black contours indicating
surface brightness levels of [2, 4,10, 20, 50] o within the respective wavelength ranges.
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the current depth. While all the described features are reminiscent of an outflow, radiative
transfer modeling is needed to test this scenario (e.g.,|Chang et al[|2023)). Such a modeling
is ongoing and will be presented in a future publication.

3.4.4 Searching for CIV and Hell extended emission

As mentioned in the introduction, the emission lines C1v and Hell could be used to
constrain the powering mechanism responsible for the observed nebulae, the hardness of
the ionizing spectrum of the powering source and shock scenarios, the metallicity, and the
extent of the enriched halo. For this reason we search for these lines in the final datacubes,
together with additional rest-frame UV emission lines, Sitv and C111], that could be used
to constrain the physical properties of the extended gas. For all the sources in our sample,
we do not detect extended emission in these transitions. For completeness, we present
in Figures [3.12] [3.13], [3.14] [3.15] and of Appendix XSmooth Maps obtained for
velocity ranges equivalent to the Lya 30 A NB and centered at the expected wavelengths
for Sitv, C1v, Hent and C111], respectively. For the BR1202-0725 system, the Helr line
is within the datacube spectral range, but the equivalent NB falls outside of the spectral
range. Therefore we use the last available channels to compute this ysmootn map. Since
there are no detections for any of these additional lines, we compute 20 SB upper limits
and rescale them to their respective Lya nebula area and assuming 20 squared arcseconds
for the ALESS SMGs, these values are shown in Table

We estimate the C1v/Lya and He11/Lya ratio upper limits for the three systems with
QSOs and discuss them in the context of the Lya powering mechanisms in Section [3.5.1
These are estimated from the total Lya luminosity of each nebula and the luminosity upper
limits of C1v and Helr (shown in Table . For BR1202-0725, the He1r velocity range
equivalent to the 2FWHM of the Lya line is outside of the spectral range, therefore we
use the same velocity span encompassing the line, but shifted to the last available channels
to estimate this limit. Therefore, we caution that this upper limit may not fully represent
the noise in the range £FWHM of the He1r line. However, as the HeII line is expected to
be narrower than the Lya emission, the range used surely quantifies the absence of a He 11
detection in the current observation.

3.5 Discussion

3.5.1 Extended Lyman-a powering mechanisms

The variety of the systems studied here (QSO4+SMG, two SMGs hosting a QSO, two
SMGs) enables us to discuss the different mechanisms through which extended Ly« nebular
emission could be produced. We will consider the following mechanisms: scattering of Ly«
photons produced in compact sources, ionizing and Ly« photons produced by ongoing star
formation, gravitational cooling radiation, shocks by galactic and/or AGN outflows, and
AGN photoionization followed by recombination. In principle, all these mechanisms could
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contribute together to the production of the observed extended emission and we discuss
their relative roles below. In brief, by revisiting each of the aforementioned mechanisms
we show that the firmest conclusion is that gravitational cooling is likely not contributing
significantly in powering the observed extended Ly« emission.

Scattering of Lya photons emitted by compact sources

Lya photons produced in compact sources can scatter out in the surrounding gas distribu-
tion, producing an observable glow. In this scenario, the surface brightness of the extended
nebular Lya emission is therefore expected to be proportional to the Lya photon budget
from the QSO (e.g., Hennawi and Prochaskaj, |2013)) and/or embedded galaxies, and no
significant extended HeI1 emission should be detected, as it is a recombination line (e.g.,
Prescott et al., |2015; |Arrigoni Battaia et al. 2015bllal).

For the systems studied here, the dominant contribution of Lya photons in BR1202-
0725, G09-09024-0101 and G15-1444-0044 is clearly the AGN. Indeed, in close proximity
to the extended Lya emission BR1202-0725 has three LAEs (Fiagp1 = (1.54 £ 0.05) X
107 ergs ™t em™2, Frape = (0.54+0.05) x 107 % ergs™  ecm ™2 and Fpaps = (0.24 £0.03) x
107 % ergs~! cm™2; Drake et al.|[2020), but their Lya emission is only 3% of the quasar
budget at those wavelengths (see Table (8.66140.004) x 10~ ergs~! cm™2). Instead,
G09-09024-0101 and G15-1444-0044 do not show LAEs in close proximity to their extended
Lya glow, while in the SMG fields we do not find evidence for any Lya emitting sources.
We compute an indicative number of Lya photons available for scattering by integrating
the quasar’s spectra using the ZFWHM of the nebular emission (luminosities listed in
Table . We find that for each quasar system these photons would be able to power
the observed Lya nebulae, with the quasar Lya luminosities exceeding by 6.4, 4.3 and
4.0 the nebular luminosities (computed in the same range; Table for BR1202-0725,
G09-09024-0101 and G15-1444-0044, respectively.

Interestingly, the Lya luminosity of the quasar in the BR1202-0725 system is 14X
greater than G09-0902+0101 and G15-1444-0044. In this scenario, if the conditions and
environment of these three systems are similar, this would predict a 14x more luminous
nebula around BR1202-0725. However, the dust mass in BR1202-0725 is on average 1.3 X
greater than in the two SMGs hosting QSOs, likely corresponding to a larger probability
of Lya absorption. Therefore, we would only expect a 10x more luminous nebula. This
calculation aligns well with the observation that the nebula around BR1202-0725 is 9x
more luminous than G09-09024-0101 and G15-1444-0044. Accordingly, the two SMGs,
where no strong source of Lya photons is observed, do not have an extended nebula.
Therefore the systems studied here are consistent with a picture in which the extended
Ly« level could be regulated by a combination between the QSO’s budget of Lya photons
and the dust content of the host galaxy.

To further test this trend, we obtain the nebula and quasar Lya luminosities for another

system with known extended emission and dust mass estimate (Mgus = (94 3) x 10% Mg;

Arrigoni Battaia et al|2022), finding Lf¢h = (33.7 £ 0.3) x 10%ergs™" and L%i? =

(110.0 £ 0.1) x 10*ergs™'. We find that also this system follows the aforementioned
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Figure 3.7: Ratio of the nebula and quasar

T ] Sa— s {1 Lya luminosities versus the dust mass of the
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tentative trend. To visualize this finding, Figure shows how the ratio L{ch/ LSSO?
decreases with Mg,.

We stress that previous works looking at variation of Lya luminosities for quasars’
nebulae against the QSO’s budget of Lya photons and/or the QSO’s luminosity (e.g.,
Arrigoni Battaia et al 2019a; Mackenzie et al., |2021a) found that if a relation is present,
its scatter is large. However, those studies did not have any information on the dust
properties of the host galaxies, which could be an important factor in finding a trend.
Larger samples of QSO Lya nebulae with well-studied QSO hosts are required to assess
the contribution from this scenario.

Moreover, the detected nebulae present an anisotropic distribution and an offset be-
tween the quasar position and the peak of the Lya emission. For example, BR1202-0725
shows no Ly« emission at the position of the dusty SMG (see white cross in Figure
and the peak of the Ly« distribution is closer to the LAE (see Figure where we expect
less dust content. The morphological differences and brightest part of the nebulae could
therefore be due to the distribution of scattering atoms and dust around each QSO, with
the denser regions and the dustier regions showing higher and lower Lya emission, respec-
tively. Therefore, due to all this, we cannot rule out that resonant scattering of the QSO’s
Lya photons can contribute in powering the detected nebulae.

Finally, we stress two important caveats. First, the same morphological and surface
brightness differences observed between the detected nebulae could also be due to variations
in the gas physical properties (e.g., density, local dust content) in a photoionization scenario
(see Section . Secondly, differences in surface brightness could also be produced due
to the different local environment in which the extended emission is observed (e.g., presence

of companion galaxies) as it is the case for BR1202-0725. We discuss this possibility in
Section [3.5.2

Star formation

The Lya emission could also be powered by recombination radiation which follows pho-
toionization by the strong star formation of the targeted sources. As any Ly« emission
mechanism this process can be followed by resonant scattering, which we do not take into
account in this section. In this scenario, the Lya luminosity is expected to be propor-
tional to the SFR of the embedded sources, modulo the escape fraction of their ionizing
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and Lya photons. We can get a rough estimate of the SFR needed to power the observed
extended nebulae by assuming that all of the Lya luminosity is produced by star formation
under case B recombination (L, = 8.7Ly,) and using the Equation 2 of [Kennicutt| 1998;
SFR(Mg yr™') = Lya/(1.26 x 10* ergs™). For the SMGs we do not find any extended
Lya emission, therefore we report upper limits for their Lya SFRs. We compute them
from their 20 SB limit (for a 30 A narrow band) scaled to a similar nebula area as for
the two SMGs hosting a QSO (20 arcsec?). All the determined SFR values are listed in
Table B.3

We compare these derived instantaneous SFRs (timescales up to ~ 10 Myr; [Kennicutt
and Evans| [2012) with the SFRs estimated from the IR (timescales up to ~ 100 Myr;
Kennicutt and Evans| 2012)), assuming a constant star-formation history. We find that
the available star-formation is larger than that estimated from the Lyc«, implying that it
would be enough to power the detected Lya nebulae, also when a very small (2 — 5%)
escape of ionizing photons is taken into account. Interestingly, a similar result was found
for z ~ 6 quasars (median value < 1%; [Farina et al.|2019). However, the fact that we do
not detect emission in the surrounding and proximity of the three SMGs in our sample
(the two ALESS sources and the SMG companion of BR1202-0725), run counter to the
star formation scenario. Indeed, the ratios between the detected nebular emission for the
quasars in our sample (which are all hosted by SMG-like galaxies) and the upper limits for
SMGs are > 16—160, much larger than the ratios between the SFRs for the targeted objects
(4—13). In other words, if star-formation is the main powering mechanism of extended Ly«
the SMGs should have nebulae with Ly, = 4.4 x 10% ergs™!, which would be detectable
in the current dataset if they spread out on scales similar to the nebular emission around
the two SMGs hosting a QSO. The fact that we do not detect such emission means that
most of the ultraviolet photons produced by star-formation (> 95%, using the 20 limit)
do not escape these galaxies. We stress that the dust contents estimated for the SMGs are
the smallest in our sample (Table . Therefore it would be required a drastic change
in dust geometry and dust grain properties between the different sources to ascribe the
diversity of Lya nebulae in this sample to star-formation. Thus, star formation seems to
have a minor role in powering the extended emission in these sources.

Gravitational cooling radiation

Large-scale Lya emission could be produced by gravitational cooling radiation, originating
from cold streams accretion. Rosdahl and Blaizot| (2012a)) and [Trebitsch et al.| (2016) have
done radiative transfer calculations to test this scenario, and found that it can reproduce
the sizes and luminosities of extended Lya emission in massive halos, together with their
polarization pattern.

In this scenario, for the high DM halo masses inferred for our sources (see Section [3.2),
uncertain analytical and numerical calculations predict the extended Lya luminosities to
be proportional to the DM halo masses, and the peak of the signal to be located at the
center of the gravitational potential well (Dijkstra and Loeb, 2009; [Faucher-Giguere et al.
2010). We stress upfront that the DM halo masses currently available are highly uncertain
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(see caveats in Section [3.2.3). However, it is of interest to check whether they favor a
gravitational cooling scenario, also to make predictions for future observations.

For the inferred DM halo masses we would expect G09-0902+0101 to have the brightest
Lya glow, followed by BR1202-0725 (1.6x dimmer), and then G15-1444-0044 and the
SMGs (10x dimmer). However, the Lya nebulae around SMGs hosting a QSO are 9
times fainter than the nebula around the QSO+SMG system. Moreover, in this scenario
the SMGs should have extended emission only two times dimmer than BR1202-0725, but
they are not detected at the current depth. Therefore there is no clear evidence that
gravitational cooling powers these nebulae. This is also supported by recent cosmological
simulations of high-redshift QSO halos post-processed with radiative transfer calculations
(Costa et all [2022). the contribution from gravitational cooling is about one order of
magnitude lower compared to the effects of recombination and scattering of Lya photons
from the BLRs of quasars. A factor of ten lower emission with respect to the SMGs hosting
a QSO cannot be detected in the current dataset.

To search for the gravitational cooling signal one should therefore target obscured
isolated galaxies, such as the SMGs studied here. Indeed, in these objects there should be
only a very minor contribution from the other mentioned mechanisms. To search for the
gravitational cooling signal at a factor of ten lower SB level than for the SMGs hosting
QSO studied here, one would need to be able to detect an average signal of the order of
SBrya ~ 4 x 107 ergs™ cm~? arcsec™2. This depth could be achieved at high significance
(30) with a MUSE 75 hours exposure of an individual system or with a stack of multiple
systems with an equivalent total exposure time. The detection of this signal would give an
independent indication of the halo mass of SMGs and of its cool gas mass fraction.

Shocks by Galactic/AGN outflows

We observe broad Lya linewidths (FWHM ~ 1500 kms™!, see Table in all our nebulae
around QSOs. These FWHM are broader than usually reported in the literature (FWHM <
940 kms™?!, e.g., Borisova et al|2016} Arrigoni Battaia et al|2018} Fossati et al.[2021)),
suggesting the presence of violent kinematics (shocks) driven by the QSO and/or star-
formation activity. Indeed, the sound speed in the ambient hot medium (7" ~ 5 x 10° K) for
a 10125 M, dark-matter halo is ¢s ~ 260 kms~!. Moreover, we observe a positive velocity
shift in all our nebulae with respect to the QSO’s systemic redshift (Figure , which
could further indicate the presence of bulk outflows as traced by Lya resonant scattering
effects.

In order to build intuition about a shock scenario, we compare C1v/Lya and He11/Lya
line ratios to those predicted by shock and shock+precursor models from Allen et al.| (2008]),
as done in previous works (e.g., |Arrigoni Battaia et al.2015b; Herenz et al.|2020). When
doing this, we imagine the Lya extended emission as the result of shock fronts propagating
at velocity vs in a medium with pre-shock density ny. In such scenario, the Lya flux
follows Fiyq o< ngv? (Allen et al., 2008). We limit the models by |Allen et al| (2008) to a
realistic set of parameters for the nebulae here studied: ng = 0.01,0.1,1.0, 10, 100 cm =3,

and v, in the range 100 — 1000kms~! in steps of 25kms™!. We use models with solar
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Figure 3.8: C1v/Lya and Hell/Lya line ratio upper limits (20) for the sources studied
here with detected extended Ly« nebulae (star symbols). The line ratios are computed
from the nebular luminosities listed in Table 3.3} The left panel shows the model grids for
the shock scenario, while the right panel shows the model grids for the shock+precursor
scenario from |Allen et al. (2008). Overlayed are derived line ratios and upper limits for
QSO nebulae from Borisova et al.| (2016)) as cyan circles, stacked nebulae around z = 3—4.5
QSOs inside a radial bin of 10 < R/kpc < 30 from Fossati et al. (2021) as a white cross,
and one extremely red quasar at z ~ 2.3 (Lau et al[2022) as a magenta cross.

metallicity and adopt a magnetic parameter B/n'/? = 3.23 4G ecm?®/2, which is expected for
ISM gas assuming equipartition of magnetic and thermal energy. However, we stress that
the selected models do not vary strongly with either of the two latter parameters because
of the strong dependence of the ionizing flux on the shock velocity.

In more detail, in the shock models the emission is produced within the region ionized
and excited by the shock. While in the shock+precursor scenario, it is taken into account
also the component ionized by the extreme ultraviolet and X-ray emission emitted upstream
from the shocked regionf} We caution upfront that these models could underestimate the
extended Lya emission since the contribution of resonant scattering is not considered. This
effect would therefore shift the grids to lower values for both ratios.

Figure shows the C1v/Lya versus the Hell/Lya upper limits for our sources in

3More details on the physical mechanism at play in each model and on the production of different lines
can be found in [Allen et al.| (2008).
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comparison to literature data and the model grids taken from Allen et al. (2008). The
quasars studied here are shown with star symbols. The values are computed from the
integrated luminosities within the nebula area (see Table B.3)). The left panel shows the
shock model grids while the right panel shows the shock+precursor model grids. We also
compare our data-points to literature data for quasars’ nebulae. Specifically, we indicate
the line ratios for z ~ 3.5 QSO nebulae from Borisova et al. (2016), stacking results for
nebulae around z = 3—4.5 QSOs inside a radial bin of 10 < R/kpc < 30 from [Fossati et al.
(2021)), and one extremely red quasar at z ~ 2.3 (Lau et al.|[2022)). We see that for the
systems studied here the shock only scenario allows for larger shock velocities (vs 2 300)
than the shock+precursor scenario, which restricts velocities to v ~ 300 — 500 kms™1.
Most of the upper limits in the literature and our most stringent data would require pre-
shock densities ny = 0.5cm ™ for both models. In the next section we show that similarly
dense gas is needed in a photoionization scenario where Ly« scattering from the quasar is
neglected (e.g., |Arrigoni Battaia et al.; [2015al).

Photoionization from AGN followed by recombination

Unlike the quasars studied here, the SMGs do not present Lya emission at the current
depth, indicating that AGN are vital for the powering of the observed extended nebulae.
We note that even though all the QSOs in our sample are hosted by SMGs, they have a
spectra consistent with the average unobscured quasar templates (e.g., Lusso et al. 2015,
see Appendix [3.7.4). In section we discussed the likely contribution of resonant
scattering of the AGN Lya photons in powering the large-scale Ly« emission. Here, instead,
we assess the impact of AGN photoionization on the observed Lya surface brightness
following the framework presented in Hennawi and Prochaska (2013)). In this scenario, the
Ly signal is produced in the recombination cascade following the gas photoionization due
to the central AGN. The cool (T ~ 10* K) gas is assumed to be organized in small clouds
with a single constant hydrogen volume density ny, constant hydrogen column density
Ny, and uniformly distributed within a spherical halo of radius R, such that the clouds
covering factor is fo. The Lya surface brightness can then be estimated using simple
relations for two limiting cases, optically thick (Ngp > 10'"?cm™2) and optically thin
(Nmr < 1075 em™2) gas to ionizing radiation.

In the optically thick scenario, a thin surface of the gas clouds will emit Ly« photons
proportionally to the number of impinging ionizing photons (determined by the specific
luminosity at the Lyman edge, L,, ) and decreasing with distance from the quasar as R™.
The Lya SB in the optically thick regime (SBtL}g;k) is given by equation 15 of Hennawi and
Prochaskal (2013)).

As done in Arrigoni Battaia et al| (2019b)), we estimate L, , of the quasars assum-
ing a spectral energy distribution (SED) described by a power law of the form L, =
L, . (v/vL)*vY and slope ayy = —1.7 as obtained by |Lusso et al.| (2015). We show a com-
parison of the QSOs spectra and assumed SEDs in Figure from Appendix [3.7.4] and
confirm that these standard QSO templates adjust to our dataset. In particular, we stress
that the two SMGs hosting a QSO in our sample are not obscured in their rest-frame UV
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along the line of sight, as discovered by [Fu et al| (2017). We find log(L,,, /[ergs™ Hz™])
values of 31.8, 30.4 and 30.6 for BR1202-0725, G09-09024-0101 and G15-1444-0044 respec-
tively. We estimate the observed SBihyiflk at the same distance R = 13kpc for all of the
nebulae and compare to the observed values at the same distance, which is the maximum
projected distance in common to all studied nebulae. We assume a covering factor of fo =1
for the clouds (fc > 0.5 as favored by the observed diffuse morphologies, e.g., |Arrigoni
Battaia et al,2015b) and hydrogen column density of Ny = 10?%%cm™2, as the median
value obtained in absorption studies of z ~ 2 quasar halos (Lau et al.|2016). In principle
the covering factor could be even fo > 1, indicating a clumpy medium with a larger volume
filling factor. However we chose a value of 1 to simplify equations and ease comparison with
previous works. We derive SBtL};;k values of 16.5, 2.6 and 2.8 x 10~ ¥ ergs~! cm~2 arcsec 2
for BR1202-0725, G09-0902+0101 and G15-1444-0044 respectively. These values are a
factor of 500 — 600 times greater than the observed values at the same distance, which
are 24.6, 4.3 and 5.5x107 ¥ ergs~! em~? arcsec~? for BR1202-0725, G09-0902+0101 and
(G15-1444-0044 respectively. Therefore we conclude that a pure optically thick regime is
unlikely to be found in these systems, unless very small covering factors (fc ~ 0.002) or a
very small escape of Lya photons are considered. This is consistent with several previous
works (e.g., Arrigoni Battaia et al.[2015a) 2019b; [Farina et al.|2019; Drake et al.|2020).

Consequently, if the quasar directly shines on the surrounding gas, it is more likely in
place an optically thin scenario, where the gas is highly ionized and the Lya recombination
signal depends on the gas properties (ny, Ny; equation 10 of Hennawi and Prochaska
2013). Considering the Lya SB in the optically thin regime (SBi%2) as the observed
average SB at R = 13kpc, we estimate the gas volume density ny needed to power the
observed Lya nebulae, assuming once again a covering factor of fo = 1 and hydrogen
column density Ng = 102°° cm=2. We find values for ng of 13.3, 0.6 and 1.0cm™3 for
BR1202-0725, G09-0902+0101 and G15-1444-0044, respectively{] These large ISM-like
values are usually inferred by other observational studies targeting quasar nebulae (see
e.g., Hennawi et all 2015} |Arrigoni Battaia et al., 2015a; |Cai et al., 2018} |Arrigoni Battaial
et al., 2019b), however those studies did not have information on the dust content of the
QSO’s host galaxies. The density values are high for CGM gas compared to those found
from simulations for z ~ 3 massive systems (Rosdahl and Blaizot} [2012a)), which are not
able to resolve this gas phase.

Recent observational works showed that the high-z CGM has a multiphase nature, with
even molecular gas detections on tens of kpc around some active objects (e.g., high-redshift
radio galaxies, Emonts et al.|2016; quasars and SMGs, |Vidal-Garcia et al|2021). It seems
therefore realistic that the simulations need large clumping factorf] to match the observed
Lya surface brightness on CGM scales (e.g, Cantalupo et al, [2014} |Arrigoni Battaia et al.)
2015a; (Cai et al., |2018). However, it is still a matter of debate how strong the clump-
ing needs to be. Large clumping factors are required when assuming only recombination

4We compute the density values at a specific distance neglecting dust at that location. We stress that
changes in the Ly« surface brightness morphology in a photoionization scenario can be due to changes in
the density and dust content.

®The clumping factor is usually defined as C' = (n¥)/(nu)? (e.g., Cantalupo et al., [2014).
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(C' ~ 1000, Cantalupo et al.|2014), while a contribution from other mechanisms (i.e., colli-
sional excitation and/or resonant scattering of QSO’s Ly« photons) would result in a more
moderate clumping.

If the photoionization scenario is the dominant mechanism, we would expect to detect,
in deep observations, additional emission lines (e.g., HeI) from the quasar’s CGM. In
particular, in a recombination-only scenario, the He11/Lya ratio should be ~ 0.3 if Helium
is fully doubly ionized (Arrigoni Battaia et all [2015a; Cantalupo et al., 2019). Lower
fractions of fully ionized Helium and the contribution of additional mechanisms in the
budget of Lya photons would result in lower ratios. Stacking analysis of z ~ 3 — 4 quasars
clearly detected extended Lya and C1v, and only marginally Helr (e.g., [Fossati et al.
2021). That work emphasized that Cloudy photoionization models of gas on CGM scales
require scattering of the quasars’ Lya photons to match the observed line ratios using
reasonable values for CGM metallicities. Since we detect Lya emission and do not detect
He1r, resulting in similar upper limits as |[Fossati et al. (2021) (He1r/Lya < 0.03 ), we
cannot provide further insights on this problem. Future works are needed to establish the
relative contribution of recombination and QSO’s Lya scattered photons to the Lya glow
on CGM scales.

3.5.2 Comparison with previous Lya SB radial profiles

Figure shows the SB radial profiles of the three detected targets as red stars, green and
yellow diamonds for BR1202-0725, G09-09024-0101 and G15-1444-0044, respectively, as a
function of comoving projected radius, and corrected by cosmological dimming. The pro-
files are shown only for annulus above the 20 SB limit for that ring (red line of Figure[3.4).
Once again, it is evident that the nebulae associated with the SMGs hosting a QSO are
dimmer and more compact than the one around the QSO+SMG system. Further, the same
figure shows a comparison with different samples from the literature (see figure caption and
legend), highlighting the respective 25 — 75 percentile ranges when available. We find that
the sources in our sample are outliers for any of the z 2 3 bright quasar samples (Arrigoni
Battaia et al., 2019a; Farina et al., 2019; Fossati et al., 2021)). However, we find that our
faint, but submillimeter-bright z ~ 3 quasars present nebulae akin to those found around
similarly faint (imag < 19.5) 2z ~ 3 quasars (Mackenzie et al.|2021a), and that resemble the
median profile from the lower redshift (z ~ 2.3) sample from |Cai et al.|(2019). This once
again stresses the large difference between nebulae of bright z ~ 2.3 quasars and those of
bright z ~ 3 quasars, which has been argued to be most likely driven by a different halo
accretion regime (e.g., Arrigoni Battaia et al.[[2019a; Farina et al.|2019; |[Fossati et al.[2021)).
For completeness, we also show the observed average SB profile of z = 2.65 Lyman Break
Galaxies (LBGs) from [Steidel et al.| (2011). These galaxies are sources at the lower end of
the halo masses probed by our sample (median halo mass of Mpy = 9 x 10! M; |Steidel
et al. 2011, and show both signatures of Ly« emission and absorption on galaxy scales,
but they do not have an AGN contribution. LBGs clearly have an SB profile fainter than
sources hosting QSOs, further stressing the importance of AGN in powering strong Ly«
emission.
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Figure 3.9: Circularly averaged SB as a function of comoving projected radius of the nebu-
lae detected in our quasar sample (red stars, green and yellow diamonds for BR1202-0725,
G09-09024-0101 and G15-1444-0044, respectively), corrected for cosmological dimming.
The red and purple squares with arrows indicate the upper limits for ALESS61.1 and
ALESS65.1, respectively. Different profiles from the literature are indicated as colored
circles with their respective 25 — 75 percentile ranges when available. The z = 3.17 sample
of the QSO MUSEUM from |Arrigoni Battaia et al|(2019a)) is shown in yellow. The SB
profile (taken from|Arrigoni Battaia et al.|2016]) of the z = 2.28 Slug Enormous Lya Nebula
(ELAN) is shown in blue (Cantalupo et al.|[2014). The z = 6.2 quasar sample from Farina
is shown in magenta. The z = 3.8 quasar sample from Fossati et al.| (2021) is
shown in cyan. The z = 2.3 quasar sample from |Cai et al. (2019)) is shown in orange. The
median profile of the faint quasar sample at z = 3 from [Mackenzie et al. (20214a) is shown
with black connected circles. We computed the SB profile of the galaxy group SMMJ02399
comprising a quasar and an SMG at z = 2.8 from [Li et al.| (2019) (gray connected circles).
Finally, the fit to the observed SB profile for z = 2.65 LBGs from [Steidel et al| (2011) is
shown with the black dashed curve.
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On the other hand, the QSO+SMG system BR1202-0725 has clearly an enhanced
brightness with respect to all other profiles. This could be due to several factors, like
(i) the merger state of this system with interacting galaxies (an SMG, a QSO host and
a LAE), likely providing a larger reservoir of cool gas with respect to individual halos
and possible supply for diffuse star formation (e.g., Decarli et al.|2019)), (ii) the presence of
dense gas on CGM scales, as directly evident from the presence of a bridge of [C 11| emission
between the QSO and the SMG (Drake et al., 2020), and (iii) presence of galactic and AGN
winds/outflows that could enhance densities in their surroundings and/or favor the escape
of Lya photons (e.g., Costa et al.[2022). To confirm whether brighter SB profiles are typical
for QSO+SMG systems, we extract the radial profile for the SMMJ02399 system at z = 2.8
(gray points) from |Li et al.| (2019)). This system is also known to have a multiphase CGM
with a cold diffuse molecular phase extending out to at least ~ 20 kpc (Vidal-Garcia et al.
2021). We also find that this system is at the high end of the radial profiles, even though its
redshift is lower. This finding further suggests that QSO+SMG systems are the pinnacle
of Lya emission at each redshift. Further evidence of this comes from the comparison of
the SB radial profile of the z ~ 2.28 Slug Enormous Lya Nebula (ELAN, blue points)
from |Arrigoni Battaia et al. (2016]) with the profiles of similar bright quasars at z ~ 2 ((Cai
et al., 2019)). The Slug ELAN is known to host an SMG undergoing ram-pressure stripping
within the halo of a bright QSO (Chen et al.2021). Similar to the aforementioned cases,
the SB profile of the Slug ELAN is above the average z ~ 2 quasars’ profile. However,
its SB profile is not as high as the one found for BR1202-0725 and SMMJ02399, possibly
indicating a difference in the densities and reservoir of cool material around these systems
from high to low redshift (e.g., |Arrigoni Battaia et al.2019a). In the same figure we
also indicate the 20 upper limits for the SB inside each ring for the SMGs, as the red
(ALESS61.1) and purple (ALESS65.1) squares with arrows. We find that the Lya SB for
isolated SMGs is at least a factor of 2 fainter than that of quasars at similar redshifts.

Finally, we compare the scale length r, = 11 & 1 kpc obtained for BR1202-0725 in
Section with those reported for the average profiles of type-I quasars at bracketing
redshifts z ~ 3 and z ~ 6. We find that BR1202-0725 sitting at z = 4.6942 has a scale
length smaller (larger) than the sample at z ~ 3 (z ~ 6) when looking at physical scales,
r, = 15.7 kpc (Arrigoni Battaia et al.[2019a)) and r, = 9.4 (Farina et al.[2019), respectively.
This would translate to similar scale lengths in comoving units as can be appreciated in
Figure [3.9] Larger samples of quasar’s nebulae at z ~ 5 are needed to firmly constrain
these values.

3.6 Summary

With VLT/MUSE, we targeted five z ~ 3 — 4 submillimeter-bright systems to unveil ex-
tended Lya emission, discuss the contribution of different powering mechanisms, as well
as compare our results to the plethora of z > 2 quasar observations. Specifically, our ob-
servations comprise systems with different degrees of quasar illumination: a QSO+SMG

system (BR1202-0725), two SMGs hosting a QSO (G09-0902+0101 and G15-1444-0044),
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and two SMGs (ALESS61.1 and ALESS65.1). All these objects are expected to sit in halos
as massive as those hosting quasars (section . Below, we summarize our observational
findings:

e We find that our targets have very different Lya morphologies and brightness levels.
The QSO+SMG system presents the highest levels of Ly« emission, probably reflect-
ing the richness of its halo environment in terms of mass and density of the cool gas
phase (top panel of Figure and section [3.5.2). We do not detect any extended

Lya emission around the two SMGs.

e All the detected Ly nebulosities present more violent kinematics (FWHM> 1200 kms™1)
with respect to nebulae around quasars at similar redshifts (FWHM~ 600 km s™!; |Ar-

rigoni Battaia et al.[2019a; Fossati et al|2021)). In particular, we find evidence of
large-scale outflows in the BR1202-0725 system (Figure [3.4.3)).

e None of the targeted systems show extended emission in other rest-frame UV lines
besides Lya down to ~ 1078 erg s= cm ™2 arcsec™2 (20 in 30 A; Section [3.4.4)).

e The two SMGs hosting a QSO have CGM Ly« profiles about 3 times fainter than
the typical z ~ 3 quasar halo, resembling the median profile of similarly faint quasars
Mackenzie et al| (2021a)) (Figure [3.9) section [3.5.2). We also find that their Lya
emission is at similar levels than the emission around bright z ~ 2 quasars, further
indicating the remarkable difference between the Lya emission around bright z ~ 2
quasars and higher redshift quasars (e.g., |Arrigoni Battaia et al.|2019a; |[Farina et al.
2019; [Fossati et al.[2021).

We then discuss our observational results in the context of the relative roles of the
different Lya powering mechanisms presented in Section [3.1} resonant scattering of Ly«
photons for embedded sources, gravitational cooling radiation, shocks by galactic/AGN
outflows, and photoionization from AGN or star-formation followed by recombination. We
briefly summarize our results here.

Cooling radiation is unlikely to be the main powering mechanism, because we would
expect the Lya emission to scale proportionally to the halo mass (see Section . There-
fore, we should have detected similar levels of Ly« emission for the similar halo masses of
our sample (e.g., Haiman et al., 2000; Rosdahl and Blaizot, 2012a). We propose that more
observations of obscured systems, such as isolated SMGs, could provide test cases for this
scenario.

We cannot rule out that resonant scattering of Lya photons emitted by compact sources
could have a significant contribution to the observed nebulae. Indeed, we observe that the
extended Ly« level is consistent with being regulated by the budget of QSO Ly« photons
modulo the dust content on galaxy scales. Sources with no Lya emission on small scales,
i.e. the SMGs, do not show extended Ly« emission. However, due to the small size of our
sample we cannot provide firm constraints on the relationship between the extended Ly«
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luminosity and the budget of QSO Lya photons. Therefore larger samples of QSO Ly«
nebulae with information on their host galaxies are needed.

Regarding the star-formation scenario, by comparing the inferred SFRyy, between our
nebulae (Table to the derived SFR from their total IR luminosity (Table [3.2), we
show that the available star-formation in these systems should be enough to power the
Lya nebulae (see Section [3.5.1). However, the fact that we do not detect extended Ly«
emission around the SMGs suggests that photoionization due to star-formation followed by
recombination (and resonant scattering) has a minor role in powering these nebulae likely
because most of the UV and Lya photons from star-formation do not escape these dusty
galaxies.

Also, the aforementioned presence of large Ly« linewidths and positive velocity shifts
(Table [3.3) of the QSO’s nebulae motivates us to test a large-scale outflow scenario in
Section [3.5.1] We compare the C1v/Lya and He11/Lya line-ratio upper limits with shock
and shock+precursor models from Allen et al. (2008). We find that the ratios for our
systems agree with the models with shock velocities v > 300kms~! for the shock only
scenario and vs ~ 300 — 500 kms~! for the shock+precursor scenario. Both cases allow for
a high pre-shock density of ny > 1cm™2, usually not resolved in cosmological simulations
and expected within the interstellar-medium.

Moreover, we find that the AGN presence is essential for powering the observed Lya ha-
los, as only systems with quasars show an extended Lya glow, highlighting the importance
of photoionization from the central AGN as a contribution to the extended Lya emission.
We test the contribution of photoionization from the quasar followed by recombination in
Section [3.5.1] under the assumption of two limiting scenarios: optically thick and opti-
cally thin to ionizing radiation. Assuming the quasar is illuminating the gas, we find that
our data favors an optically thin scenario, which requires an average volume density of
ng ~ 1 — 10cm™3, as frequently found in previous studies (e.g., |Arrigoni Battaia et al.
2015b; [Hennawi et al.|2015; Cai et al.|2018)).

Summarizing, we find evidence against gravitational cooling radiation to be the main
powering mechanism of the detected extended Lya emission. On the other hand, pho-
toionization, outflows and resonant scattering of Ly« photons from compact sources are
likely contributors to the observed Lya nebulae. Our pilot work opens the path to the
analysis of CGM emission around high-z massive systems taking into account the proper-
ties of quasar’s hosts (e.g., Munoz-Elgueta et al.|2022) and embedded galaxies, frequently
overlooked in the study of large-scale emission. Future large statistical samples together
with statistical investigations of mock observations are needed to confirm and extend our
findings. Moreover, future JWST observations of extended Ha emission around QSOs
could help disentangling the powering mechanisms discussed in this work.
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3.7 Appendix

3.7.1 Seeing as a function of wavelength

As mentioned in Section we subtract the wavelength-dependent unresolved quasar’s
PSF in order to reveal extended Lya emission. The PSF is subtracted centered at the
quasar position and out to six times the seeing, this value is chosen so that the PSF
profile becomes consistent with zero. To estimate the seeing we perform a 2D Moffat fit to
pseudo narrow-bands (width of 25 A) of stacked point sources in each field as a function
of wavelength.

The 2D Moffat model is given by:

(3.1)

(= 20)2 + (y — 90)2\ "
V2 ) ’

Flz,y)=A <1 +

where A is the scale amplitude, zy and 1y are the point source centroid coordinates, -y is
the core width of the model, and 3 is the power of the model. The seeing is obtained from
the FWHM of the Moffat profile, given by FWHM = 2vv/2Y/# — 1. We show in Table
the seeing at the expected Lya wavelength of each field.

We show in Figure [3.10] an example of the wavelength-dependent FWHM and [ of one
of the quasar’s empirical PSF, i.e. for BR1202-0725. We exclude wavelengths significantly
affected by the Lya forest (< 5600 A) and indicate with gray shaded regions the wavelength
ranges where extended Lya emission is conservatively expected and therefore the PSF is
kept constant (see Section and Appendix . We find an expected decrease with
wavelength of the FWHM and a close to constant S parameter consistent with the trend and
values found in previous MUSE studies (8 ~ 1.7; e.g., [Fusco et al/ [2020). In Figure [3.10]
we also show a power-law fit to the FWHM as a function of wavelength, which is consistent
with the seeing at the Lya wavelength reported in Section from point sources. This fit
excludes the gray shaded regions as these are constant by construction.

3.7.2 Line emission identification

As mentioned in Section [3.3.1] in order to not subtract the extended emission we are
interested in, we construct the wavelength-dependent empirical PSF of each quasar only
where there is no line emission. For this, we create a routine that identifies peaks of line
emission at the expected wavelengths. This routine is only intended to identify the loca-
tion in wavelength of the line emissions, instead of characterizing the line emission of the
quasar. We detect line emission by integrating a spectrum at the quasar location inside a 1
arcsecond diameter aperture, shown in Figure 3.11] We then use a median filter to create
two smoothed spectra, one that highlights the QSO spectrum broad lines (smooth spec-
trum) and another that smooths out the broad line features (” continuum” Spectrumﬂ). The

61n practice, this is not intended to be a perfect characterization of the quasar continuum, but it allows
us to quickly identify the location of the line emission.
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smooth spectrum uses a median filter of 50 spectral channels (62.5A), while the ”contin-
uum” spectrum uses a median filter of 500 spectral channels (625 A). We find where these
two spectra intersect by creating a difference spectrum between the smooth and continuum
spectrum, we then identify the lines by finding positive peaks in the difference spectrum
that are above a 30 threshold. The peaks are found using scipy.signal.find peaks in
combination with the 30 threshold and a minimum separation between the local peaks.
The 30 threshold is computed from the RMS of the difference spectrum redwards of the
C1v line, because we do not expect to detect more line emissions at these wavelengths due
to the redshift of our sources. In Figure we show an example of line emission identifi-
cation for G09-0902+0101. Where the top panel shows the spectrum and the locations of
line emission are marked with red crosses, the vertical dashed lines show the regions where
we find the wavelength ranges for each line. These ranges are excluded when we build the
empirical PSF, and instead use the next available PSF redwards of the line emission.

3.7.3 SiIV, CIV, Hell and CIII] analysis

We conduct a search for other extended line emission besides Lya, such as Sitv, C1v,
He1r and Cri]. However, we do not find extended emission in these lines for any target
(Section . For completeness, we build Xsmeotn maps (e.g., Hennawi and Prochaska
2013)) centered at the expected wavelength of each line and using a narrow-band window
that reflects the 30 A narrow-band used for Lya. The Xsmooth maps for the systems studied
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Figure 3.11: Example of the quasar’s broad line emission identification for G09-0902+0101.
Top: Integrated spectrum inside a 1 arcsecond diameter aperture of G09-0902+4-0101 is
shown in black. Overlayed are a smoothed spectrum (blue) and ”continuum” spectrum
(green), constructed by using a median filter of 50 and 500 channels respectively. The
red and pink crosses indicate detected peaks of line emission and the intersection between

the smooth and ”continuum” spectra respectively.

The vertical gray lines indicate the

regions where each line emission is excluded to build the PSF (see Section [3.3.1)). Bottom:
Difference spectrum between the smooth and continuum spectrum of the top panel. The
green dashed line indicates the 30 threshold for line identification. We indicate with a red
dashed line the position of the quasar’s Lya and broad line emissions, with their respective

label.
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here are shown in Figures |3.12] [3.13] [3.14} [3.15| and [3.16| these maps are best suited for
visualizing the presence of extended emission (if any), and to appreciate the noise in the

data. The Xsmootn maps are computed using equation (2) from [Farina et al. (2019)), given
by:

CONVOL[DATA,, » — MODEL,, ,]

SMOOTH[X%%)\] =
\/CONVOL2[2 ]

, (3-2)

where DATA,, , ) is the original datacube, MODEL, , , is the empirical PSF of the quasar
obtained in Section a§’y7 ) 1s the variance datacube. CONVOL is a spatial convolution
using a 2D box kernel with of 3 pixels width (0.6”) and CONVOL? is a spatial convolution
using the square of the width of the kernel used for CONVOL. Different noise properties
depends also on the vicinity to sky lines. For example, the He 11 velocity range of BR1202-
0725 displays sky lines, therefore we subtract the residuals from the data before computing

the XSmooth 1Map.

3.7.4 QSO spectral energy distribution fitting

As mentioned in Section [3.5.1] we model the number of quasars’ ionizing photons impinging
on optically thick gas estimating the specific luminosity at the Lyman edge (L,,, ) for the
three quasars in our sample. As shown in |Arrigoni Battaia et al. (2019b)), a QSO SED can
be parametrized by different power-laws, with the extreme ultra-violet portion described by
a power law of the form L, = L, (v/vLr)*"Y with slope ayy = —1.7 (as obtained in |Lusso
et al](2015)), and a slope agp = —0.46 below 1 Ryd (Vanden Berk et al]2001)). Figure[3.17]
shows a comparison of the MUSE QSO spectra and the assumed SED (following |Arrigoni
Battaia et al.[2019b), which confirms that a standard QSO template adjust to the sample
studied here.
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Figure 3.12: Lya, Sitv, C1v and He Il ysmootn maps using a velocity window equivalent to
the 30 A narrow-band used for the Lya SB maps for BR1202-0725. The side of the maps
is 207, corresponding to 129 kpc. We show with a circle the 1”7 x 1” normalization area of
the quasar’s PSF-subtraction.
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Figure 3.13: Lyc, Sitv, C1v, Hell and CIII| Ysmoeoth Maps using a velocity window equiv-
alent to the 30 A narrow-band used for the Lya SB maps for G09-0902-0101. The side of
the maps is 207, corresponding to 152 kpc. We show with a circle the 1” x 1” normalization
area of the quasar’s PSF-subtraction.
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Figure 3.14: Same as Figure [3.13] but for G15-1444-0044. The 20" side of the maps
corresponds to 148 kpc.
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Figure 3.15: Lya, Sitv, C1v, and Hell Xsmootn Maps using a velocity window equivalent
to the 30 Anarrow-band used for the Lya SB maps for ALESS61.1. The side of the maps
is 20”7, corresponding to 133 kpc. We show with a white cross the position of the SMG.
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Figure 3.16: Same as Figure[3.15] but for ALESS65.1. The 20” side of the maps corresponds
to 132 kpc.
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Chapter 4

QSO MUSEUM III: the
circumgalactic medium in Ly«

emission around 120 z ~ 3 quasars
covering the full luminosity range of
SDSS quasars

The contents of this chapter will appear in in Gonzélez Lobos et al. 2024 in prep.

4.1 Introduction

A large fraction of the baryons in the universe are thought to reside in regions between
the interstellar medium of galaxies and their host dark-matter halo virial radius. This
material, currently referred to as the circumgalactic medium (CGM; Tumlinson et al.
2017)), has been determined to be multiphase, including cold (10-100 K; e.g., Emonts et al.
2016; [Vidal-Garcia et al.[2021}; [Emonts et al|[2023), cool (~ 10* K; e.g., [Werk et al. [2014
Wisotzki et al.[2016; [Nateghi et al.[2024) and warm /hot (> 10° K; e.g., [Predehl et al./|2020;
Di Mascolo et al.| 2023 Zhang et al.|2024) gas. The importance of the CGM in galaxy
evolution has become clearer in the past two decades and its phases are currently under
intense scrutiny (Faucher-Giguere and Oh|22023a)). Indeed, the CGM stores information
on the complex interplay of several processes that happen when a galaxy first forms and
successively shape galaxy formation and evolution, including gas inflows from the larger
scales of the intergalactic medium (IGM; e.g., [Keres et al. [2005; |Decataldo et al.|2024),
galactic or active galactic nucleus (AGN) winds/outflows (e.g., Springel et al.|2005} Stinson
et al.[2006; Wright et al.[|2024), radiation (e.g., Ciotti and Ostriker|1997; Obreja et al.[2019)
and interactions with and gas stripping of satellite galaxies, whose activity could also affect
the CGM (e.g., Hopkins et al.[2006; Anglés-Alcazar et al.[2017)).

The CGM of AGN is the optimal case study to encompass all of the aforementioned
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processes involved in quiescent systems with infalling gas. AGN, more specifically those
identified by the observation of their broad emission lines, i.e. quasars, are known to reside
in relatively massive halos up to z ~ 6 (Mpy ~ 10'2® Mg; White et al.|[2012; [Farina et al.
2019; Fossati et al.|[2021} [de Beer et al.|[2023; (Costal2024)). At high redshifts, halos of this
mass are rare and should be characterized by (i) the presence of overdense environments
around these systems which could contribute to their growth through infall and mergers
(e.g., Kauffmann and Haehnelt|[2000b), and (ii) the presence of several satellite galaxies,
some of which are active companions as demonstrated by recent observations (e.g., [Decarli
et al.|[2017; [Fossati et al.|2021} |Chen et al.|[2021}; [Bischetti et al.| 2021} |Arrigoni Battaial
et al.|[2022; Nowotka et al.|2022; Arrigoni Battaia et al.|2023a)). Also, quasars host galaxies
are more massive and more star forming than typical galaxies at the same cosmic epoch
(e.g., Walter et al.[2009; Pitchford et al. 2016} Molina et al. [2023)), implying that their
CGM and environment need to provide enough material to sustain such activity.

Importantly, quasars, accreting super-massive black holes (SMBHs), are indicative of
very high radiative energy which may expel, enrich and highly ionize the gas reservoir
within the host and its surroundings, a process known as AGN feedback (e.g., |[Fabian
2012; King and Pounds||2015)). To reach their exceptional masses (Mpy ~ 10% —10'° M),
SMBHs grow mostly at the center of their host galaxies in a cycle of accretion and feed-
back, regulating their own growth (e.g., |Di Matteo et al.|[2005). Indeed, quasars have
been observed to be highly variable (e.g., MacLeod et al.|[2012)), with typical variability
timescales of the order of 10°7° years (Schawinski et al.[2015; Eilers et al.[2017) and ages
of 105 — 10® years (Martini 2004). The quasars “shut-down” phase is loosely constrained
to 10*~? years based on the geometry and extent of few quasar light echoes and the recom-
bination time scale of narrow line emission (e.g., Lintott et al.[2009; Schirmer et al.[2013;
Davies et al.|2015). The impact of quasars on their surrounding reservoir and environment
is therefore not only almost instantaneous, but also cumulative (e.g., Harrison and Ramos
Almeidal[2024al).

The quasar number density, and therefore their activity is at its apex at z ~ 2 (e.g.,
Shen et al.|2020)). This is fortunate as the quasars CGM at their peak activity can therefore
be probed both in absorption against bright background sources and directly in emission.
Absorption line studies of the CGM of z ~ 2 — 3 quasars revealed cool (T ~ 10* K) massive
(M ~ 10" M) and metal rich (Z ~ 0.5 Zy) gas reservoirs as traced by optically thick
absorbers, whose spatial distribution is highly anisotropic likely due to quasar illumination
mainly along our line of sight (e.g., Hennawi and Prochaskal, 2007; Prochaska et al., 2014;
Lau et al., 2016). However, such studies are based on statistical samples as only one
line of sight is available per foreground quasar. Detailed information on the morphology,
physical properties and kinematics of the CGM around individual quasars require direct
observations.

The direct detection of the CGM of z ~ 2 — 3 quasars has been a long-sought aim
since the early predictions of the possible presence of extended glows of Hydrogen Ly«
emission around AGN (Rees| [1988; Haiman and Rees 2001a), which should result from
the quasar illuminating its surrounding distribution of infalling gas. Several spectroscopic
and narrow-band studies were successful in unveiling their CGM gas out to distances
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of < 50kpc (e.g., Hu and Cowie||1987b; Weidinger et al. 2005; Christensen et al.| [2006;
Hennawi and Prochaska 2013} |Arrigoni Battaia et al.|[2016), but were hampered by the
shallow sensitivity of past instrumentation and the lack of statistical samples of detections
and the lack of accurate quasar systemic redshifts. Notwithstanding these difficulties, these
pioneering works were able to (i) unveil the Ly« signal out to scales of ~ 500 kpc for the
most exceptional systems (Cantalupo et al|[2014; Hennawi et al.|2015), (ii) constrain, in
a photoionization scenario, the cool gas emitting Lya to be dense, and metal enriched
in some cases (Heckman et al|[1991bll)), (iii) show that the kinematics of the CGM are
relatively quiescent, possibly dominated by infall (Weidinger et al.|2004), and (iv) start to
investigate correlations between nebulae and QSO properties (Christensen et al.|2006]).

The development of integral field spectrographs, such as the Multi Unit Spectroscopic
Explorer (MUSE, Bacon et al., 2010) at the Very Large Telescope (VLT) and the Keck
Cosmic Web Imager (KCWI, Morrissey et al.,2018) at the Keck Observatory revolutionized
this field of research by allowing to map with unprecedented surface brightness limits
(SBrya ~ 107 ergs™' cm~?arcsec™?) the CGM of 2 < z < 6 bright quasars. It was
therefore possible to uncover a large diversity of Lya nebulae (sample of ~ 100 at z ~ 3)
with sizes up to ~ 100 kpc in only one hour of telescope time per object (Borisova et al.|
2016; Farina et al., [2017; [Arrigoni Battaia et al., [2018; |Ginolfi et al., [2018; |Cai et al.| | 2018;
Arrigoni Battaia et all [2019al[b} [Farina et all,[2019; [Cai et al, [2019} [Travascio et al.|, [2020}
Drake et al.| [2020; Lau et al., 2022; |(Gonzalez Lobos et all 2023).

The origin of the extended Ly« emission is subject of debate, even if quasars provide
enough ionizing photons in principle to keep the surrounding gas ionized. Indeed, impor-
tant parameters are frequently not known, including fraction of volume illuminated by
each quasar or quasar ionization cones opening angle, geometry of the host galaxy and its
position with respect to the quasar ionization cones, presence of winds/ouftlows. Several
mechanisms can act together and, through their combination, produce the observed Ly«
glow: recombination radiation following gas ionization by the quasar radiation (e.g., |Can-
talupo et al|2005; [Kollmeier et al.2010; |Costa et al.|2022), shocks (e.g., Mori et al.[|2004)),
resonant scattering of Lya photons from the quasar broad line regions (e.g., Cantalupo|
et al.|[2014; |Costa et al.|2022)), gravitational cooling radiation (e.g., Haiman et al.|[2000;
Dijkstra et al.2006)). Furthermore, Ly photons produced on CGM scales could resonantly
scatter shaping the nebulae morphology and the spectral shape of the Ly« emission (Costa
. Overall, the aforementioned observational studies more frequently highlighted
the importance of photoionization due to the quasar radiation followed by recombination
in optically thin gas. In this framework, the Lya SB scales as the product of the gas
mass and density (SB%;,‘& o< npMgas; |Hennawi and Prochaska{, |2013 . In this scenario, the
observed Lya SB implies densities of the cool gas of ny = 1em ™' (Hennawi et all 2015}
Arrigoni Battaia et al., 2015b, 2019b), which are comparable to star-forming regions in
the interstellar medium of galaxies. Moreover, extended He1r and C1v emission has been
detected in some individual cases or using stacking analysis of tens of systems
Battaia et al., 2018} [Cantalupo et al. 2019} |Guo et all, 2020} Travascio et all [2020} [Fossatil
et al., [2021; Lau et al., [2022; Sabhlok et al., 2024)), indicating that the CGM of 2 < z < 6
quasars is metal enriched and ionized.
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Most of these studies focused on the CGM of the brightest quasars, however recent
work by Mackenzie et al.| (2021b)) targeted with MUSE 12 z ~ 3 quasars selected to be
fainter (—23.8 < M;(z = 2) < —27.1) than previous studies and detected Ly« nebulae in
all of them. The Lya nebulae of fainter quasars reported in that work were on average
fainter and less extended than brighter systems, indicating a correlation between the Ly«
SB of the nebula and the quasar UV and Ly« luminosities. The authors discussed that
the observed relation could originate due to several reasons: a possible dependency with
halo mass, resonant scattering dominating the emission around faint quasars, unresolved
inner regions of the nebulae or an unresolved component from the interstellar medium of
the host galaxy, however evidence was inconclusive to discern between those.

In this framework, I report on the continuation of the largest effort to date to map the
CGM of z ~ 3 quasars: the Quasar Snapshot Observations with MUse: Search for Ex-
tended Ultraviolet Mission survey (QSO MUSEUM, Arrigoni Battaia et al.|2019a; Herwig
et al[22024). Arrigoni Battaia et al| (2019a)), hereafter QSO MUSEUM I, detected with
MUSE a diversity of Lya nebulae around 61 bright quasars at z = 3.17. QSO MUSEUM
I show that (i) quasars with very similar bolometric luminosities can be surrounded by
very different extended Lya emission (in extent and SB level; see also |Arrigoni Battaia
et al.[2023Db), (ii) the motions traced by the Lya emission have amplitudes consistent with
gravitational motions expected in dark matter haloes hosting z ~ 3 quasars, (iii) there is
an evolution of the level of Lya emission around z ~ 2 and z ~ 3 quasars, and (iv) the
nebulae are likely powered by a combination of photoionization and resonant scattering of
Lya photons.

In this work, I have extended the QSO MUSEUM survey to a total of 120 single
quasar fields, by targeting with MUSE 59 fainter systems —27 < Mi(z = 2) < —24 at
z = 3.1. With this large sample I can now test the findings presented in Mackenzie et al.
(2021b) in addition to the link between SMBH properties, AGN feedback and extended
Lya nebulae. This paper is organized as follows: in Section we provide an overview
of the sample selection and data reduction, Section highlights our main observational
findings (SB levels, luminosities, morphology, kinematics), while in Section we discuss
the implications of the observations in light of quasar variability, powering mechanisms
and CGM physical properties. Section summarizes the work. We adopt a flat ACDM
cosmology with Hy = 70kms~! Mpct, Q,,, = 0.3 and 2, = 0.7. In this cosmology, 1 arcsec
corresponds to ~ 7.5kpc at the median redshift of the sample (z = 3.1).

4.2 Observations and Data Reduction

4.2.1 Sample selection

The QSO MUSEUM survey (Arrigoni Battaia et al.| 2019a) targeted with MUSE 61 quasars
covering a range of absolute i-band magnitudes normalized at z = 2 of —29.67 < M;(z =
2) < —27.03 and redshift 3.03 < z < 3.46. These quasars represent the brightest objects
not targeted by the MUSE Guaranteed Time Observation (GTO) team (i.e. |Borisova et al.
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Figure 4.1: Overview of z ~ 3 quasar samples with MUSE observations. Histograms of the
absolute i-band magnitude normalized at z = 2 (following [Ross et al., [2013) of the QSO
MUSEUM III survey: 59 faint quasars from this study (orange), and 61 bright from the
QSO MUSEUM I survey (Arrigoni Battaia et al., [2019a)) (dark green). For comparison,
we show the 19 bright quasars from [Borisova et al| (2016) (light green) and the 12 faint
from [Mackenzie et al. (2021b) (yellow). In the legend we indicate the median redshift of
each sample.

. In this work, we extend the survey by targeting 58 additional quasars covering a
fainter range of magnitudes —27 < M;(z = 2) < —24. Additionally, we include the z = 3.4
quasar discovered around ID 31 in |Arrigoni Battaia et al|(2019a)) (see their Appendix C).
This sample has been constructed from the public spectroscopic quasar catalog of the
Sloan Digital Sky Survey / Baryon Oscillation Spectroscopic Survey (SDSS/BOSS) data
release 14 (DR14) (Paris et all, 2018)), selecting objects as in QSO MUSEUM I, but now
in a more limited redshift range of 3 < z < 3.2 and a uniform magnitude distribution.
The redshift range is chosen to target the lowest redshift accessible by MUSE in Ly«
emission (close to the quasars’ activity peak), and to avoid contamination from stronger
and more frequent sky lines at higher redshift (longer wavelengths). Figure shows the
M;(z = 2) distribution of the QSO MUSEUM sample from [Arrigoni Battaia et al. (2019a))
(dark green) and the 59 fainter quasars presented in this work (orange). This extended
sample makes up the largest search to date for nebular emission around z ~ 3 quasars (120
systems). Additionally, we show in the same figure, the similarly faint quasar sample from
Mackenzie et al.| (2021b)) (yellow) and the bright quasars targeted by [Borisova et al.| (2016])
(light green).
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Figure 4.2: Overview of the luminosity distribution of observed z ~ 3 quasars. The figure
shows the quasar peak Lya luminosity density as a function of its absolute i-band magni-
tude normalized at z = 2 (M;(z = 2), following Ross et al., |2013). The QSO MUSEUM
I1I faint and bright quasars are shown with orange and dark green stars, respectively. The
systems with no Lya nebula detected are marked with a white dot (see Section [4.3.1)).
In addition, we show the location of the 17 brighter quasars targeted in (Borisova et al.|
2016]) (light green triangles) and the 12 fainter objects from Mackenzie et al. (2021b)) (yel-
low triangles). For comparison, we show the 2-D number density of 3.0 < z < 3.46 quasars
from the SDSS DR17 (Abdurro’uf et al/, 2022)) increasing from gray to white. Section[1.2.2)
explains how the luminosities are derived.




4.2 Observations and Data Reduction 83

4.2.2 Physical properties of the targeted quasars

The physical properties of the targeted quasars are summarized in Figures and
The distribution of the peak Lya luminosity density as a function of :—band absolute
magnitude normalized at z = 2 (following Ross et al., 2013) of the bright and faint quasars
is shown in Figure 4.2 with dark green and orange stars, respectively. The peak Ly«
luminosity density is computed from the MUSE datacube by integrating a spectrum inside
a 1.5”7 radius aperture centered at the quasar location. In addition, we compute using
the MUSE datacubes the values from the sample of 17 quasars targeted in |Borisova et al.
(2016) and 12 quasars from Mackenzie et al.| (2021b) and show them with light green and
yellow triangles, respectively. For comparison, I compute the values from the SDSS DR17
(Abdurro’uf et al., 2022) 3.0 < z < 3.46 quasars. For this, I crossmatch the quasars
from Rakshit et al.| (2020) at this redshift range and download each quasar spectrum
with the ASTROQUERY[| Python module (Ginsburg et all [2019), specifically using the
query_specobj and get_spectra functions within it. Then, I search in the quasar spectra
for the peak flux density at the Ly« alpha wavelength and construct the density map
shown with a gray scale in Figure [4.2 This figure illustrates how the QSO MUSEUM
survey covers the parameter space of the SDSS quasar population. Specifically, the 120
quasars in QSO MUSEUM III encompass a wide range of quasar UV luminosities (six

orders in M;(z = 2)) and in peak Lya quasar luminosity LE??EQSO (three orders).

Further, for all the QSO MUSEUM III targeted quasars we estimated their black-hole
mass and accretion rates (parametrized by the so-called Eddington ratio). These quantities
are computed using the output from the fit to the quasar spectra obtained with the public
Python code PYQSOFITE] (Guo et al.; 2018)) as described in Appendix where also
the definition of quantities are reported. The typical uncertainties on the estimate of the
black hole masses (Equation [4.5)) are of the order of 0.5dex as the calculations are based
on the C1v broad line. Figure shows the Eddington ratio as a function of black hole
mass for the QSO MUSEUM III sample with the same symbols as in Figure The
outlier green star at the top right corresponds to ID 26, which is also the brightest quasar
targeted (see Appendix [£.6.2)). The MUSE data of this system is also noisy both using the
data reduction presented here and as reported in |Arrigoni Battaia et al.| (2019a)), however
I compared with SDSS data of this quasar and found consistent spectra. Therefore, the
values reported for the luminosities, black hole mass and Eddington ratio of this system
are robust. Additionally, we show in Figure the number density for SDSS quasars in
the same redshift range from [Rakshit et al.| (2020), who used almost the same method to
estimate such quantities (see details in Appendix [4.6.1)). Finally, we show the relation be-
tween the quasar peak Lya luminosity density and their bolometric luminosity (computed
using the monochromatic luminosity Ly (1350 A); see Appendix for the 120 quasars
in Figure

Thttps://github.com/astropy/astroquery
Zhttps://github.com /legolason /PyQSOFit
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Figure 4.3: Eddington ratio versus black hole mass and peak Lya luminosity density
versus bolometric luminosity of the targeted sample. Left: The Eddington ratio versus
black hole mass for the QSO MUSEUM III sample (same symbols as in Figure are
compared with the values for SDSS quasars in the same redshift range (blue, 2-D num-
ber density histogram; |[Rakshit et al.[2020). The contours indicate the iso-proportions
of the density at 0.2, 0.4, 0.68 and 0.95 levels, indicating that 20%, 40%,68%, and 95%
of the quasars are outside that contour, respectively. Right: The peak Lya luminos-
ity density versus bolometric luminosity are shown with the same symbols. The bolo-
metric luminosity is computed using the monochromatic luminosity Ly(1350 A) (see Ap-
pendix [4.6.1). The red dashed line represents a power law fit to the data of the form
log(LYsm gso/ergs A1) = 8.96 + 0.73log(Lue/ergs ™).

4.2.3 Observations

The observations were carried out with the MUSE instrument on the VLT 8.2m telescope
YEPUN (UT4) over roughly 6.5 years (2014-2021). The data for the faint sample were
taken as part of the European Southern Observatory (ESO) program 0106.A-0297(A) (PI:
F. Arrigoni Battaia) in service mode on UT dates between 06-11-2020 and 10-03-2021 with
good weather conditions (46.5% with clear sky, 46.5% with photometric sky, 7% with thin
clouds; details in Table ﬂ The observations were taken using the Wide Field Mode of
MUSE, which covers a field of view of 1’ x 1’ with a 0.2” pixel scale and a spectral range
of 4750-9350 A with a channel width of 1.25 A and resolving power of R ~ 1750 at 4984 A
(the expected Lya wavelength at the median redshift of the sample). The observational
strategy is the same as in |Arrigoni Battaia et al.| (2019a), which consists of three exposures
of 900 seconds each per field with a dither of < 5”7 and 90 degree rotations with respect to
each other. The average seeing at the expected Lya wavelength of the 59 systems is 1.03”.

3from the ESO program, we removed two bad observations: the field corresponding to J0244-0059 was
incorrect and contained a standard star in the science datacube and the field of J11034-0913 showed sky
fringes in the datacube which can also be seen in the data processed by ESO.
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Table 4.1: Summary of the MUSE observations for the faint sample.

1D Name RA Dec M; (z=2)* | Seeingryqo SBlimitZOli Lve Sky
[J2000] [J2000] [mag] [arcsec] [10—18 cgs]y Conditions®
62 J0203-0443 02:03:57.00 | -04:43:10.2 -24.6 0.69 2.28 PH
63 J0229-0029 02:29:56.55 -00:29:53.9 -26.1 2.02 2.26 CL
64 J0159-0032 01:59:45.45 -00:32:28.4 -24.7 0.77 2.28 CL
65 J0829+1426 08:29:39.91 | +14:26:25.7 -25.0 1.08 2.33 PH
66 J0200-0606 02:00:12.60 -06:06:15 -27.0 0.58 1.81 CL
67 J0247-0023 02:47:46.86 -00:23:53.4 -26.9 0.71 1.94 PH
68 J0809+0643 08:09:49.16 | +06:43:10.8 -24.5 0.93 1.85 CL
69 J0834+1012 08:34:15.33 | +10:12:31.2 -25.4 0.83 2.06 PH
70 J09234-0011 09:23:00.29 | 400:11:56.7 -24.8 0.86 1.89 PH
71 J0823+0531 08:23:07.22 | 405:31:35.4 -26.2 0.97 1.97 CL
72 J0227-0113 02:27:21.91 -01:13:24.6 -24.1 0.93 2.04 PH
73 J1038+0919 10:38:40.81 | +09:19:14.3 -25.0 1.4 2.17 CL
74 J0203-0153 02:03:33.76 -01:53:08.4 -25.6 1.52 1.92 PH
75 J0210-0945 02:10:03.52 -09:45:20.5 -26.0 0.79 2.37 TN
76 J0155-0732 01:55:25.44 | -07:32:16.3 -26.6 1.08 1.97 PH
7 J01514-0023 01:51:25.83 | 400:23:32.7 -24.4 0.77 2.0 PH
78 J0030+0047 00:30:42.91 | 400:47:43.3 -24.0 0.91 2.82 TN
79 J0148-0055 01:48:09.00 | -00:55:08.8 -24.4 0.78 1.87 PH
80 J0017+0316 00:17:44.80 | 403:16:06.1 -26.9 0.87 2.31 CL
81 J0925+0344 09:25:41.80 | 4-03:44:37.0 -25.2 0.96 2.26 CL
82 J0125-0005 01:25:29.50 | -00:05:13.5 -24.1 1.23 4.75 TN
83 JO843+1916 08:43:19.90 | 419:16:28.8 -24.8 1.15 2.29 CL
84 JO752+1244 07:52:54.22 | 412:44:51.5 -25.1 0.94 2.26 PH
85 J0018-0026 00:18:17.73 -00:26:59.0 -26.2 0.88 2.0 TN
86 JO7474+1429 07:47:14.29 | +14:29:54.3 -26.5 1.59 1.93 CL
87 J0245-0036 02:45:23.32 -00:36:19.0 -24.9 1.0 1.82 CL
88 JO801+0534 08:01:30.16 | 405:34:37.0 -25.7 1.15 2.07 CL
89 J0840+0141 08:40:58.35 | 401:41:45.0 -26.0 1.15 1.73 CL
90 J1016+0833 10:16:25.72 | +08:33:09.8 -25.2 0.97 2.5 CL
91 J0159+0025 01:59:22.99 | +00:25:30.8 -24.3 0.69 2.28 PH
92 J0234-0044 02:34:41.17 -00:44:43.7 -24.4 1.0 2.1 PH
93 J0243-0038 02:43:00.58 -00:38:18.0 -24.5 0.86 1.98 PH
94 J0140-0202 01:40:20.33 -02:02:43.0 -25.5 0.78 1.94 PH
95 J0252-0333 02:52:42.99 -03:33:39.4 -25.8 0.95 2.27 PH
96 J0939+0451 09:39:29.36 | 404:51:47.4 -25.1 0.74 2.13 PH
97 J0208-0922 02:08:02.86 -09:22:43.0 -26.8 1.0 1.92 PH
98 J0212-0602 02:12:48.13 -06:02:16.9 -25.7 1.0 2.15 CL
99 J1205+1059 12:05:12.55 | +10:59:34.6 -24.5 2.11 2.22 CL
100 J1001-0007 10:01:22.20 | -00:07:52.7 -25.3 0.8 2.41 TN
101 J1145-0209 11:45:19.45 -02:09:43.9 -25.9 0.98 2.05 CL
102 J105740804 10:57:37.23 | +08:04:11.2 -26.1 0.79 2.2 CL
103 J1244-0027 12:44:08.39 -00:27:26.1 -26.0 1.31 2.27 CL
104 J12164+0454 12:16:29.25 | +04:54:34.8 -25.7 1.67 1.93 CL
105 J1048+0449 10:48:04.72 | +04:49:00.3 -24.8 1.34 2.03 CL
106 J0920-0048 09:20:56.50 | -00:48:07.0 -25.8 0.86 1.65 PH
107 J0223-0309 02:23:04.27 | -03:09:51.5 -25.3 0.97 1.91 PH
108 J1301-0020 13:01:12.26 -00:20:48.9 -26.5 1.0 2.1 PH
109 J0823+0340 08:23:25.59 | +4-03:40:59.4 -26.7 1.0 2.03 CL
110 J0832+0450 08:32:20.15 | 404:50:28.3 -25.5 0.95 2.0 CL
111 J1022+4-0418 10:22:25.90 | +04:18:24.2 -26.4 1.01 2.11 PH
112 J1101+0314 11:01:05.12 | +03:14:03.9 -26.3 1.67 2.09 CL
113 J0207-0306 02:07:16.83 -03:06:48.4 -25.9 1.02 2.43 CL
114 J1200+1528 12:00:26.16 | +15:28:16.1 -25.4 0.96 1.87 CL
115 J0252-0057 02:52:53.28 -00:57:28.0 -24.4 0.67 2.07 PH
116 J0840+-0636 08:40:26.81 | 406:36:32.8 -26.3 1.06 2.08 CL
117 J1244+0327 12:44:06.42 | +03:27:43.2 -24.7 1.27 1.86 CL
118 J1153-0141 11:53:02.24 -01:41:13.2 -26.4 1.11 1.94 CL
119 J1019+0845 10:19:17.81 | +08:45:50.0 -26.1 0.81 2.03 CL
120 | UM670-comp. | 01:17:22.24 -08:41:43.5 -23.6 0.8 2.22 CL

@ Absolute ¢—band magnitude normalized to z = 2 following |[Ross et al.| (2013)).

b 1o SB limit within 1arcsec? and a 30 A narrow-band centered at the observed Lya wavelength in units of

1018 ergs—! cm~2 arcsec™2.

¢ Sky conditions during the observations as described in the ESO observational log: PH-photometric; CL-clear; TN-thin
cirrus.
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We summarize these observations in Table [4.1]

Additionally, we include in this work the MUSE observations of the 61 quasars from
the QSO MUSEUM I survey (Arrigoni Battaia et al. [2019a)) and list their observations in
Table [1.5] These data were taken as part of the ESO programmes 094.A-0585(A), 095.A-
0615(A/B), and 096.A-0937(B) (PIL: F. Arrigoni Battaia). The 120 systems are reduced and
analyzed in this work using the exact same methods as described in Sections |4.2.4]and [4.2.5]

4.2.4 Data Reduction

The data reduction for the whole sample comprised of 120 quasars was performed using
the MUSE pipeline version 2.8.3 (Weilbacher et al., 2012} 2014, 2020) following the method
described in Farina et al.| (2019)) consisting in subtraction of bias and dark field, flat field
correction, wavelength calibration, illumination correction and standard star flux calibra-
tion. We remove the sky emission in each datacube using the Zurich Atmospheric Purge
(ZAP; Soto et all [2016|) software. The MUSE pipeline underestimates the variance due to
the noise correlation between pixels (Bacon et al., 2015), therefore we rescale each layer of
the variance cubes to reflect the variance in the datacubes. The rescaled variance cubes
are used to compute the surface brightness (SB) limits and errors in our estimations.

Following the method presented in |Gonzélez Lobos et al. (2023), the threeﬂ reduced
exposures of each target are median combined after masking artifacts due to the separation
of the MUSE IFUs (consisting of ~ 4% of the field of view). The final products are a final
science datacube and a variance datacube obtained by taking into account propagation of
errors during the combination. This final variance datacube is once again checked against
the data by rescaling each layer to the variance in the corresponding science layer after
combining.

The average 20 SB limit within 1arcsec? in a 30 A pseudo narrow-band (NB) at the
observed Lya wavelength of the sample is 2.2 x 1078 ergs™ arcsec™? cm™2 (see Table
for the individual SB limits). Per channel (1.25 A) and within the same aperture and at
the same wavelength. These SB limits are in very well agreement to those reported in
Arrigoni Battaia et al| (2019a)) despite the different analysis tools used in this work.

4.2.5 Revealing extended emission around quasars

The unresolved bright emission from a quasar can easily outshine the fainter emission from
the surrounding CGM (e.g., [Heckman et al., |[1991bla; Mgller, [2000)). Therefore in order to
characterize the extended CGM emission we need to subtract the point spread function
(PSF) of the quasar, as it has been frequently described in the literature (e.g., Borisova
et al., [2016; [Husemann et al., 2018} Farina et all 2019; (O’Sullivan et al., |2020; |Gonzalez
Lobos et al.| 2023). In this work, we modify the Python routines developed and described
in |(Gonzalez Lobos et al.| (2023) to reveal extended emission around quasars with different

4The fields of ID 8 and 37 had in total 12 and 6 exposures respectively (see Table 2 of Arrigoni Battaia
et al.|[2019al).
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luminosities. For the bright objects we use parameters similar to those in Borisova et al.
(2016) and |Arrigoni Battaia et al. (2019a), while for the faint sample we use parameters
similar to the one presented in Mackenzie et al.| (2021b)).

Specifically, the PSF for faint quasars is constructed empirically using pseudo-NBs of
400 channels computed at each wavelength of the datacubes. This choice of pseudo-NB
width is made to increase the signal to noise in the constructed PSF, similar to the 300
channels used in Mackenzie et al.|(2021b)) and larger than the 150 channels used for brighter
quasars (Borisova et al.[2016; |Arrigoni Battaia et al.[2019a). Each pseudo-NB is normalized
to the emission inside a region of 1arcsec? centered at the quasar coordinates, computed
from the sigma clipped (30) average, and then subtracted from the datacube at the quasar
position out to a radius of three times the seeing (see Table [4.1]).

Finally, we mask the 1 arcsec? region located at the quasar position used for normalizing
the pseudo-NB and exclude it from our analysis. Indeed this region is affected by PSF
residuals (e.g., Borisova et al.[2016). We refer the reader to Gonzélez Lobos et al.| (2023)
for more details on the algorithm.

After the PSF-subtraction, any extended emission could be still contaminated by the
presence of continuum sources. We remove them using a median-filtering approach (e.g.,
Borisova et al.[2016) using the contsubfits function (with default parameters) within the
ZAP| (Soto et all, [2016) software. Such a method has been already used in other works
targeting extended emission around quasars (Arrigoni Battaia et al. [2019b,Herwig et al.

in prep.).

4.3 Results

The final datacubes obtained in Section contain only extended line emission, if de-
tectable. We build Lya SB maps, integrated spectra, velocity shift and velocity dispersion
maps using such PSF- and continuum-subtracted datacubes, and present them in Fig-

ures [£.4] [4.6] (4.7 and [4.9] respectively. In the following sections, we describe how

nebulae are detected, analyzed, and our findings.

4.3.1 Nebula detection

Using the PSF- and continuum subtracted datacubes, we extract a spectrum inside a 1.5”
radius aperture centered at the quasar location, after masking the 1 arcsec? normalization
region (see Section [4.2.5). We use this spectrum to find Ly emission by setting a 3o
detection threshold based on the variance associated to the spectrum within the same
aperture, then finding the peak emission above this threshold. We set the redshift of the
detected nebulae using the wavelength of the peak Lya emission from this method and
list them in Table where non-detections are marked with dashed lines. We report the
detection of 110 nebulae out of the 120 targeted quasars, all the non-detections occur in the
fainter quasar sample that is presented in this work. We further check both the detections

Shttps://github.com/musevlt/zap
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Table 4.2: Properties of the quasar and extended Lya emission
ID ZLQJE(?;peak ZE;z;peak Lg)i?-peak Luminosity Area Avgauss Avm FWHMgauss AXm2
ergs_i A-1 10%2 ergs™?! arcsec? (pkpc?) kms—?! kms™! A (kms™1) A (kms™1)
62 3.043 3.043 1.5 x 10%2 5.2240.52 5.56 (326.99) 15.89+75.22 50.35+81.05 23.3 (1421) 9.63 (587)
63 3.137 —_— —— —— —— —— —_— —— —_—
64 3.058 3.053 2.4 x 1042 8.8940.55 10.24 (600.99) -105.41+£27.0 -13.12428.16 12.76 (776) 4.32 (262)
65 3.031 3.031 4.9 x 1042 23.52+0.9 21.68 (1278.0) 23.74+30.4 26.27+22.06 17.06 (1044) 6.78 (415)
66 3.143 3.145 7 x 1042 44.3141.13 45.08 (2597.65) 32.02+23.84 85.054+15.86 17.98 (1070) 7.17 (427)
67 3.138 3.136 6.7 x 1042 17.99+0.93 17.68 (1020.67) 51.354+42.64 31.194+41.8 23.9 (1424) 9.48 (565)
68 3.059 3.059 1.2 x 10%3 58.92+0.96 41.88 (2455.21) 146.56+11.45 175.084+7.57 13.64 (828) 5.67 (344)
69 3.148 3.146 4.4 x 1042 23.07+1.06 20.48 (1179.75) -49.81459.86 -81.21+43.96 28.1 (1671) 12.6 (749)
70 3.145 3.142 4.9 x 10*2 15.38+0.67 15.44 (890.15) 30.74+£22.13 70.05+£20.97 14.44 (859) 6.14 (365)
71 3.186 3.201 5.4 x 1042 34.79+1.45 29.52 (1681.86) 721.35+57.89 675.07+46.49 32.97 (1937) 13.62 (800)
72 3.105 - —— —— —— —— —— —— -
73 3.081 3.07 2.3 x 1042 32.89+1.36 35.48 (2075.26) -510.38+44.87 -470.12+39.03 27.04 (1637) 10.38 (628)
74 3.182 3.184 3.4 x 1042 23.87+1.13 26.24 (1500.16) 155.954+45.77 213.02+40.23 25.08 (1478) 10.14 (598)
75 2.996 2.994 8.5 x 1042 44.714+1.05 30.16 (1790.89) 95.17+22.72 128.661+12.66 15.61 (963) 6.49 (401)
76 3.193 3.196 1.8 x 1043 17.544+1.02 11.6 (661.52) 388.84+46.42 423.454+48.91 27.03 (1588) 11.15 (655)
7 3.113 3.111 3.9 x 1042 33.540.93 27.12 (1573.45) -60.28+17.62 -82.81+16.37 17.19 (1031) 7.29 (437)
78 3.092 3.098 2.3 x 1042 19.18+1.15 12.0 (698.8) 409.04+97.63 388.02+£68.17 32.97 (1984) 14.25 (858)
79 3.156 3.149 8.9 x 1042 23.3840.75 19.6 (1128.48) -231.52+16.26 | -285.72+15.45 14.3 (849) 6.04 (359)
80 3.028 3.023 2.4 x 1043 74.65+£1.29 48.84 (2883.52) -235.234+11.03 -209.744+7.34 12.49 (765) 4.99 (306)
81 3.026 3.027 2.9 x 1042 16.6140.48 15.56 (917.99) -262.11+7.22 -271.83+6.85 6.44 (395) 2.52 (154)
82 3.042 - —— —— —— —— —— —— ——
83 3.091 3.091 5 x 1042 19.0440.97 15.44 (899.39) 177.15+41.11 185.38£42.31 | 24.23 (1460) 10.46 (630)
84 3.046 3.045 3.8 x 10%2 23.4640.9 22.2 (1305.18) -63.77+25.86 -62.4422.69 17.01 (1037) 7.0 (427)
85 3.139 —— —— —— —— —— —— —— ——
86 3.189 3.191 7.5 x 1042 38.141.46 36.92 (2107.8) 153.594+51.62 151.694+35.11 28.01 (1648) 11.83 (696)
87 3.146 3.159 3.5 x 1042 12.184+0.78 11.72 (673.38) 742.06+91.8 792.57+£70.34 32.97 (1956) 13.28 (788)
88 3.035 3.029 2.5 x 1042 12.851+0.77 16.2 (955.38) -374.454+51.52 -416.334+44.27 21.51 (1316) 8.75 (535)
89 3.143 3.152 2.9 x 1042 5.634+0.51 7.96 (457.98) 467.31+£54.34 492.594+57.72 18.52 (1101) 7.07 (420)
90 3.043 3.044 8.6 x 1042 34.51+£1.18 32.72 (1924.06) 105.084+21.07 125.01+18.76 15.51 (946) 6.86 (418)
91 3.045 - —— —— —— —— —— —— ——
92 3.115 3.112 5.3 x 1042 14.78+0.81 15.84 (918.81) -40.14+38.89 -46.52+38.39 20.78 (1246) 9.27 (556)
93 3.046 —_— —— —— —— —— —— —— ——
94 3.178 3.181 5.7 x 1042 20.42+0.88 20.92 (1196.75) 89.09+24.2 96.754+27.59 18.86 (1113) 7.61 (449)
95 3.024 —— —— —— —— —— —— —— ——
96 3.118 3.12 8.6 x 1042 73.9441.44 48.68 (2819.3) -70.61+17.01 -91.26+13.14 20.08 (1203) 7.96 (477)
97 3.092 3.096 7.4 x 1042 14.474+0.77 16.8 (977.54) 220.94+32.48 274.6+£31.37 17.83 (1074) 6.55 (394)
98 3.074 3.077 4.3 x 1042 22.24+1.02 17.32 (1011.75) 1.27447.73 30.23445.52 29.1 (1762) 12.37 (749)
99 3.105 3.106 4 x 102 11.7240.76 10.04 (583.07) 202.81+£66.97 215.04+£60.73 27.17 (1631) 11.99 (720)
100 3.059 3.06 2.6 x 1042 8.1740.65 7.36 (431.4) 179.484+55.87 278.02+61.02 21.58 (1310) 8.36 (507)
101 3.084 3.078 7.3 x 1042 26.66+1.24 25.24 (1473.92) -232.664+54.09 -286.72449.81 30.99 (1873) 10.71 (648)
102 3.193 3.197 8.2 x 1042 44.2641.23 34.88 (1988.94) 41.52414.66 20.9414.43 15.62 (918) 6.3 (370)
103 3.01 3.002 9.4 x 10%2 32.57+£1.28 22.28 (1320.96) -22.624+72.81 96.714+45.67 32.97 (2028) 12.31 (756)
104 3.14 3.143 1.3 x 10%3 43.01£1.27 27.92 (1609.38) 35.714+28.7 3.26423.41 24.15 (1439) 10.64 (634)
105 3.188 3.188 3.4 x 1042 22.51+1.02 19.08 (1089.76) 137.82445.99 222.9+39.35 25.48 (1500) 10.59 (623)
106 3.181 3.18 3 x 102 5.384+0.47 7.56 (432.52) 111.13456.69 144.734+56.55 19.54 (1152) 6.47 (382)
107 3.086 3.083 6 x 1042 15.08+0.88 18.2 (1061.85) -108.68+£54.37 -157.97+53.68 26.78 (1617) 10.32 (623)
108 3.092 3.092 5.8 x 1042 30.23+1.23 25.88 (1507.21) -140.75+43.3 -157.37+£36.72 26.64 (1606) 10.25 (618)
109 3.076 3.077 5.2 x 1042 29.45+1.22 26.76 (1563.05) 59.98+53.91 179.661+43.53 29.84 (1805) 12.42 (751)
110 3.098 —— —— - - —— —— —— ——
111 3.043 3.045 3.9 x 1042 6.474+0.55 8.56 (503.17) 170.88+61.55 154.25+55.59 18.89 (1151) 6.09 (372)
112 3.101 3.103 4.4 x 1042 38.03+1.2 40.56 (2356.89) 212.43+24.1 217.13+18.86 17.19 (1033) 7.32 (440)
113 3.105 3.108 4.6 x 10%2 39.69+1.66 34.32 (1992.45) 47.934+41.95 32.964+41.28 28.62 (1719) 11.64 (699)
114 3.148 - - —— —— —— - —— ——
115 3.116 3.116 3.3 x 1042 12.7140.49 12.36 (716.36) -83.134+11.97 -96.78+12.4 9.45 (567) 4.01 (240)
116 3.069 3.069 8 x 1042 22.27+1.0 19.16 (1120.93) 14.07+41.89 -17.754+39.61 26.26 (1591) 10.73 (650)
117 3.186 3.186 2.4 x 1042 30.33%+1.19 34.08 (1947.36) 67.38+36.68 60.03+33.03 24.52 (1444) 9.76 (575)
118 3.108 —— — — —— — — — ——
119 3.176 3.175 2.9 x 1042 19.0340.82 21.8 (1248.54) -10.894+22.65 2.22421.95 14.8 (874) 6.02 (356)
120 3.407 3.406 2.8 x 1042 3.5640.31 3.52 (192.32) 94.36+26.5 112.724+31.65 11.58 (648) 4.56 (255)
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and non-detections by building SB maps from NB images and consider detected nebulae
above 20 (section [4.3.2)). We report results on the stacking of non detections and discuss
their properties of the associated quasars in Section [4.3.2] and [4.4.2]

4.3.2 Lyman-a SB maps and spectra

We use the redshift of the nebulae identified in Section to build Ly SB maps com-
puted from 30 A pseudo-NBs centered at the Ly line. This wavelength range is chosen to
allow comparison with previous studies. As done in all previous works (e.g., Borisova et al.
2016)), we compute the residual background of each SB map after masking the location of
continuum sources present in the original white image. We then subtract the background
level from each SB map. The resulting SB maps for the 59 faint quasars and the 61 bright
quasars are shown in Figures [4.4] and [4.23] respectively, after smoothing using a 2D Box
kernel of 3 pixels. For non detections, we build the SB maps in a 30 A pseudo-NB centered
at the peak Ly« emission of the quasar spectra. The SB maps of Figure |4.4] correspond to
~ 150 x 150 kpc at the median redshift of the sample and show that the nebulae around the
fainter quasars appear dimmer and more compact than their bright quasar counterparts
(Figure [4.23), consistent with the findings presented in [Mackenzie et al| (2021b)). As done
in previous works, the detected nebulae are defined out to their 20 isophote in the Lya SB
maps. We use this isophote to characterize the nebulae physical properties in Section

For the 59 faint quasars, we integrate the spectra inside the 20 isophotes and present
them in Figures [1.5] [4.6] and [£.7] with red curves, after normalizing by their maximum flux
density. For the non-detections, we show the spectrum integrated within a 1.5” radius
aperture in gray without normalization. For comparison, we show the quasar spectra
within a 1.5” radius aperture in black after normalizing by their peak. The blue dashed
line represents the wavelength of the peak Lya emission of the quasar. We see that the
Lya emission of the detected nebulae resembles, in most cases, the Lya emission of the
quasars even though it is narrower, i.e, with similar absorption features and small shifts
in wavelength compared to the Lya line of the quasar. However, there are cases (like
ID 71, 73, 81, 92) in which the Lya emission occurs at wavelengths corresponding to
absorption in the quasar spectrum. This result is similar to what has been found in the
smaller sample studied in Mackenzie et al.| (2021b]). The resulting spectra for the 61 bright
quasars from |Arrigoni Battaia et al. (2019a)) are presented in Figures [4.24] |4.25) and |4.26|

of Appendix [4.6.2]

4.3.3 Nebulae morphology, area, integrated luminosity and kine-
matics

We characterize the nebulae by computing their integrated Lya luminosity, area within the
20 isophote, morphology, velocity shift with respect to the quasar Ly« line and linewidth,
which we summarize in Table Additionally, we obtain the spatial kinematics of the
nebulae using the first and second moment maps which we present in Figures and
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SBiyq [1078ergs~tcm™2arcsec™?]

Figure 4.4: QSO MUSEUM III atlas of the faint quasars’ Lya nebulae. Lya SB maps
around the 59 faint quasars after PSF- and continuum-subtraction (see Section [4.2.5)),
computed from 30 A pseudo-NBs centered at the peak Lya wavelength of the nebula. Each
image shows maps with projected sizes 10”7 x 10” (~ 75 x 75kpc at the median redshift
of the sample). In each map, a black crosshair indicates the location of the quasar. The
contours indicate levels of [2,4, 10,20, 50] times the Lya SB limit within the pseudo-NB

(Table [4.1)).
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Figure 4.5: One-dimensional spectrum around the Lya line of ID 62-85 of the targeted
faint quasars. The ID of each system is shown in the top left corner of each panel. In
each panel, the black line is a spectrum integrated from the MUSE datacube inside a 1.5”
radius aperture centered at the quasar location and normalized by its peak. We indicate
the wavelength of the peak of the Ly« emission of each quasar with a blue vertical line. The
red line in each panel shows the integrated spectrum of detected nebular integrated from
the PSF- and continuum-subtracted datacubes within the 20 isophotes from Figure [4.4
after normalizing by its peak. The gray lines are the spectra integrated within a 1.5” radius
aperture from subtracted cubes where we found no extended Lya emission. We mask the
17 x1” PSF normalization region when we extract a spectrum from a subtracted datacube.



92

4. QSO MUSEUM III

f/\/(f/\)max

1.0
0.8

0.6
0.4
0.2

1.0 F
0.8

0.6
0.4
0.2

1.0
0.8
0.6
0.4
0.2

1.0 F
0.8

0.6
0.4
0.2

1.0 F
0.8

0.6
0.4
0.2

1.0
0.8

0.6 -

0.4
0.2

MMLMMM |

5022 5082 5142 5202 4907 4967 5027 5087 4914 4974 5034 5094 4895 4955 5015 5075

Aobs [A]

Figure 4.6: Same as Figure [4.5 but for ID 86-109.
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Lya velocity shift [km/s]

Figure 4.8: Lya velocity shift maps of the detected nebulae around z ~ 3 faint quasars.
The Lya velocity shift map is computed from the first moment of the PSF- and continuum-
subtracted datacubes within a £FWHM;p, with respect to the wavelength of the peak of
the Lya emission of the nebula (Table .The panels are shown using a projected scale
of 8" x 8" (~ 60 x 60kpc) and a white crosshair indicates the location of the quasar. The
ID of each system is shown at the top left corner of each panel.
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Figure 4.9: Lya velocity dispersion maps of the detected nebulae around z ~ 3 faint
quasars. The Lya velocity dispersion map is computed from the second moment of the PSF-
and continuum-subtracted datacubes within a ZFWHMyy, centered at the wavelength of
the peak of the Ly« emission of the nebula (Table .The panels are shown with the same
projected scale of 8" x 8" (~ 60 x 60kpc) and a white crosshair indicates the location of
the quasar. The ID of each system and the average velocity dispersion within the mask are
shown at the top and bottom left corner of each panel, respectively. The velocity dispersion
of the faint quasars is on average lower than their bright counterparts (Figure .
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First, we characterize the Ly« line using the spectra integrated inside the 20 isophotes
by fitting a gaussian in order to obtain the centroid wavelength and the full width at
half maximum (FWHM). We set an upper limit of 14 A for the standard deviation when
performing the gaussian fit. We estimate the total Lya luminosity of the nebulae by
integrating the spectra within a wavelength range of FWHM centered on the Ly« line.
This choice of wavelength range is made to ensure that we are considering most of the flux
distribution into the calculation of the luminosity. The centroid of the gaussian fit is used
to compute the velocity shift of the nebula with respect to the quasar’s peak Ly« emission,
we list these values in Table 4.2

We also note that a gaussian function is, in general, not a good representation of the
Ly« line profile due to absorption features and possible radiative transfer effects affecting
the propagation of Lya photons. Therefore, we compute, for comparison, the first and
second moment of the Lya flux distribution to estimate the line centroid and linewdith
independently from any model assumption. We find good agreement between the estimates
from the gaussian fit and flux weighted moments of the Ly« line flux distribution. We list
in Table the flux weighted first moment of the line in terms of the velocity shift with
respect to the quasar peak Lya wavelength and the linewidth obtained from the second
moment of the flux distribution.

In order to describe the kinematics of the observed nebulae, we compute the velocity
shift and velocity dispersion maps shown in Figures and for the faint quasars and
Figures [4.27] and [4.28] for the bright quasars. These maps are computed using the first
and second moment of a pseudo-NB constructed within the ZFWHM range obtained from
the gaussian fit and centered at the peak Lya wavelength of the nebulae. We restrict the
calculation of the moment maps to regions with SNR> 3 in the SB maps. The datacubes
are spatially smoothed with a gaussian kernel of 0.5” before the SNR calculation, then this
mask is applied to the PSF- and continuum- subtracted cubes before computing the first
and second moment maps. The velocities are computed with respect to the wavelength
of the peak of each extended Lya emission. We see from the velocity shift maps that
the nebulae kinematics of the faint sample (Figure are complex and diverse, with
some nebulae presenting velocity components that span ~ 200 — 400 km /s across the peak
Lya of the nebula (e.g., ID 66, 73, 96). Other nebulae appear to have more quiescent
kinematics with velocities diverging < 100 km/s from the Lya (e.g., ID 68, 80). We
note that the maps for the faint quasars carry little information on the individual nebular
kinematics as the maps are not able to resolve the smallest coherent structures. On the
other hand, the velocity shift maps of the bright sample (Figure[4.27) display similar variety
of complex velocity structures, with both quiescent and disturbed features in their nebulae.
In particular, the largest velocity gradients for the bright quasars span a larger range than
the faint nebulae of up to ~ 600 km/s across the peak Lya wavelength. From the velocity
dispersion maps of the faint quasars (Figure we see that most of the nebulae show
quiescent kinematics with velocity dispersions around 100—200 km /s and show an tendency
to increase up to 300 — 400 km/s towards the location of the quasar. On the other hand,
the bright quasar nebulae (Figure have in general larger velocity dispersions and a
similar tendency to increase up to 500 — 600 km/s towards the center. For both samples
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we see some cases where the velocity dispersion quickly increases to much higher values
(800 — 1000 km/s) at the center. We further explore these findings in Section [4.3.4]

We observe from the Lya SB maps that the nebulae display a wide variety of mor-
phologies, with some nebulae appearing centrally concentrated around the quasar position
(e.g., ID 1, 39, 68, 80 among others), others appear lopsided towards one direction from
the quasar (e.g., ID 11, 36, 66, 109, 112) and finally some cases show large scale coherent
structures (e.g., ID 13, 50, 56, 96). The strength of these effects could have an origin
on the different powering mechanisms of extended Ly« nebulae, such as photoionization
due to anisotropic quasar radiation or resonant scattering (e.g, Costa et al. 2022)). More-
over, the origin could be related to the gas distribution of each system (e.g., |Cai et al.,
2019) or viewing angle (e.g, (Costa et al., 2022). Finally, the environment or presence of
companions could affect the observed Lya nebulae morphology (see e.g., Gonzalez Lobos
et al., |2023; Herwig et al., 2024). Therefore, we attempt to quantify the observed nebulae
morphologies using two different measurements. First, we quantify the asymmetry of the
SB maps as previously done in the literature (e.g., Arrigoni Battaia et al.|[2019a; Herwig
et al.[2024)), defined as the ratio between the semiminor and semimajor axis within the 20
isophotes used to describe the area of the detected nebulae (Tables and [4.5]). This can

be described using the Stokes parameters:

o (1—-+/Q*+U?) (4.1)
1+/Q2+U? '

Where @ and U are the Stokes parameters computed from the flux weighted second order
moments of the image following Equation 1 in |Arrigoni Battaia et al.| (2019a) within the
20 isophote. The value of a corresponds to the aspect ratio of the isophote, where o = 1
represents a circular distribution. The left panel of Figure 4.10| shows the resulting « as a
function of integrated Lya nebula luminosity (Tables[4.2]and within the same isophote
for the faint (orange) and bright (dark green) quasars. We see that most of the observed
nebulae have values of a > 0.5, i.e., the nebulae tend to be rounder. Also, the median «
of the faint sample (orange dot-dashed line) is smaller than of the bright quasars (green
dot-dashed line), indicating that faint quasars present slightly more elongated nebulae.
Indeed, we observe that 5 of the dimmest nebulae (Lye, < 10* erg s™1) are associated with
values representing more elongated distributions. For comparison, we show the median
value of a from Arrigoni Battaia et al,| (2019a) with a thin green dot-dashed line which
is consistent with our re-calculation. Further, we show the o reported in the faint quasar
sample from Mackenzie et al.| (2021b]) with a gray dotted line which appears to be consistent
with the faint quasars presented in this work. Finally, the median value reported in Herwig
et al. (2024) for associated projected quasar pairs is shown with a red dashed line, which
showed an elongated morphology tracing the separation of the pairs. Notwithstanding
these observations, there is no clear indication of a trend between a and Lyyq.meb Of the
observed nebulae, which is also seen in those three works.

Finally, we use the same 20 isophotes to compute the lopsidedness of the nebulae as
done in |Arrigoni Battaia et al. (2023b)). In that work, the authors defined the asymmetry
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Figure 4.10: Level of elongation («) and lopsidedness (1) of the observed nebulae. Left:
Elongation (a) computed from the Stokes parameters (see Section within the 2o
isophote of the detected nebulae as a function of their nebula Lya luminosity. Larger
values of « indicate rounder distributions. Right: Nebula lopsidedness (1) as presented
in Arrigoni Battaia et al.| (2023b) and described in the text. High values correspond to
all emission being in one side of the quasar. In both panels, the orange and dark green
points indicate the faint and bright sample of QSO MUSEUM III, respectively. The median
values of the faint and bright sample are indicated with dot dashed lines of the same colors.
Additionally, we show the median values of a reported in Mackenzie et al| (2021b) and
Herwig et al.| (2024).
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Figure 4.11: Comparison of elonga-
tion () and lopsidedness (n) of the

detected nebulae.
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larly, the median values of each sam-
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based on the ratio of areas n = (A2 — AnP)/Aneb Where AP and A" are computed
as the maximum and minimum area on both sides of an imaginary line that crosses the
quasar position. In this case, n represents the level of lopsidedness of the nebulae, i.e.,
a value of n = 1 corresponds to all of the emission being on one side of the quasar. We
plot n as a function of nebula Lya luminosity within the 20 isophote in the right panel
of Figure 4.10| using orange and green colors for the faint and bright sample, respectively.
This figure shows that the dimmest nebulae appear more lopsided with respect to brighter
nebulae. This is similar to the results found in [Arrigoni Battaia et al. (2023b), where
at a fixed SB cut the smallest and dimmest nebulae appear more lopsided. In this case,
we do not use a fixed SB cut, but the systems studied here are found to lie close to
the Luminosity-Area relationship presented in that work for a SB threshold of 2.46 x
10~ 7ergs™' ecm ™2 arcsec™ (see their Table 1). We see that the systems with a < 0.5
and 1 ~ 1 correspond to ID 62, 81 and 99 which have very low signal to noise and their
morphology appears irregular. For these systems the 20 isophote appears on one side of
the quasar, which is a consequence of their clumpy SB morphology due to low luminosities.
Also, we note that some bright systems also appear lopsided and this could be indication
of larger scale structures. However, we see that there is no clear trend with n and the
nebula Lya luminosity in this sample. Finally, Figure 4.11| shows a comparison of the
estimated values of « versus 7 for the bright and faint quasars using green and orange
dots, respectively. This figure indicates that most of the nebulae tend to have a circular
morphology and their emission tends to be preferentially towards one side of the quasar,
i.e., the nebulae emission is asymmetric with respect to the quasar position. However, we
note that the values of 1 span from centered to lopsided nebulae and no clear indication
of following a trend with luminosity or ae. We briefly discuss the possible origin of these
observations in Section [£.4.2]

4.3.4 Surface brightness and velocity dispersion radial profiles

The nebulae presented in this work show a diversity of morphologies, luminosities and
kinematics and we attempt to quantify their differences by building radial profiles using the
SB maps of Figures [4.4] and and the velocity dispersion maps of Figures [£.9] and
as usually done in the literature (Arrigoni Battaia et al. 2019a; (Gonzalez Lobos et al.
2023). The Lya SB radial profiles are computed by averaging the maps inside annuli
with logarithmically increasing radius centered at the quasar position, then corrected by
cosmological dimming. We extract the SB radial profiles for all systems and compute the
median profile for the faint and bright sample and show them in the top left panel of
Figure with orange and blue triangles, respectively. These profiles are cut to the 20
detection limit of the stack and the shaded areas represent their mean uncertainty. For
comparison, we show the median profile of 12 similarly faint z ~ 3 quasars from Mackenzie
et al.| (2021b) and the QSO MUSEUM I (Arrigoni Battaia et al., 2019a)) with a yellow and
purple line, respectively. The similarities of the observed profiles and those studies show
that our analysis results in comparable Ly« nebulae. Additionally, we construct a stacked
SB map for the non detections by median combining 30 A pseudo-NB images centered
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Figure 4.12: Lya SB radial profiles of the QSO MUSEUM III nebulae. The profiles of each
detected nebulae are computed by averaging the Lya SB maps of Figures[4.4]and [£.23]inside
annuli with logarithmically increasing radius centered at the quasar location, after masking
the 1”7 x 1” normalization region. We cut the profiles when they reach values below the
20 SB limit or are negative, and only plot profiles that have at least two points satisfying
this criteria (108/110 profiles). The Lya SB is corrected by cosmological dimming and is
shown as a function of physical (bottom axis) and comoving (top axis) projected distances.
Top left: Median profiles of the faint and bright sample (orange and green triangles) and
stacked non detections (gray circles). Additionally, the median profiles from
et al.| (2021b) and Arrigoni Battaia et al.| (2019a)) are shown with a yellow and purple line,
respectively. Top middle: The profiles are color coded by the absolute ¢-band magnitude
normalized to z = 2 of the quasar. Top right: The profiles are color coded by the peak
of the Lya luminosity density of the quasar. Bottom left: The profiles are color coded by
the bolometric luminosity of the quasar, computed from the monochromatic luminosity at
1350A (Appendix . Bottom middle: The profiles are color coded by their quasar’s
black-hole mass. Bottom right: The profiles are color coded by their quasar’s Eddington
ratio.
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Figure 4.13: Individual Ly« velocity dispersion radial profiles of the QSO MUSEUM III
nebulae. Each profile is computed by averaging the Lya velocity dispersion maps from
Figures [4.9 and inside the 3>SNR mask, using the same annuli as the profiles from
Figure[d.12] Top left: The profiles are color coded by the peak Ly« luminosity density of the
quasar. Top right: The profiles are color coded by the bolometric luminosity of the quasar.
Bottom left: The profiles are color coded by the black hole mass of the quasar. Bottom
right: The profiles are color coded by the Eddington ratio of the quasar. Additionally, we
show in each panel the median velocity dispersion profile of the faint and bright samples,
color coded by each property with the median value of each bin indicated at the top right
corner of the panel. The average Moffat seeing of the observations is shown in the top
left panel with dashed lines, which is re-scaled to the median profile of the bright (blue)
and faint (orange) sample. In each panel, the MUSE spectral resolution limit (72km/s) is
shown with a dashed gray area.
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at the wavelength of the peak of the quasar Ly« emission. This decision is based on
the frequent observation that Ly« nebulae peak emission occurs at a similar wavelength
of the quasar Lya peak emission (Arrigoni Battaia et al.[2019a; Cai et al.2019). We
similarly propagate the associated variances to obtain errors. The stacked map shows a
clear detection of which we show its SB profile in the top left panel of Figure with
gray circles. This SB profile is at the low end of all the observed individual nebulae and
bolometric luminosities, confirming that these sources are just below our detection limit
for individual systems.

In the rest of the panels of Figure [4.12] we show the extracted individual Lya SB radial
profiles for the detected nebulae. In these, we show datapoints lying above the 20 Lya SB
limit (rescaled to the area of each annuli). We only show profiles that have two or more
datapoints above the rescaled SB limit, corresponding to a total of 108 profiles. Further,
the Lya SB profiles of Figure |4.12| are color coded by their quasar properties: the absolute
i-band magnitude normalized at z = 2 (top middle), the quasar’s peak Lya luminosity
density (top right), the quasar’s bolometric luminosity (bottom left), the quasar’s black
hole mass (bottom middle) and their Eddington ratio (bottom right). We see from these
plots that the profiles span almost 2 orders of magnitude in their SB level and their shapes
are similar across the whole sample. We further study the shape of the SB profiles by fitting
a power and exponential function in Section [4.4.1] Here, we observe that, in general, the
profiles of nebulae around the faint sample have Lya SB about one order of magnitude
lower than the nebulae around bright quasars. Also, the extended Ly« around the bright
quasars is detected out to projected distances of ~ 100 pkpc, while for the faint quasars the
Ly« is detected mostly out to 60 pkpc. Additionally, the SB profile normalization factor
increases as the peak Lya luminosity and bolometric luminosity of the quasar increase.
Such trend is not as clearly apparent with the absolute magnitude, as the profiles present
larger Lya SB scatter at a fixed quasar magnitude. Similarly, the black hole masses show
scatter across the range of Lya SB. Finally, there is a tendency for the brightest nebulae
to also present the most extreme Eddington ratios, suggesting a potential link between
nebula SB and extent and AGN accretion rate. Finally, we overlay in the top left panel
the median SB profile of the faint and bright sample, with shaded areas representing their
mean error with orange and blue shades, respectively. Details on the calculation of the
median profiles is described in detail in Section We observe that stacking highlights
that the profile shapes for the faint and bright samples are strikingly similar, however the
SB normalization factor of the bright sample is about 8 times larger than the faint. The
median values of each AGN property within the faint and bright sample bins are shown in
the legend of Figure [£.13]

Further, we present in Figure radial profiles that were constructed similarly to the
SB profiles, but using the velocity dispersion maps of Figures and [4.28 These profiles
are computed by averaging inside each annuli only where there is velocity dispersion data
(within the SNR> 3 mask of Figures [1.9 and [£.28). We overlay in the figure the spectral
resolution limit (72km/s) of MUSE with a shaded gray region. Note that the profiles
approach this limit as the distance to the center increases, indicating that we need higher
spectral resolution to resolve the lines at such distances. However, the velocity dispersion
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profiles tend to increase towards the quasar position. We color code the profiles by their
quasar properties such as the peak Lya luminosity density of the quasar (top left), the
quasar’s bolometric luminosity (top right), the black hole mass (bottom left) and Eddington
ratio (bottom right). We see a wide range of velocity dispersions, ranging from ~ 100 km//s
up to ~ 1000 km/s within the innermost regions of the CGM of the targeted quasars
(~ 12 kpc). This scatter decreases to about 300 km/s as the projected distance increases
(~ 40 kpc), due to the steep decrease on the velocity dispersion of the nebulae around the
brightest quasars. Indeed, we show the median velocity dispersion profile for the faint and
bright quasar sample in Figure with thicker lines, which indicate that the velocity
dispersion of bright quasar nebulae are about three times larger than fainter quasars at
~ 12 kpc and only two times larger at ~ 20 kpc. If we compare the velocity dispersion
radial profiles to properties such as black hole masses and Eddington ratios we observe
a similar behavior but with less pronunciation, probably because of the larger scatter of
these properties across the range of luminosities probed with our sample. We show in the
top left panel of this figure the average Moffat profiles of the observations rescaled to the
faint and bright median profiles with blue and orange dashed lines respectively, to show
that the trend is not affected by residuals of the quasar PSF-subtraction.

4.4 Discussion

By targeting 59 additional faint (—27 < M;(z = 2) — 24) z ~ 3 quasars, this work expands
the current catalog of known Ly« nebulae with 49 additional detections, which translates
into covering two orders of magnitude fainter systems than the bolometric luminosities
studied in the QSO MUSEUM I survey (see Figure , and representing a factor of 4x
more nebulae than currently available at these quasar luminosities. This wider dynamic
range allows us to study the CGM in emission of quasars across the faint and bright end
of the observed z ~ 3 quasar population (Figure and link it to their AGN properties
in addition to the physical mechanisms powering the emission.

4.4.1 Stacked Lya SB and velocity dispersion radial profiles and
their dependence on quasar properties

We design figures that contain all in once the aforementioned results as a function of quasar
properties. In the left panel of Figure we show the bolometric luminosity as a function
of black hole mass of the 110 quasars with detections in a log-log plot, color coded by the
peak Lya luminosity density of the quasars. In this plot, quasars with similar Eddington
ratios follow gray dashed diagonal lines. The size of the symbols is proportional to the
ratio between the total luminosity of the Lyo nebula and its area in kpc? within their
20 isophote, basically tracing the mean physical Lya surface brightness of the nebula.
This plot illustrates both the correlation between the quasar Lya luminosity and their
bolometric luminosity (Figure , and the increase in Ly« surface brightness for brighter
systems as it was also observed in the Lya SB profiles of Figure [£.12] Additionally, we
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Figure 4.14: Comparison of observed quasar properties with nebulae properties. We show
for each detected nebulae, their quasar bolometric luminosity as a function of black hole
mass. The size of each point is proportional to the integrated Lya luminosity of the
nebula divided by the total nebula area, with larger symbols having larger ratios. Different
values of constant Eddington ratios (Agqq) are shown with gray dashed lines. Left: The
points are color coded by the peak Lya luminosity density of each quasar (Table .
Right: The points are color coded by the mean velocity dispersion shown in the maps of
Figures [4.9 and [£.28] Additionally, we overlay in the left panel the bins covering different
quasar properties described in Section [4.4.1]

show in the right panel of Figure the same properties but color coded by the mean
velocity dispersion measured in the second moment maps of Figures and [1.28 We
see that the nebulae have a tendency to present larger average velocity dispersions with
increasing bolometric luminosity (and hence also peak Lya quasar luminosity), which was
also observed in the velocity dispersion radial profiles of Figure[4.13] Therefore, we observe
from Figure that the nebulae become brighter and more turbulent with increasing
bolometric luminosity and black hole mass.

We explore the main drivers of these trends by computing the median Ly« SB profiles
using several bins encompassing different quasar properties. Stacking is done by first re-
binning the profiles and their uncertainties into a common grid of projected comoving
distances using a cubic spline interpolation, then we compute the median value at each
radial bin. Since the stacking procedure decreases the noise potentially revealing fainter
emission than in individual profiles, we also include in the stack the datapoints falling
below the 20 Lya SB limit of each individual profile. We compute the mean uncertainty
of each stacked radial bin by propagating their variances.Similarly, we re-scale the 20 Ly«
SB limit of the stacked bins and use it to cut the stacked profile at the radial distance at
which it falls below the 20 detection limit.

To stack the profiles, first we build equally spaced bins of the peak Lya luminosity
density of the quasar and show their median Ly« SB profiles in the top left panel Figure[4.15]
and color code them by by the median peak Lya luminosity of the quasars within the bin
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Figure 4.15: Lya SB radial profiles binned at different quasar properties. The panels show
the median Lya SB corrected by cosmological dimming as a function of projected comoving
distances. Top left: Median profiles within equally spaced bins of peak Ly« luminosity
density of the quasars (see Section |4.4.1)), color-coded by the median LSSCS ear Of the bin
and using the same color-scale as the individual radial profiles of Figure We plot
an exponential fit (see Section to each profile with a shaded area of the same color
as the datapoints. Top middle: Median profiles within bins A1 and A2 of Figure
representing Mpy ~ 10%3 and 109! Mg at fixed Ly, ~ 10%ergs™. Top right: Median
profiles within bins A3, A4 and A5 representing Mpy ~ 10%2, 10%¢ and 10° M, at fixed
Lol ~ 10475 ergs~!. Bottom left: Median profiles within bins A2 and A3 representing two
bins of bolometric luminosity Ly ~ 106 and Lyg ~ 10*"?ergs™! at a fixed black hole
mass of Mgy ~ 10° M. We plot an exponential fit to each profile with a shaded area of the
same color as the datapoints. Bottom middle: Median profiles within bins B1, B2, B3 and
B4 representing Mgy bins of ~ 10%°, 10%°, 10%® and 10° M, at Agqq ~ 0.2. Bottom right:
Median profiles within bins B5 and B6 representing Mgy bins of ~ 10%2 and 10%7 M, at
Agada ~ 1.0. The legend indicates the symbol used for each bin, while the median values of
their bolometric luminosity and black hole mass are indicated in the legend of Figure
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Figure 4.16: Velocity dispersion profiles binned at different quasar properties. Similarly
to Figure [£.15] we show the median velocity dispersion profiles within the same bins and
using the same layout. The top left panel shows a power law fit to the median profiles
at different peak quasar Lya luminosity bins with solid lines and shaded areas indicating
their 1o uncertainty.
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using the same color scale as the radial profiles shown in the middle panel of Figure
The bins are log(L%ysgpeak/erg sTVA~1) = 42.5 to 44 and sizes of 0.3 dex, resulting in 6
bins with 20, 23, 16, 9, 23 and 29 stacked profiles each. Within this range of peak Ly«
luminosity densities, the SB level of the stacked profiles have a tendency to increase from
SBrya(1l + 2)* ~ 107" to 107 erg s™' ecm™2 arcsec™? in their inner region (~ 50 ckpc
or ~ 12.5 pkpc) and maintain a similar order of magnitude difference as the projected
distance increases, this suggest that the profiles in general have a similar shape between
each other. Additionally, we stack the profiles in the same way but using equally spaced
bolometric luminosity bins starting with log(Ly.1/ergs™!) = 45 to 48.7 and sizes of 0.6 dex,
resulting in 5 bins with 8, 31, 21, 31 and 28 profiles each. We do not show these profiles,
however a similar trend is observed between the SB level and the bolometric luminosity
as expected from the relationship between the bolometric luminosity and the peak Ly«
luminosity density of the quasar illustrated in Figure 4.3 and the individual radial profiles
of Figure |4.12

It is clear form these observations that the Lya SB level of the nebulae is correlated
with the quasar luminosities, however we want to test whether other AGN properties
could also be linked to it. For this, we construct bins at different black hole masses and
Eddington ratios that span the range of properties of the targeted quasars (Figure ,
these bins are overlayed and labeled in the left panel of Figure [4.14 Bins A1l and A2
are constructed to cover the low end of bolometric luminosities (Lpo ~ 10%¢ergs™) and
black hole masses between log(Mgn/Mg) = 8.1 — 8.6 and log(Mpu/Mg) = 8.6 — 9.5,
respectively. Bins A3, A4 and A5 are constructed to cover the higher end of bolometric
luminosities (Lp, ~ 10775 ergs™) and black hole masses of log(Mpp/Mg) = 9.0 — 9.4,
log(Mpu/Mg) = 9.4 — 9.7 and log(Mpu/Mg) = 9.7 — 10.2, respectively. Bins Bl, B2,
B3 and B4 are constructed to cover the lower end of Eddington rations (Agaq ~ 0.2) and
black hole mass bins of log(Mpn/Mg) = 8.3 to 10.3 and sizes of 0.5 dex. Note that the
uncertainties in the estimation of the black hole masses are of the order of log(Mpn/Mg) ~
0.5 (Appendix , therefore these large black hole mass bin sizes could be considered,
for this test, a fixed black hole mass range. Finally, bins B5 and B6 are constructed
to cover the higher end of Eddington ratios (Agaqa ~ 1.0) and black hole mass bins of
log(Mpu /Mg = 8.9—-9.4 t0 9.4 —9.9. We stack the Lya SB profiles inside these bins using
the same method described above and plot the resulting profiles in Figure where
each panel corresponds to a set of bins indicated at their top. The top middle panel of
this figure shows that the increasing black hole mass at low bolometric luminosity (bins
Al and A2) does not have an impact in the median SB profile, indicating that the Ly«
radiation around faint quasars is independent of the black hole mass. Similarly, at high
bolometric luminosity but different black hole mass (bins A3, A4, A5) there is no apparent
evolution of the profiles. However, the bottom left panel of Figure [4.15| shows that at fixed
black hole mass (Mpy ~ 10° M), the lower end of bolometric luminosities (bin A2) has
around 7 times dimmer nebulae than the higher end of bolometric luminosities (bin A2),
confirming the trend observed between individual radial profiles and bolometric luminosity
of Figure £.12] On the other hand, if we compare the bins with low Eddington ratios and
different black hole masses (bins B1, B2, B3 and B4) we see a slight increase in the SB level
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of the stacked profiles, more likely originating from the increase in bolometric luminosity
than the increase in black hole mass, as we do not see changes in profiles due to black hole
mass. Finally the two bins at high Eddington ratio (B5 and B6) show very similar profiles
despite the different black hole mass and bolometric luminosity.

Similarly, we use the same bins to compute median Lya velocity dispersion radial
profiles which are shown in Figure [4.16] using the same colors as in Figure [4.15] The
stack is carried out by computing the median value at each projected distance bin and
masking out values that fall below the spectral resolution limit (72 km/s). These plots
show that all profiles seem to approach the resolution limit at projected distances between
100 and 200 ckpc. Additionally, we see that the velocity dispersion profiles follow similar
trends as the SB radial profiles as a function of bolometric luminosity. Indeed, the velocity
dispersions become higher towards the center with increasing peak Lya luminosity density
of the quasar and bolometric luminosity. This effect is clearly seen in the bottom left panel
where the velocity dispersion increases from 300 km/s to 500 km/s in the center for bins
A2 and A3, respectively. This trend could indicate a link between the kinematics in the
inner CGM to the AGN activity, which we further discuss in Section [4.4.2] Similarly to
Figure [£.15] the velocity dispersion profiles do not seem to be strongly affected by the
changes in black hole mass.

With these tests we confirm that the increase in SB level and velocity dispersion of the
nebulae is correlated to the bolometric luminosity, therefore we focus in quantifying these
differences by fitting the median profiles inside the quasar luminosity bins described above
with a power or exponential law. We perform the fits using a Markov Chain Monte Carlo
(MCMC) approach, which is implemented in the emceeﬂ module for Python (Foreman-
Mackey et al., [2013)). For reference, we show in the top left panels of Figures and
the resulting exponential and power law fits with a solid line and shaded regions repre-
senting their 1o uncertainty, using the same colors as the datapoints of each corresponding
median profile. Additionally, we fit the median profiles of the non detections, bin A2
and bin A3 with the same method. For the Lya SB, we fit the profiles using both a
power law of the form SBry.(1 + z)* = SBy x r? and exponential function of the form
SBrLya(r) = SBg % e~("/Br) On the other hand, for the median velocity dispersion profiles
within the same bins, we fit only a power law of the form o = g5¢(r/50 ckpcgﬁ. Figure m
summarizes the results of the MCMC fit to the median profiles inside Lﬁyfjpeak and Lyg
bins as a function the median luminosity of the bin with a dot-dashed red line and solid
blue line, respectively. The top row shows the power law fit parameters to the stacked
SB profiles, which shows that the normalization factor SBy of the median profiles tends to
increase up to an order of magnitude with increasing quasar luminosity and the power
ranges between -2.25 to -1.75. Similarly, the middle row shows the fitted parameters for
the exponential function, which shows a similar behavior in the normalization factor. The
characteristic radius R), of the exponential fit appears to be constant at ~ 50 ckpc. The
fitted parameters of the stacked non detections are shown with a white diamond, while
the fits of bins A2 bin A3 are shown with light blue and dark blue squares. The fitted

Shttps://emcee.readthedocs.io/en/stable/index.html
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Figure 4.17: Fitted parameters from a power and exponential law to the stacked SB and
velocity dispersion profiles as a function of their median quasar luminosities. The first row
shows the fitted log(SBy) (left) and /5 (right) parameters of a power law versus the median
peak Lya luminosity density (top axis, red dot dashed line) and bolometric luminosity
(bottom axis, blue line) of the quasar, with their respective uncertainties as shaded areas.
The second row shows the log(SBy) and Rj, parameters of an exponential law fit as a
function of their median quasar luminosities. The bottom row shows the fitted log(oso)
and § of a power law fit to the median velocity dispersion profiles as a function of their
quasar luminosity. We also show in the left panel a power law fit to the normalization factor
as a function of bolometric luminosity of the form o590 = op01(Lpor/erg/s)* and parameters
shown in the legend with a black dashed line and 1o uncertainty shaded area. Finally,
the fitted parameters for the profile of the stacked non detections are shown with a white
diamond and errorbars representing the 1o uncertainty, while the fitted parameters of bins
A2 ans A3 are shown with light blue and dark blue squares, respectively.
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values for these three bins follow similar tendencies as the luminosity bins. Interestingly,
the profile obtained by stacking the non detections has a lower normalization factor than
the lowest luminosity bin (which has comparable median luminosity). This could indicate
that at these low luminosities there is potentially a mechanism that can suppress the de-
tection of extended Lya emission, such as host galaxy orientation (e.g.,|Costa et al.| [2022),
small opening angles (Obreja et al., [2024) and/or molecular and dust content of the host
galaxy (Munoz-Elgueta et al., 2022; Gonzélez Lobos et all |2023), which we further discuss
in Section 4.4.2]

Additionally, we assess the goodness of the power law versus exponential fits for the
stacked non detections, bin A2 and bin A3 by calculating the root-mean-square-deviation
(RMSD) between the profiles and their fitted functions as:

— 2
RMSD = \/M’ (4.2)
o

where o is the error associated to the Lya SB. We find that the exponential function is a
better fit to the profile of stacked non detections than a power law (RMSD of 2.9 and 4.2,
respectively). Similarly, bin A2 is also better described with an exponential than power
law (RMSD of 1.6 and 3.3, respectively). Opposite to this, bin A3 is better described with
a power law rather than an exponential law (RMSD of 3.6 and 13.04, respectively). This
is a consequence of the increased SB towards the center of the nebula in comparison to the
points at larger distance (see Figure, which biases the fit towards larger normalization
factors. If this first point is not considered in the fit, an exponential law can be a good
description of the profile in bin A3. Overall, these tests show that not a single power or
exponential law can describe the observed SB radial profiles, however they are a robust
representation.

Finally, the bottom row of Figure shows the fitted parameters to the median
velocity dispersion profiles for a power law of the form o = o50(r/50 ckpc)®. From the
bottom right panel, we see that the power remains constant at 5 ~ —1.0. On the other
hand, we observe that the normalization factor oxq is related to the bolometric luminosity
through a power law. We further fit a power law of the form o590 = 0p01(Lpo/ergs™1)
and show in that panel with a dashed black line and list the parameters in the legend of
this panel. This indicates that all of the observed inner velocity dispersions scale tightly
with the quasar bolometric luminosities, suggesting that the Lya emission could be tracing
AGN winds/outflows at these scales.

4.4.2 Insights on the powering mechanisms for extended Ly«
emission

As mentioned in section there are several physical mechanisms than can collectively
power extended Lya nebulae around quasars, such as photoionization due to the quasar
(and nearby sources) radiation followed by recombination, resonant scattering of Ly« pho-
tons originating from the broad line region of the quasar, shocks due to galactic/ AGN winds
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and outflows and gravitational cooling. In this work, we have confirmed, with similar ob-
servations, the findings presented in Mackenzie et al. (2021b)) regarding the correlation
between quasar Lya and UV luminosities and Lya SB of the nebulae. Moreover, in Sec-
tion we discussed that the Lya and bolometric luminosities of the quasars are the
main AGN properties linked to the observed Lya SB and velocity dispersions.

Figure 4.18] summarizes the effect that the bolometric luminosity of the quasar has on
the Lya SB level and velocity dispersion by comparing the median radial profiles within bins
A2 and A3 with a solid orange line and blue dashed line, respectively. Additionally, we show
the median profile of the stacked non detections with gray dots and shaded region indicating
its 1o uncertainty. The legend indicates the median values of the bolometric luminosity
and Eddington ratio in each bin. The left panel shows the median Lya SB corrected by
cosmological dimming as a function of projected distance in comoving kiloparsec, with the
shaded areas representing the 25 and 75 percentiles of the stacked profiles. The shapes
of the Lya SB profiles are similar, however the profile of bin A2 is on average a factor of
5 times lower than that of bin A3. Additionally, the median profile of the stacked non
detections is on average 2 times dimmer than the median profile of bin A2. In the same
panel, we show the simulated profile obtained by assuming the illumination of a galaxy
in a 10'%3 Mg, halo by the ultraviolet backgound (UVB) only (Obreja et al. 2024). The
fact that the two profiles are very similar suggests that faint quasars are associated with
very small opening angles. Additionally, we show in the same panel the Lya SB profile
around Lyman break galaxies (LBGs; [Steidel et al.|2011]), which are expected to be hosted
in M ~ 102 M, halos.

On the other hand, the right panel of Figure [4.18shows the median velocity dispersion
profiles within the same bins. We see that the velocity dispersion in bin A2 is on average a
factor of 2 times lower than the velocity dispersions in bin A3, while the median bolometric
luminosity of bin A2 is an order of magnitude smaller than the median bolometric lumi-
nosity of A3. Additionally, we show in the same panel the intrinsic Ly« velocity dispersion
(0;) obtained by |de Beer et al. (2023) using mock observations of cosmological simulations
in halos with M = 10'2 and 10'2°M at z = 3.017 with a black dashed line and a red
dot-dashed line, respectively. Those simulations are carried out under the assumption of
maximal quasar fluorescence and the median o; is computed first within a projected dis-
tance of 40 — 100 ckpc, which translates to 9.76 — 24.4 pkpc at the median redshift of our
sample. Therefore, in order to compare the shapes of the velocity dispersion profiles, we
re-scaled the profiles from de Beer et al. (2023) to match the median velocity dispersion
at the average projected distance of 17 pkpc of bin A2. Note that from our observations
we are not able to recover the intrinsic velocity dispersion, however de Beer et al. (2023)
indicated that the velocity dispersions of the mock observations are able to trace well the
intrinsic velocity dispersions derived from gravitational motions given their halo mass. We
see that the observed velocity dispersion profile is much narrower than the o; from |de Beer
et al.| (2023)), indicating that the same assumption cannot be made and other mechanisms
could be contributing to the observed shape. In this case, we see that the differences in
the velocity dispersion profiles are affected by the bolometric luminosities due to AGN
activity, which is also shown as the relationship in the bottom left panel of Figure |4.17]
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Figure 4.18: Median Lya SB and velocity dispersion of stacked radial profiles. Left: Lya
SB corrected by cosmological dimming as a function of projected comoving distance for the
stacked non detections in gray dots and bins A2 and A3 with orange and blue triangles,
respectively. The simulated profile obtained from the illumination of a galaxy in a 1013 M
halo by the ultraviolet background (UVB) only (Obreja et al.2024) is shown with a red
dashed line. The profile around LBGs (Steidel et al., 2011)) is shown with a magenta line.
Right: Velocity dispersion as a function of projected comoving distances of bins A2 and A3
with orange and blue triangles, respectively, and their shaded region representing the 25
to 75" percentiles. Additionally, we show with a black dashed line and a red dot-dashed line
the intrinsic Lya velocity dispersion (oyy) from |de Beer et al| (2023) using cosmological
simulations of haloes at z = 3.017 with M., = 10*? and 10'26 M., respectively, after
rescaling to match the velocity dispersion at 17 pkpc of bin A2 (see Section . Their
median properties physical such as peak Lya luminosity density of the quasar, bolometric
luminosity, black hole mass and Eddington ratio of the bins are indicated in the legend.
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This is also supported by the larger median Eddington ratio of bin A3 (Agqq ~ 0.9) with
respect to bin A2 (Agqq ~ 0.2). Note that Aggq scales linearly with quasar bolometric
luminosity and is inversely proportional to the black hole mass, however bins A2 and A3
span a similar range of black hole masses (see Figure . These findings can suggest that
the observed velocity dispersion profile shapes are correlated with the intensity of AGN
feedback in these systems. In this case, the large velocity dispersions at the center could
be tracing winds/outflows and then quickly decay towards a quiescent state.

Further, we would like to discuss the interplay that can happen between the aforemen-
tioned powering mechanisms and their possible impact on the nebulae that we observe.
In the context of photoionization due to the quasar radiation followed by recombination,
we expect the gas, if illuminated by the quasar, to be almost fully ionized on the scales
spanned by the Lya nebulae that we see in this work (Mackenzie et al., [2021b)). In this
case, the illuminated gas will be optically thin to ionizing radiation, resulting in a Lya SB
level that is independent of the ionizing luminosity, but instead depends on the physical
properties of the gas such as the hydrogen volume and column densities (SByya o< nyNy;
Equation 10 in Hennawi and Prochaska|2013]). This can be translated to a dependence in
ny and mass reservoir in the cool phase My (Hennawi and Prochaska}2013). To explain
the changes in Ly« SB that we see, there is therefore the need of a change of ny and/or
My. In this framework, if we assume a fixed My or similarly the median value of column
density obtained in absorption studies of quasar CGM Ny = 10?*°cm™2 (Lau et al., [2016)),
we find that the median Lya SB profiles of the faint and bright quasar nebulae imply gas
densities of nyg ~ 0.5 and 2 cm ™3, respectively, at a fixed projected distance of R ~ 20kpc,
the median redshift of our sample, and assuming a covering fraction of fo = 1 (Arrigoni
Battaia et al.,|2015b). As expected, these values are consistent with the densities estimated
in previous works (e.g., Hennawi et al|[2015; Arrigoni Battaia et al[[2019b). Thus, if the
recombination scenario in optically thin gas were the dominant mechanism powering the
nebulae, then the observed Lya SB may imply that the bright quasars reside in denser gas
reservoirs. Similarly, at fixed ny the change in SB could be due to a more (4x) massive
reservoir of cool gas around bright quasars. However, both faint and bright quasars at z ~ 3
seem to reside in similarly massive halos as estimated by clustering measurements White
et al. (2012)); Timlin et al.| (2018)). Also, at low redshift it is expected a relation between
black hole mass and halo X-ray temperature, hence halo mass (e.g.,|Gaspari et al.|2019). If
this relation holds also out to z ~ 3, we should see a trend of increasing velocity dispersion
as a function of black hole mass. Indeed, the velocity dispersion of Ly« nebulae has been
used to determine the quasar halo mass (Arrigoni Battaia et al.2019a; |[Farina et al.|2019;
de Beer et al.[[2023)). Here, we do not see any evidence of such a trend (see Figures
and [£.18). Hence, we do not expect drastic changes in ny and My around the targeted
quasars, modulo the effect of the quasars’ feedback itself which may increase densities in
the inner halo because of entrained material for stronger winds/outflows (e.g., |Costa et al.
2014)), but simultaneously reduce the reservoir of cool gas because of the stronger ionizing
radiation (e.g., Obreja et al.[2024). Then, other mechanisms would be required to provide
enough gas densities or cool gas mass to power the observed nebulae, such as stripped
satellite galaxies. But once again this effect would need to be more pronounced around
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brighter quasars. Something that has to be tested observationally (e.g., Chen et al|2021}
Bischetti et al.|2021)). Another way to change the amount of cool gas mass photoionized by
the quasars is to change the fraction of volume they can illuminate (Obreja et al.[[2024). In
other words, if the ionization cone of the AGN increases with the luminosity of the quasar
then brighter quasars would be able to increase the nebula SB levels in the recombination
scenario. We further discuss this effect later in this section.

Regarding a scenario in which the Lya nebulae are predominantly powered by resonant
scattering, it is possible to expect that the Lya luminosity of the nebulae is correlated with
the Lya luminosity of the quasar (and consequently the bolometric luminosity). In this
case, Lya photons produced in the broad line region of the quasar are scattered through
the surrounding gas distribution until they escape the CGM. For this reason, the observed
flux distribution contains information on the Lya source as well as the location and kine-
matics of the last scattering event (e.g., Blaizot et al.2023). On the other hand, the
fraction of neutral hydrogen available to scatter Lya photons is inversely proportional to
the luminosity of ionizing radiation of the quasar, which can be directed anisotropically
along its ionization cones. Indeed, this is consistent with the predicted SB profile from a
galaxy illuminated by the UVB only and the observed profile of stacked non detections
(Figure Further, dust absorption could also impact the detection of extended Ly«
emission (Gonzalez Lobos et al.[2023). Hence, an indication of the amount of dust as-
sociated to the non detections may help in assessing their degree of obscuration, such as
inferred from future ALMA observations. Finally, we require detailed assessment of ra-
diative transfer effects that shape the observed line profiles in order to interpret of the
observed relationship between nebula Lya properties and bolometric luminosity.

Recent radiative transfer cosmological simulations carried out by (Costa et al.| (2022)
have shown that resonant scattering of Lya photons from the broad line region of the
AGN can produce Lya emission out to scales of ~ 100kpc in z ~ 6 quasar host halos.
Additionally, this work highlighted that to reproduce the Lya nebulae it is required that
AGN outflows clear the gas within the nucleus to allow Lya photons to escape and scatter
in the CGM. This could be consistent with our observations, where the brightest nebulae
are associated to the largest velocity dispersions (Figure , which could arise in the
case if AGN outflows are able to increase the gas densities and inject turbulence in the
cool ISM and CGM gas. Moreover, the brightest nebulae are also associated to the largest
Eddington ratios, indicating that AGN feedback is stronger in these systems. On the other
hand, the same simulation by Costa et al.| (2022) predicted that host galaxy orientation
affects the way we would see Lya nebulae because of AGN outflows preferentially escaping
along the minor axis, producing a diversity of morphologies. For example, lopsided and
dim nebulae can be reproduced in the case of galaxies viewed close to edge-on, while more
symmetric and brighter nebulae can occur for galaxies viewed closer to face-on. The fact
that we observe a broad range of nebular morphologies and the dimmest nebulae are also
lopsided (Figure , see also Arrigoni Battaia et al.|2023b) could be a consequence of
viewing angle. A similar diversity could be present also among Ly« nebulae around faint
quasars, with the fainter nebulae being associated to quasars hosted by more edge-on
galaxies. Finally, in the same simulations by [Costa et al. (2022) it is also shown that the
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effect of resonant scattering increases the observed linewidths, although they predict an
increase also in the outskirts. Nevertheless, the simulations at z ~ 6 from Costa et al.
(2022) trace smaller physical scales than observed here. Finally, part of the increase in
velocity dispersion could be due to a larger effect of Lya resonant scattering for brighter
quasars (e.g., [Mackenzie et al.[2021b)).

Moreover, (Costa et al. (2018) estimated that the bolometric luminosity threshold Ly
over which an AGN is able to power mechanical outflows can be computed as the luminosity
at which the outbound radiation pressure acceleration balances the inward gravitational
acceleration on the entirety of ISM gas:

Ly _ G Mz, Mism Misn + My + Mpy(< Rism)
c R\ Moo Mano ’

where G is the gravitational constant, ¢ the speed of light, Rigy & 0.1Rs is the outer
boundary of the ISM, and Mgy, My and Mpy(< Rism) are the gas, star and dark mat-
ter masses within the ISM region. A typical z ~ 3 quasar host dark matter halo has
Mopo=10'25M,, and Rapo ~100 kpc. If we assume a Navarro-Frenk-White dark matter
profile (Navarro et al., [1997) and use the concentration-halo mass relation for z = 3 of
Dutton and Maccio| (2014) Mpm(< Rism)/Mago =~ 0.056. We can estimate the ISM mass
fraction Misnm/Mago using the EAGLE simulation (the dashed green curve in figure 2 of
Mitchell and Schaye, 2022, for z = 2) to be 8% for our target halo mass, where we assumed
the cosmic baryon fraction value of the Planck cosmology f, = €,/ = 0.157. For the
stellar mass fraction, we can use the z-appropriate relation of Moster et al. (2018) to get
My /Msgo = 0.027. Plugging all these numbers in the equation above, an AGN at z = 3 has
to have a bolometric luminosity of at least 1.08x 10 erg/s for radiation pressure to push
away all of the ISM. This limit luminosity is computed assuming a spherical symmetric
ISM distribution, however quasars are typically associated with star forming galaxies, which
have their ISM organized in a disk. Therefore, the amount of ISM that needs to be removed
for the AGN radiation to escape the ISM is lower. For example, if we assume the AGN needs
to remove only the ISM within a typical ionization bi-cone of angle e = 60° (e.g. (Obreja;
et all, 2024)), the limit luminosity becomes [1-cos(a/2)]x1.08x 10%8erg/s=1.4x10*7erg/s.
Interestingly, this new Ly limit coincides with the minimum luminosity of the QSO MU-
SEUM bright sample, which has larger average Lya SB than the QSO MUSEUM faint
sample as given by the points’ sizes in Figure In this case, the observed Lya SB
of the bright nebulae is produced because the AGN has been able to push enough ISM
material, allowing the photons to escape and scatter. Moreover, the observed nebulae as-
sociated to the quasars above this bolometric luminosity show increased average velocity
dispersions with respect to the faint quasars (see right panel of Figure [£.14). Indeed, this
is also observed in Figure where we show the median Lya SB and velocity dispersion
profiles within bins A2 and A3 with an orange solid line and blue dashed line, respec-
tively. In particular, the median velocity dispersion profiles (right panel) show that the
nebulae around brighter quasars (Ly, ~ 107 erg/s) have enhanced velocity dispersions
that decrease more steeply with projected distance than the velocity dispersion of nebulae
around fainter quasars. This is also supported by the larger median Eddington ratio of bin

(4.3)
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Figure 4.19: Distribution of the
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A3 (Agaa ~ 0.9) with respect to bin A2 (Agqq ~ 0.2) which could indicate stronger AGN
feedback in these systems.

Assuming that to see a Lya nebula around a quasar there is the need of an AGN outflow
(Costa et al.|2022)), using the above reasoning we could estimate how the opening angle of
the targeted quasars changes as a function of their Ly, by requiring:

Lbol = Lths X [1 — COS(O(/Q)]. (44)

Figure shows the results of solving for a in Equation with Lips = 1.08 x 10%8 erg/s
for the full sample, which shows that brighter quasars would have larger opening angles.
In this case bright quasars would be able to ionize a larger mass of cool gas (boosting
the Lya SB signal in a recombination scenario) or to illuminate with their Ly« photons
more gas (important in a scattering scenario). In the same figure we show the median
opening angles of the subsamples A2 (faint) and A3 (bright), which represent bins at
roughly fixed Mgy ~ 10° M. We find that their median opening angles should be 21°
and 65°, respectively. This means that the ratio of illuminated volumes is ~ 9, which is
very similar to the ratio of their SB levels (~ 7). Additionally, quasars associated with non
detections are at the low end of the distribution of opening angles. In the context proposed
by |Costa et al.| (2022), if the AGN outflow is not powerful enough due to low accretion rates
(i.e., low Aggq) then it would be inefficient in opening channels for the propagation of Ly«
photons and producing extended Lya nebulae. The fact that the quasars in our sample
associated to non-detected Lya nebulae also have the lowest Agqq could be a consequence
of this scenario if the same feedback mechanisms are in play at z ~ 3.

It has been argued that so different opening angles might result in observable difference
in the asymmetries of the nebulae (Mackenzie et al.2021b). We do not find such differences
in agreement with previous studies, but we think that the absence of differences is due to
the fact that at small opening angles the level of emission is comparable to the level of
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Figure 4.20: Distribution of nebula
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the Lya emission due to UVB and host galaxy (Obreja et al|[2024} see also Figure [4.18)),
hence washing out any geometrical difference due to quasar illumination alone. Also, small
opening angles for faint quasars better explain the more frequent presence of narrow Ly«
nebulae with very similar spectrum to some portions of the Lya emission of the quasar
itself (see Figures and [£.7). Such emission is likely due to ISM and inner CGM,
also potentially not illuminated by the quasar (see also Mackenzie et al.|2021b). We stress
that a luminosity dependent opening angle means that the fraction of obscured or type-II
AGN fy would vary as a function of L. Specifically, following geometrical arguments
fx = cos(ar/2), resulting in fRint = 0.9370% and fRE" = 0.4270% . These values are in
overall agreement with those obtained using infrared luminosities and X-ray surveys (see
e.g., Figure 4 in [Treister et al. 2008; Marconi et al|2004). Even though these fractions
are still matter of debate, we argue that statistical studies of quasar CGM could help in
assessing this problem further.

The last two powering mechanisms to discuss are gravitational cooling and shocks due
to galactic/AGN outflows. Given the dependence of the SB levels with the quasar Ly, we
can exclude a gravitational cooling scenario, which would instead depend mainly on the
mass of the system studied (e.g., Dijkstra and Loeb 2008; Faucher-Giguere et al.|2010).
Conversely, fast shocks are expected to provide additional ionizing photons and boost
collisions. In such a case, the flux in Ly« emission is expected to scale as Fiyq o< nHUS o0
with vghoe being the shock speed (Allen et al.[2008). Given the presence of increased Ly
SB and velocity dispersions around more accreting and active quasars we cannot exclude
that shocks, and hence also collisions do not play any role in powering Ly« nebulae around
quasars. If only shock speed would be responsible for the difference in Lya SB in the A2
and A3 samples at roughly fixed Mgy, bright quasars would push 2x faster outflows at
fixed ny. This is not far from the scaling invoked by Fiore et al. (2017) between Ly, and the
outflow velocity vy, With voys o Lllj/o‘?. While this relation, if valid, is computed on smaller
scales, it could be that shock velocities may follow similar relations and therefore contribute
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to the powering of the Lya nebulae. The exquisite spatial resolution of JWST (Gardner
et al.|2006) may help us in uncovering morphological and velocity signatures of shocks in
the Lya nebulae surrounding quasars as traced by rest-frame optical emission lines (e.g.,
[OI11]). In the same scenario, the presence of winds/outflows from the AGN can cause the
peak of the observed Ly« flux distribution to appear broader and redshifted with respect to
the intrinsic emission due to radiative transfer effects (see e.g.,Chang et al.|[2023)). This is
supported by the observed increased velocity dispersions on nebulae associated to quasars
with larger Eddington ratios. Additionally, if the most luminous quasars are producing
stronger feedback then their Lya emission could appear more redshifted with respect to
fainter quasars. In Figure , we show the collection of velocity shifts (Avy;) of the
nebulae computed from the first moment of their Lya flux distribution with respect to the
peak Lya wavelength described in Tables and of the bright and faint quasars with
green and orange bins, respectively. Additionally, we plot in the same figure the number
of nebulae in bins A2 and A3 as a function of their median Awv,;, with the errorbars
representing the velocity range covered by each bin. We see that most of the nebulae have
redshifts similar to the quasar’s Lya, however the bright quasar sample shows more systems
with velocity shifts 2 200 km/s. We also studied the distribution of velocity shifts derived
from the gaussian fits (Avgayss in Tables and and found consistent results. This
comparison is robust and in order to interpret the kinematics of the observed nebulae we
require precise information on the systemic redshifts of the quasars together with radiative
transfer modeling of the individual Ly« line profiles of the nebulae.

4.5 Summary

In this work, I have presented the largest effort to date to map the CGM around 120 z ~ 3
quasars in Lya emission (QSO MUSEUM III). We were able to detect 110 nebulae around
the targets using MUSE observations and characterized their Lya SB level, kinematics,
morphology (area and asymmetry) and quasar properties. Specifically, the addition of
60 new faint quasar fields allowed to detect 2x fainter nebulae than previous studies
(Mackenzie et al., 2021b) and to conduct a statistical study of their properties.

We find a large variety of nebulae luminosities and extents that we have characterized
using radial profiles which we link to their quasar properties. From this study, we learn that
the observed Lya SB of the nebulae increase with the peak Lya luminosity density and
bolometric luminosity of the quasar. Additionally, we show that the nebulae kinematics
also reflect their quasar luminosity, because brighter nebulae present, on average, increased
velocity dispersions.

Finally, we discuss the physical mechanisms that could drive the observed relationship
such as recombination radiation, resonant scattering, shocks and outflows from AGN feed-
back and gravitational cooling. We argue that the most likely mechanisms producing the
extended Lya emission are a combination of recombination radiation, resonant scattering
and shocks due to outflows. In particular, we discuss the importance of the quasar opening
angle both for producing Lya photons that will scatter and for illuminating the surround-
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ing gas distribution which in turn produces recombination radiation, which impacts the
observation of the brightest nebulae as well as the non-detections.

In conclusion, I presented a statistical sample that allowed me to assess the different
factors that impact the observed Lya emission of the CGM of quasars. However, given the
complexity of the CGM and the interplay of these parameters we require samples covering
the full range of quasars and a detailed characterization of these properties. Addition-
ally, radiative transfer models for quasar host halos at z ~ 3 and detection of additional
line emissions (Ha, Hett and C1v) are required to assess the balance between powering
mechanisms and metal enrichment in the CGM.

4.6 Appendix

4.6.1 Estimating quasar properties from their 1-D spectra

In this appendix we describe how we obtained an estimate of the black-hole mass and
accretion rates of the targeted SMBHs. We rely on the only available broad emission line
observed for all the sample, C1v, and that allow us to derive single-epoch black hole masses
using the |Vestergaard and Peterson| (2006]) estimator

FWHM(C1v)? [ALx(1350 4)]"*
lOgMBH<CIV) = 10g{|: 1000 kmn s—1 :| [1044ergs—1 + 6.66 (45)

where FWHM(C1v) is the width of the C1v broad-emission line and Ly (1350 A) is the
monochromatic luminosity of the quasar at rest-frame 1350 A. This estimator has a 0.5
dex intrinsic uncertainty. To obtain those quantities we use the standard technique of
modeling the 1-D quasar spectrum with a linear combination of a pseudo-continuum, broad
and narrow emission lines (e.g., Shen et al. 2019). Specifically, we fit the spectra with
PYQSOFIT (Guo et al.| 2018) which gives in output the aforementioned quantities. We
fit for the following emission lines: Ly, NvA12404, C1vA1549A4, C11A1909A4. For these
lines we use the same fitting parameters and number of Gaussians as specified in previous
works (see Table 1 in |[Rakshit et al.2020). Upon visual inspection of each obtained model
spectrum, we (i) introduced the fit of SitvA1397A4, 14024, (i) mask absorption features
close or on top of the C1v broad emission line, and (iii) refine the wavelength ranges for
the continuum estimation, when needed and re-run the fitting. The values obtained for
FWHM(C1v), AL (1350 A) and Mgy for the full sample are reported in Tables 4.3[and
while we show four examples of our fit of the C1v range in Figure |4.21

Once we have Mgy, we can compute the theoretical maximum luminosity for the case
when radiation pressure and gravity are in equilibrium in a spherical geometry, i.e., the
Eddington luminosity (Eddington||1926)

AT G M, M
STTBHIE 96 % 10°8 (%) ergs ! (4.6)

©

Lgaqa = .
T
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where o is the Thomson scattering cross section, G is the gravitational constant, m,, is the
proton mass, and c is the speed of light. The Eddington luminosity is usually compared
with the quasar bolometric luminosity (Lpe) to assess the activity and hence accretion
rate of the SMBH. A so-called Eddington ratio is usually defined as Agqq = Lpo1/Lgaqa- We
computed Lyo from the monochromatic luminosity Ly (1350 121) as done in |Rakshit et al.
(2020) using the bolometric correction factor given in [Shen et al|(2011) and adapted from
Richards et al.| (2006))

Lo = 3.81 x L, (1350 A). (4.7)

This estimate can have up to 0.3 dex of uncertainty. The computed Ly, together with
corresponding Aggqq values are all also listed in Tables and [£.4]

To verify the obtained Mgy and Aggqq, we compared them with the values from the
automated fit of Rakshit et al.| (2020)) for the sources in common between the two studies
and cataloged as good fits in that work. Figure 4.22 shows the result of this comparison.
The largest differences are found at the lowest and highest end of the black hole mass
distribution, and the the low end of the bolometric luminosities. These differences are due
to the fact that |[Rakshit et al.| (2020)) fit >500000 sources and hence visual inspection of
all the obtained models was not possible, while we improve the fit of several sources after
visual inspection.
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Table 4.3: PyQSOfit results: QSO MUSEUM I
ID z ngpeak Ly (1350)A Luol FWHM(C 1v) Mpn Lidd AEdd
ergs_i -1 ergs_1 ergs_l kms— ! Mgun ergs_1

1 3.166 5.4 x 1043 5+ 1.0 x 1046 1.9 £ 0.007 x 1047 3724+ 9 1.7+ 1.0 x 10° 2.2 40.012 x 1047 | 0.88 +0.01
2 3.133 6.1 x 1043 1.4+ 1.0 x 107 | 5.4+0.012 x 10%7 5653 + 50 6.8 + 1.0 x 10° 8.6 + 0.153 x 10%7 | 0.63 4 0.01
3 3.11 9.1 x 1043 14+ 1.0 x 1047 3.9 +0.013 x 1047 4415 + 18 3.5+ 1.0 x 10° 4.440.037 x 107 | 0.8840.01
4 3.219 4.3 x 10%3 8.7+ 1.0 x 10%% | 3.3 4+ 0.006 x 10%7 7142 + 38 8.4 4+ 1.0 x 10° 1.1 +0.011 x 10%8 0.31+0.0
5 3.32 3.6 x 1043 5.9+ 1.0 x 1046 | 2.3+ 0.005 x 1047 6542 + 33 5.8 +1.0 x 10° 7.3 +0.074 x 1047 0.31+0.0
6 3.029 7 x 10%3 1.3+ 1.0 x 10%7 5+ 0.034 x 10%7 8035 + 34 1.3+ 1.0 x 100 | 1.7 4+ 0.015 x 10*8 0.3+0.0
7 3.117 8 x 1043 1.1 4+ 1.0 x 1047 | 4.1 4+0.019 x 10%7 5381 + 17 5.3+ 1.0 x 10° 6.7 & 0.046 x 1047 0.61 + 0.0
8 3.132 7.1 x 1043 4.441.0x10* | 1.7+ 0.019 x 10%7 3958 + 14 1.8+ 1.0 x 10° 2.3 4 0.021 x 10%7 | 0.74 +0.01
9 3.301 1 x 1044 2+ 1.0 x 1047 7.4 £ 0.025 x 1047 5185 4+ 19 6.8+ 1.0 x 10° 8.6 4+ 0.064 x 10%7 | 0.87 +0.01
10 | 3.227 8.8 x 1043 7.9+ 1.0 x 1046 34 0.077 x 1047 4976 + 26 3.9+1.0x10° | 4.9+0.084 x 107 | 0.62 4 0.02
11 | 3.078 9.9 x 10%? 1.9+ 1.0 x 10%¢ | 7.3 +0.039 x 1046 6446 + 52 3.14 1.0 x 10° 3.9 + 0.063 x 1047 0.19 4+ 0.0
12 | 3.376 4.9 x 1043 9.1+ 1.0 x 1046 | 3.5 4+0.016 x 1047 7284 + 33 9+ 1.0 x 10° 1.1 £ 0.011 x 1048 0.3140.0
13 | 3.164 5.2 x 1043 14 1.0 x 10%7 3.8 4+ 0.006 x 10%7 5660 + 31 5.7+ 1.0 x 10° 7.2 4 0.078 x 10%7 | 0.53 +0.01
14 | 3.126 1.9 x 1043 4.4+1.0x 10% | 1.740.003 x 1047 5278 + 38 3.2+ 1.0 x 10° 4.140.058 x 107 | 0.4240.01
15 | 3.141 1.2 x 10** 7.7+ 1.0 x 10*6 | 2.9 4+ 0.008 x 10%7 3319 + 4 1.7 4+ 1.0 x 10° 2.1 4 0.006 x 10%7 1.36 4 0.01
16 | 3.142 2.2 x 1043 4.4+1.0 x 106 | 1.7+ 0.003 x 1047 7152 + 61 5.9+ 1.0 x 10° 7.4 +0.127 x 1047 0.23 £ 0.0
17 3.34 2.2 x 10%3 3.7+ 1.0 x 10*% | 1.4 4+0.013 x 10%7 6814 + 33 4.9 4+ 1.0 x 10° 6.2 + 0.067 x 1047 0.23 £ 0.0
18 | 3.265 7.6 x 1043 6+ 1.0 x 1046 2.3 + 0.006 x 1047 4966 + 21 3.3+ 1.0 x 10° 4.2 4 0.035 x 1047 0.54 + 0.0
19 | 3.188 4.5 x 10%3 8.7+ 1.0 x 10*% | 3.3 +0.014 x 10%7 8736 + 58 1.3+ 1.0 x 1010 | 1.6 4 0.021 x 10*8 0.21+0.0
20 | 3.395 5.6 x 1043 14 1.0 x 1047 4 +0.005 x 1047 7594 + 43 1.14+1.0x 10" | 1.3+ 0.015 x 10*8 0.3 4+ 0.0
21 | 3.219 1.5 x 1044 8.3+ 1.0 x 10%¢ | 3.2 +0.009 x 10%7 3322+ 6 1.8+ 1.0 x 109 | 2.2+ 0.009 x 10%7 | 1.41 +0.01
22 | 3.176 4.5 x 1043 9.44 1.0 x 10%% | 3.6 +0.011 x 10%7 9147 + 51 1.4 + 1.0 x 1010 1.8 +£0.02 x 1048 0.2 £0.0
23 | 3.061 2.8 x 1043 6.3+ 1.0 x 1046 | 2.4 4+ 0.025 x 1047 11518 4 40 1.8 4+ 1.0 x 1010 | 2.3 +0.021 x 1048 0.1+ 0.0
24 | 3.062 9.7 x 1043 3.6 4+ 1.0 x 10%% | 1.4 +0.005 x 10%7 3809 + 10 1.5+ 1.0 x 10 1.9 +0.011 x 10%7 0.72 £ 0.0
25 | 3.307 4 x 1043 7.8+ 1.0 x 1046 34 0.017 x 1047 8552 + 41 1.1+ 1.0 x 10'° | 1.4 +0.014 x 10%® 0.21 + 0.0
26 | 3.181 7.1 x 10%4 1.2+ 1.0 x 10*® | 4.5 +0.017 x 10%8 5519 + 17 2+ 1.0 x 10'° 2.5 4 0.016 x 10%® 1.78 + 0.01
27 | 3.318 6.8 x 1043 1.14+1.0 x 1047 | 4.4 +0.016 x 10%7 5244 + 22 5.3+ 1.0 x 10° 6.6 +0.057 x 107 | 0.66 4 0.01
28 | 3.344 2.6 x 10%3 3.8+ 1.0 x 10%% | 1.4 4+ 0.003 x 10*7 5856 + 25 3.6 + 1.0 x 10° 4.6 + 0.039 x 1047 0.31 £ 0.0
29 3.18 3 x 1043 6.4 £ 1.0 x 1046 2.4 +0.02 x 1047 7896 + 39 8.7 +1.0 x 10° 1.1 4+ 0.012 x 1048 0.22 £+ 0.0
30 | 3.357 1.2 x 10%4 8.4+ 1.0 x 10%0 | 3.2.4+0.011 x 10%7 3266 + 8 1.7+ 1.0 x 10° 2.2 4 0.012 x 10%7 1.47 4+ 0.01
31 | 3.131 5 x 1043 1.34+ 1.0 x 1047 | 4.8 +0.038 x 10%7 8700 + 55 1.5+ 1.0 x 10'° | 1.9 +0.025 x 10*® 0.25 £ 0.0
32 | 3.069 1.8 x 1043 3.2+ 1.0 x 10%¢ | 1.2+ 0.005 x 10%7 7486 + 57 54+1.0x10° | 6.8+0.105 x 10%7 0.18 + 0.0
33 | 3.125 8.9 x 1043 4.441.0 x 10*% | 1.7 +0.008 x 10%7 3579 + 6 1.5+ 1.0 x 10° 1.9 + 0.008 x 1047 0.9 4 0.01
34 | 3.223 1.1 x 1043 1.8 4 1.0 x 10*6 | 6.8 4 0.084 x 1046 7888 + 79 4.5+ 1.0 x 10° 5.6 4 0.119 x 10%7 0.12 4 0.0
35 | 3.247 5.8 x 1043 2.7+ 1.0 x 1046 14 0.003 x 1047 3296 + 5 9.6 + 1.0 x 108 1.2 + 0.004 x 1047 0.84 £ 0.0
36 | 3.197 3.3 x 1043 3.2+1.0 x 106 | 1.2+ 0.006 x 1047 3364 + 21 1.1+ 1.0 x 10° 1.4+ 0.018 x 107 | 0.88 +0.01
37 3.13 7.5 x 1043 5.14 1.0 x 10*% | 1.9 +0.006 x 10%7 3245+ 9 1.3+ 1.0 x 10 1.7 £0.01 x 10%7 1.18 4+ 0.01
38 | 3.348 8.3 x 1043 9.1+1.0 x 1046 | 3.5+ 0.007 x 1047 4460 + 23 3.4+1.0 x 10° 4.2 40.044 x 107 | 0.824+0.01
39 3.1 1 x 10%* 6.4+ 1.0 x 10%% | 2.4 +0.023 x 10%7 3281+ 5 1.5+ 1.0 x 10° 1.9 +0.011 x 10%7 1.28 4+ 0.01
40 | 3.342 7.7 x 1043 84 1.0 x 1046 34 0.015 x 1047 4185 + 107 2.8 +1.1 x 10° 3.5+ 0.177 x 107 | 0.87 4+ 0.04
41 | 3.321 2.8 x 1043 4.8+ 1.0 x 10*0 | 1.8 +0.006 x 10*7 5496 + 28 3.7+ 1.0 x 10° 4.6 + 0.047 x 1047 0.4+0.0
42 | 3.042 8.5 x 1043 6.1 +1.0 x 1046 | 2.3+ 0.007 x 1047 3546 + 9 1.7+ 1.0 x 10° 2.2 +0.012 x 1047 1.07 4+ 0.01
43 | 3.087 2.6 x 1043 3.1+ 1.0 x 10%¢ | 1.2+ 0.005 x 10%7 4950 + 91 2.3+ 1.0 x 10° 34 0.109 x 1047 0.4+ 0.01
44 | 3.197 3 x 1043 6.7+ 1.0 x 10%% | 2.5 +0.018 x 10%7 6582 + 44 6.2 4+ 1.0 x 10° 7.840.109 x 1047 | 0.32+0.01
45 | 3.312 3 x 1043 1.1+ 1.0 x 1047 | 4.1+ 0.018 x 1047 5411 £ 135 5.4 4+ 1.1 x 10° 6.9 & 0.342 x 1047 0.6 + 0.03
46 | 3.385 7.9 x 1043 1.1+ 1.0 x 107 | 4.3 +0.005 x 1047 5681 + 16 6.1 4 1.0 x 10° 7.7 4+ 0.045 x 10%7 0.56 + 0.0
47 | 3.156 3.7 x 1043 3.7+1.0 x 106 | 1.4+ 0.009 x 1047 3529 + 11 1.3+ 1.0 x 10° 1.6 +0.012 x 107 | 0.85 +0.01
48 | 3.197 3.7 x 10%3 3.94 1.0 x 10*% | 1.5 4+ 0.005 x 10%7 5286 + 91 3+ 1.0 x 10° 3.8+ 0.132 x 107 | 0.39 4+ 0.01
49 | 3.109 1.5 x 1043 2.8 +£1.0 x 106 | 1.1+ 0.003 x 1047 6275 + 57 3.6+ 1.0 x 10° 4.5 4+ 0.083 x 1047 0.24 £ 0.0
50 | 3.197 3.4 x 10%3 5.2 4+ 1.0 x 1046 2+ 0.006 x 10%7 5585 + 50 3.9 4+ 1.0 x 10° 4.9 + 0.088 x 1047 0.4+ 0.01
51 | 3.138 5.1 x 1043 4.2+1.0 x 106 | 1.6 4+ 0.007 x 1047 3279 + 10 1.2 4 1.0 x 10° 1.5 4+ 0.01 x 1047 1.05 4 0.01
52 | 3.144 4.6 x 10%3 5.4+ 1.0 x 10%0 | 2.1 4+0.011 x 10%7 3975 + 35 24 1.0 x 10° 2.6 4+ 0.046 x 10%7 | 0.81 +0.02
53 | 3.149 2 x 1043 1.5+ 1.0 x 10%6 | 5.5 +0.047 x 1046 4101 + 24 1.1+ 1.0 x 10° 1.4+ 0.017 x 107 | 0.41 +0.01
54 | 3.109 3.6 x 1043 2.8+ 1.0 x 1046 14 0.013 x 1047 3543 + 10 1.1+ 1.0 x 10° 1.4 40.012 x 10%7 | 0.74 +£0.01
55 | 3.188 3.5 x 1043 4.2 4 1.0 x 1046 1.6 £+ 0.01 x 10%7 3815 + 21 1.6 + 1.0 x 10 2+ 0.024 x 10%7 0.77 £ 0.01
56 | 3.089 5.8 x 1043 6.9+ 1.0 x 106 | 2.6 £0.016 x 10%7 3930 + 15 2.2+1.0x10° | 2.8+0.023 x 107 | 0.9240.01
57 | 3.406 2.3 x 1043 6.8+ 1.0 x 10%% | 2.6 +0.017 x 10%7 7283 4 172 7.7 4 1.0 x 10° 9.7 + 0.46 x 1047 0.27 + 0.01
58 | 3.037 5.9 x 1043 8.6+ 1.0 x 1046 | 3.3 4+0.017 x 1047 4990 + 31 4.141.0 x 10° 5.2 +0.066 x 1047 | 0.64 +0.01
59 | 3.118 3.8 x 1043 7.6 4+ 1.0 x 106 | 2.9 4 0.023 x 10%7 8271 + 79 1.1+ 1.0 x 101° | 1.3 +0.026 x 10*8 0.22 £ 0.0
60 | 3.183 4.4 x 1043 2.7+ 1.0 x 1046 14 0.006 x 1047 4203 + 13 1.6 + 1.0 x 10° 24 0.014 x 1047 0.52 + 0.0
61 | 3.061 5.9 x 1043 7.741.0 x 10*6 | 2.9 4+ 0.012 x 10*7 4366 + 24 3+ 1.0 x 10° 3.7+ 0.041 x 10*7 | 0.79 + 0.01
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Table 4.4: Continuation PyQSOfit results: QSO MUSEUM III
D z Lgysf;peak L (1350 A) Lol FWHM(C 1v) Mgy LEad AEdd
erg571 A1 erg571 erg571 kms—?! Msun erg571

62 3.051 1.5 x 1042 4.9+ 1.1 x 10** | 1.9 +0.216 x 10%® 3963 + 247 1.7+ 1.1 x 10% | 2.1+0.292 x 106 | 0.09 + 0.02
63 3.14246 3.6 x 1042 3.9+ 1.0 x 10%° | 1.5+ 0.024 x 1046 6806 + 296 1.5+ 1.1 x 10° | 1.940.163 x 107 | 0.08 +0.01
64 3.064 2.4 x 10%2 1.5+ 1.0 x 10%® 5.9 4+ 0.28 x 10%° 3214 + 25 2+1.0 x 108 2.5 4+ 0.075 x 10*¢ | 0.23 +0.01
65 3.0328 4.9 x 1042 1.8+ 1.0 x 10%® | 6.9 +0.243 x 10%° 3497 + 97 2.6+ 1.1 x 108 3.340.19 x 1046 0.21 + 0.01
66 3.139 7 x 10%2 1.2+ 1.0 x 10%6 | 4.7 +0.033 x 10%6 6883 + 136 2.84 1.0 x 10° | 3.5+0.139 x 10*7 | 0.13 +0.01
67 3.1279 6.7 x 1042 8+ 1.0 x 10%° 3+ 0.027 x 1046 5450 + 59 1.44 1.0 x 10° | 1.7 4 0.039 x 1047 0.17 £ 0.0
68 3.062 1.2 x 1043 1.5+ 1.0 x 10%® | 5.8 +0.194 x 10%° 3420 + 20 2.3+ 1.0 x 108 | 2.8 +0.061 x 10%6 0.2 4 0.01
69 3.135 4.4 x 1042 5.1+ 1.0 x 10%° | 1.9 4 0.025 x 106 5517 + 130 1.14£1.0 x 10° | 1.4+ 0.067 x 107 | 0.14 4+ 0.01
70 3.15 4.9 x 10%? 1.1+ 1.0 x 10%° | 4.2 4£0.158 x 10%° 2823 =+ 59 1.3+£1.0 x 108 | 1.6 +£0.076 x 106 | 0.26 + 0.02
71 3.195 5.4 x 10%2 5.8 4 1.0 x 10*° | 2.2 4 0.029 x 1046 3958 + 58 6.2+ 1.0 x 108 | 7.840.233 x 10%® | 0.28 +0.01
72 3.106 1.2 x 1042 7.6+ 1.1 x 10** | 2.9 40.219 x 10%° 5716 + 411 44+1.2x10% | 5.540.825 x 10%® | 0.05 £ 0.01
73 3.088 2.3 x 10%2 7.54 1.1 x 10** | 2.8 4+ 0.206 x 10%° 3944 + 210 2.14 1.1 x 108 | 2.6 +0.295 x 10*6 | 0.11 +0.01
74 | 3.182836 3.4 x 1042 2.4+1.0 x 10%° | 9.1 +0.246 x 10*°® 4090 + 94 4.141.0x 10% | 5.2+0.249 x 10 | 0.18 +0.01
75 3.003 8.5 x 10%2 4.7+ 1.0 x 10%® | 1.8+ 0.024 x 10%6 4517 + 89 7.2 4 1.0 x 108 9 +0.36 x 10%6 0.2 +0.01
76 3.199 1.8 x 1043 9.6 + 1.0 x 10 3.7 +0.04 x 106 3881 + 32 7.8+ 1.0 x 108 9.8 4+ 0.17 x 1046 0.38 £+ 0.01
77 | 3.114389 3.9 x 10%2 4.7+ 1.2 x 10%* 1.8 4 0.37 x 10%° 4218 + 538 1.9+ 1.3 x 10% | 2.3+0.649 x 10*6 | 0.08 +0.03
78 3.0983 2.3 x 1042 24 1.0 x 10%° 7.8 +0.273 x 10%° 4438 + 119 45+1.1x10% | 5.6 +0.318 x 1046 | 0.14 +0.01
79 3.1554 8.9 x 1042 2.4+ 1.0 x 10%° 9+ 0.211 x 10%° 3513 4 25 3+1.0 x 108 3.8 + 0.071 x 106 0.24 4+ 0.01
80 3.032 2.4 x 1043 9.9+ 1.0 x 10%° | 3.8 +0.024 x 1046 3671 + 12 7+1.0x 108 8.9 4+ 0.063 x 1046 0.43 £ 0.0
81 3.027 2.9 x 10%2 2.141.0 x 10*® | 7.9 40.205 x 10%° 3692 + 141 3.1+ 1.1x10% | 3.940.304 x 1046 0.2 4 0.02
82 3.041824 7.4 x 10%1 3.44 1.2 x 10** | 1.3 40.276 x 10%° 3207 + 657 9+1.5x 107 1.1 +0.482 x 1046 | 0.11 4+ 0.05
83 3.094 5 x 1042 1.5+ 1.0 x 10%° | 5.7 +£0.245 x 10%° 3193 + 106 2+1.1 x 108 2.5 4 0.174 x 10%® | 0.23 £ 0.02
84 3.046 3.8 x 1042 4.1+ 1.0 x 10%® | 1.6 +0.024 x 1046 5290 + 178 9.2+ 1.1x10% | 1.240.078 x 10%7 | 0.14 +0.01
85 3.135 2.6 x 1042 5.2+ 1.0 x 104 2+ 0.024 x 1046 4843 + 149 8.7+ 1.1 x 10% | 1.1+0.068 x 1047 | 0.18 +0.01
86 3.1899 7.5 x 10%2 7.34 1.0 x 10*® | 2.8 4+0.023 x 10%° 3517 + 32 5.54 1.0 x 103 | 6.9 +0.128 x 1046 0.4 +0.01
87 3.157 3.5 x 1042 1.3 4+ 1.0 x 10%® 5+ 0.188 x 10%° 4544 + 205 3.7+1.1x 10% | 4.6 +0.429 x 10%® | 0.11 +0.01
88 3.035 2.5 x 10%2 2.6 4+ 1.0 x 10*® | 9.8 4+ 0.203 x 10%° 4429 + 134 5+ 1.1 x 108 6.3 +0.388 x 10%¢ | 0.15+0.01
89 3.151 2.9 x 1042 3.7+ 1.0 x 10%° | 1.4 +0.034 x 1046 5327 + 230 8.8+ 1.1 x 108 | 1.1 +0.097 x 1047 | 0.13 +0.01
90 3.049 8.6 x 1042 3.7+ 1.0 x 10*® | 1.4 4 0.024 x 10%° 3713 4 27 4.3+1.0x 108 | 5.440.093 x 10%6 0.26 4 0.01
91 3.044482 5.7 x 1042 1.2+ 1.0 x 10%® | 4.7 +£0.198 x 10%° 3086 + 22 1.6 £1.0 x 10% | 2.1+ 0.055 x 106 | 0.23 4+ 0.01
92 3.119 5.3 x 10%2 3.34 1.0 x 10*® | 1.2 40.025 x 10%° 3761 =+ 46 414+1.0x10% | 5.240.138 x 10%® | 0.24 £ 0.01
93 3.046 5.1 x 10%1 5.34 1.1 x 10%4 2 +0.202 x 10%° 10286 + 944 1.2+ 1.2 x 10° | 1.5+ 0.281 x 1047 0.01 + 0.0
94 3.1832 5.7 x 10%2 2.44 1.0 x 10%° 9+0.2 x 10%° 4059 =+ 48 4+1.0 x 108 5.1 4 0.134 x 10%® | 0.18 £ 0.01
95 3.035525 2 x 1042 3.24 1.0 x 10*® | 1.2 4+ 0.026 x 10%° 5170 + 243 7.7+ 1.1 x 108 | 9.7+0.919 x 10*® | 0.13 +0.01
96 3.117 8.6 x 1042 2.9+ 1.0 x 10%% | 1.1 +0.024 x 1046 3392 + 26 3.1+1.0 x 108 44 0.076 x 1046 0.28 + 0.01
97 3.097 7.4 x 10%2 7.54 1.0 x 10*® | 2.8 4+0.025 x 10%° 5376 + 356 1.3+ 1.1 x 10° | 1.6 +0.217 x 10*7 | 0.17 +0.02
98 3.075 4.3 x 1042 1.4+ 1.0 x 10%® | 5.4 +0.187 x 10%° 3854 + 46 2.8+ 1.0x 10% | 3.5+0.105 x 10*% | 0.15 +0.01
99 3.109 4 x 102 1.4+ 1.0 x 10*® | 5.3 +0.252 x 10%° 3262 + 38 2+1.0x 108 2.5 4+ 0.085 x 10%¢ | 0.22 4+ 0.01
100 3.055 2.6 x 1042 3.5+ 1.0 x 10%° | 1.3 +0.024 x 1046 9271 + 363 2.6+ 1.1 x 10° | 3.3+ 0.258 x 10%7 0.04 + 0.0
101 3.08 7.3 x 1042 5.14 1.0 x 10*® | 1.9 4 0.023 x 10%° 3288 4 28 441.0 x 108 5+ 0.089 x 1046 0.39 4 0.01
102 3.196 8.2 x 1042 4.5+ 1.0 x 10*° | 1.7 4+ 0.025 x 1046 3773 + 87 4.9+ 1.0x 108 | 6.240.288 x 104 | 0.28 +0.01
103 3.0164 9.4 x 10%? 4.6+ 1.0 x 10%® | 1.7 +£0.025 x 1046 3510 = 20 4.3+1.0x10% | 5.440.073 x 10%® | 0.32+0.01
104 3.14 1.3 x 1043 3+ 1.0 x 10%° 1.2 +0.02 x 1046 3163 + 39 2.8 4 1.0 x 108 | 3.5+0.093 x 10*6 | 0.33 +0.01
105 3.193 3.4 x 1042 2.54 1.0 x 10*® | 9.6 4 0.257 x 10%° 6504 + 198 1.1+ 1.1 x 10° | 1.340.084 x 10%7 0.07 £ 0.0
106 3.1906 3 x 1042 3.24 1.0 x 10*° | 1.2 4 0.021 x 1046 4408 + 88 5.6 4+ 1.0 x 108 7.1 4 0.29 x 1046 0.17 £ 0.01
107 | 3.091393 6 x 1042 5.7+ 1.0 x 10%° | 2.2 4+0.026 x 1046 3946 + 47 6+ 1.0 x 108 7.6 +0.187 x 1046 | 0.28 +0.01
108 3.0858 5.8 x 10%2 5.7 4+ 1.0 x 10*® | 2.2 4 0.024 x 10%° 4493 + 114 7.94 1.1 x 108 | 9.9+0.505 x 10*6 | 0.22 +0.01
109 3.0667 5.2 x 1042 6+ 1.0 x 10%° 2.3 4 0.024 x 1046 5238 + 92 1.14+1.0x10° | 1.440.049 x 107 | 0.17 +0.01
110 3.12 1.7 x 10%2 1.5+ 1.0 x 10%® | 5.9 +0.246 x 10%° 5589 + 207 6.1+ 1.1x10% | 7.740.592 x 10*® | 0.08 +0.01
111 3.033 3.9 x 1042 4.441.0 x 10*° | 1.7 4 0.026 x 1046 3167 + 33 3.441.0x 10% | 4.3+0.095 x 104 | 0.39 4+ 0.01
112 3.1108 4.4 x 1042 2.3 4 1.0 x 10*° | 8.8 +0.223 x 10%° 2962 + 34 2.141.0 x 108 | 2.7+0.071 x 10%6 0.33 4+ 0.01
113 3.1053 4.6 x 1042 4.941.0 x 10*° | 1.8 4 0.032 x 1046 7382 4 324 1.9+ 1.1 x 10° | 2.5+0.217 x 107 | 0.08 + 0.01
114 3.142 2.5 x 10%2 1.6 £ 1.0 x 10*® | 6.3 £0.199 x 10%° 3530 =+ 66 2.5+ 1.0 x 108 3.2+ 0.13 x 1046 0.2 4 0.01
115 | 3.116568 3.3 x 1042 5.14 1.1 x 10%4 24+ 0.219 x 10%° 7592 + 378 6.3+ 1.1 x10% | 7.940.916 x 1046 0.02 + 0.0
116 3.07 8 x 1042 3.74 1.0 x 10*® | 1.4 4 0.025 x 1046 4936 + 253 7.6+ 1.1 x 103 | 9.5+£0.984 x 1046 | 0.15 £ 0.02
117 3.172 2.4 x 10%2 1.2+ 1.0 x 10%® | 4.7 +0.214 x 10%° 5155 + 174 4.6+ 1.1 x10% | 5.840.418 x 10%® | 0.08 +0.01
118 3.0854 2.2 x 1042 5.7+ 1.0 x 10%° | 2.2 4+ 0.026 x 1046 9254 + 373 3.3+ 1.1 x 10° 4.2 4 0.34 x 1047 0.05 + 0.0
119 3.19 2.9 x 10%2 4.6+ 1.0 x 10%® | 1.7 +0.027 x 1046 5232 + 185 9.5+ 1.1 x10% | 1.240.085 x 10%7 | 0.15+0.01
120 3.407 2.8 x 1042 4.7+ 1.1 x 10** | 1.840.232 x 10%° 6354 + 817 4.24+1.3x10% | 5.3+1.399 x 10%® | 0.03 +0.01
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4.6.2 QSO MUSEUM I

In this Appendix we present the maps and physical properties obtained in Section but
for the QSO MUSEUM bright sample (Arrigoni Battaia et al., [2019a)).

Tabld4.5] shows the ID, redshift of the peak Ly« emission of the quasar, redshift of the
peak Ly« emission of the associated nebula, peak Ly« luminosity density of the quasar,
integrated luminosity within the 20 isophote, area contained in the 20 isophote, velocity
shift between the centroid obtained from fitting a gaussian to the 20 isophote spectrum
and the Lya of the quasar, velocity shift between the flux weighted first moment of the
Ly« line of the nebula and the Lya of the quasar, FWHM computed from the gaussian
fit to the 20 isophote spectrum and linewidth measured from the flux weighted second
moment of the Ly« line of the nebula.

Figure shows the Ly SB maps computed from 30 A pseudo-NBs centered at the
peak Lya emission of the nebula.

Figures [4.24] [£.25] and [£.26] show the integrated spectrum within the 20 isophotes of
Figure and the quasar spectrum integrated within a 1.5” radius aperture in red and
black, respectively, after normalizing them to the maximum value. The vertical dashed
blue line represents the wavelength of the peak Ly« emission of the quasar.

Figure [4.27) shows the velocity shift maps computed using the second moment map of
pseudo-NBs centered at the peak Lya emission of the nebula and within the FWHM of
the nebula spectrum (Table . The maps are constructed with the same SNR mask as
in Section for the faint sample. Similarly, Figure 4.28 shows the velocity dispersion
maps constructed using the same pseudo-NBs.
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Table 4.5: Properties of the quasar and extended Ly« emission of the QSO MUSEUM I

QSO

Neb

1D ZLya;peak 2Ly a;ipeak Lgfo?peak Lufninosity zj\rea Avgauss Avpm FWHMgauss AXm2
erg,‘s_1 -1 10*2 ergs—?t arcsec? (pkpC2> kms ! kms~?! A (kms_l) A (kms_l)
1 3.166 3.154 5.4 x 103 124.684+2.59 44.56 (2562.85) 237.84+60.53 204.4422.13 32.97 (1950) 14.94 (884)
2 3.161 3.164 6.1 x 1043 88.27+2.78 74.2 (4258.63) 126.87+46.91 36.96+25.53 24.96 (1478) 8.13 (482)
3 3.115 3.123 9.1 x 1043 166.09+2.93 81.32 (4706.22) 344.77+66.8 303.65+19.5 32.97 (1974) 15.45 (925)
4 3.228 3.23 4.3 x 1043 97.86+£2.25 75.32 (4265.7) 248.83+28.57 264.73+14.72 19.05 (1110) 7.85 (458)
5 3.325 3.328 3.6 x 1043 77.942.2 56.92 (3159.92) 623.61+35.16 567.57+21.78 23.74 (1351) 9.12 (519)
6 3.041 3.04 7 x 1043 17.86+1.06 7.8 (458.99) 956.08+163.79 973.62469.64 32.97 (2006) 16.59 (1009)
7 3.118 3.121 8 x 1043 105.13£2.58 38.96 (2255.96) 368.54+107.54 359.48+27.02 32.97 (1972) 15.1 (903)
8 3.125 3.131 7.1 x 1043 162.744+1.79 136.84 (7906.42) 511.21£16.62 486.83+£7.74 21.01 (1254) 8.58 (512)
9 3.306 3.313 1 x 1044 152.4143.33 65.68 (3657.67) 444.494+36.71 440.88+20.57 29.85 (1707) 12.14 (694)
10 3.245 3.245 8.8 x 1043 322.09+3.39 161.08 (9095.48) -75.36+19.66 -119.06+8.34 23.86 (1387) 9.84 (572)
11 3.068 3.1 9.9 x 1042 40.124+1.04 40.24 (2339.93) 2402.76+16.77 2415.26+11.1 12.5 (752) 4.61 (277)
12 3.386 3.396 4.9 x 1043 62.88+1.93 33.36 (1826.3) 641.05+22.74 647.54+19.83 20.22 (1135) 8.0 (449)
13 3.168 3.169 5.2 x 1043 308.56+3.42 269.4 (15448.68) 218.19+11.19 217.45+6.04 15.76 (932) 6.47 (382)
14 3.139 3.127 1.9 x 1043 42.61+1.88 19.76 (1142.75) | -123.03+93.13 24.4450.01 32.97 (1965) | 13.01 (775)
15 3.145 3.142 1.2 x 10%* 235.68+3.01 103.56 (5971.22) 47.26+17.44 67.85+£9.46 23.91 (1422) 9.46 (562)
16 3.186 3.19 2.2 x 1043 73.87+2.4 55.68 (3178.93) 170.384+65.53 126.81+32.82 29.83 (1756) 13.63 (803)
17 3.349 3.351 2.2 x 1043 142.9242.23 115.0 (6354.27) 76.26+£12.61 71.63£7.57 15.45 (876) 6.25 (354)
18 3.278 3.289 7.6 x 1043 296.53+3.29 97.6 (5461.66) 891.67+15.01 862.96+8.41 22.45 (1290) 8.9 (512)
19 3.215 3.223 4.5 x 1043 182.4943.08 116.24 (6592.98) 759.03£31.18 809.72+15.94 28.9 (1687) 10.4 (607)
20 3.42 3.447 5.6 x 1043 82.56+2.45 37.8 (2047.7) 1089.96+97.4 1077.01+£32.53 32.97 (1833) 17.14 (953)
21 3.22 3.222 1.5 x 10%* 238.44+3.09 102.2 (5797.18) 55.3248.26 96.14+6.82 17.19 (1004) 6.85 (400)
22 3.23 3.231 4.5 x 1043 151.53+2.72 72.8 (4122.58) 80.54+21.19 65.02+13.53 22.05 (1285) 9.1 (531)
23 3.145 3.137 2.8 x 1043 70.114+1.58 45.8 (2643.23) -299.96422.95 | -331.48+16.1 | 21.46 (1278) 8.05 (479)
24 3.056 3.057 9.7 x 1043 191.62+2.04 86.24 (5057.42) 104.24+29.99 122.524+10.74 30.97 (1882) 12.55 (762)
25 3.343 3.353 4 x 1043 75.1942.18 | 40.32 (2226.71) 487.54479.25 | 453.35+31.25 | 32.97 (1869) | 15.27 (866)
26 3.179 3.177 7.1 x 10% 886.44+23.8 53.84 (3082.22) -80.67483.9 -70.14429.48 32.97 (1946) 15.8 (933)
27 3.333 3.333 6.8 x 1043 116.494+2.39 | 67.4 (3737.51) -1.5426.39 J15.77+14.62 22.0 (1252) 8.75 (498)
28 3.359 3.355 2.6 x 1043 47.76+1.77 33.88 (1870.41) 66.02+£41.52 68.434+34.38 29.38 (1662) 11.79 (667)
29 3.222 3.223 3 x 1043 22.041.62 15.6 (884.7) 305.514£106.81 | 339.04£82.66 | 32.97 (1924) 15.5 (904)
30 3.36 3.36 1.2 x 10%4 312.9+5.88 22.4 (1235.5) -92.58+69.76 -127.794+19.58 32.97 (1866) 16.23 (918)
31 3.205 3.197 5 x 1043 73.82+2.29 47.12 (2686.76) -156.3+51.11 -138.62429.7 29.01 (1702) 11.75 (689)
32 3.099 3.102 1.8 x 10%3 82.97+2.02 88.92 (5168.04) 235.38+24.66 204.86+£18.8 22.24 (1337) 8.98 (540)
33 3.134 3.139 8.9 x 1043 149.06£2.65 58.84 (3394.4) -34.03+19.07 -68.46+14.46 26.16 (1561) 10.74 (641)
34 3.243 3.254 1.1 x 10%3 90.7+1.86 88.84 (5006.84) 697.89+16.83 682.55+14.06 20.36 (1181) 8.17 (474)
35 3.245 3.245 5.8 x 1043 162.81+2.14 71.96 (4063.17) 160.56+13.95 204.87+9.53 23.65 (1373) 9.26 (538)
36 3.191 3.204 3.3 x 1043 166.12£2.3 | 134.4 (7652.51) | 841.47+15.38 847.4949.54 | 20.66 (1212) 8.17 (479)
37 3.128 3.127 7.5 x 1043 178.67+1.86 92.44 (5345.34) 16.83+17.55 -12.68+7.0 21.55 (1287) 9.02 (539)
38 3.354 3.352 8.3 x 1043 123.59+2.28 18.36 (1014.27) -116.15+87.94 -215.57+19.45 32.97 (1868) 18.67 (1058)
39 3.097 3.097 1 x 10%4 166.44+2.41 66.44 (3865.52) 159.76+15.25 248.98+8.55 19.04 (1145) 6.89 (415)
40 3.339 3.341 7.7 x 1043 140.41£2.56 73.36 (4061.99) 59.36+£20.49 54.06+15.44 26.68 (1516) 10.46 (594)
41 3.335 3.338 2.8 x 1043 65.31£1.79 50.44 (2794.71) 233.2+£33.91 235.95+20.2 22.33 (1269) 9.17 (521)
42 3.035 3.033 8.5 x 1043 154.2142.29 60.88 (3587.43) 51.35+23.54 93.89+10.41 21.04 (1286) 8.82 (539)
43 3.125 3.124 2.6 x 1043 92.241.76 68.88 (3985.45) 178.08+21.5 197.134+14.0 21.67 (1294) 8.59 (513)
44 3.229 3.234 3 x 1043 45.23+1.9 28.52 (1613.88) 680.73+90.68 829.47+46.48 32.97 (1918) 13.83 (804)
45 3.362 3.37 3 x 1043 23.91+1.57 18.8 (1034.73) 426.85+89.38 505.39+57.42 26.84 (1515) 9.65 (545)
46 3.391 3.4 7.9 x 1043 135.04+3.14 93.0 (5087.3) 459.74+41.83 505.754+19.39 26.24 (1471) 10.99 (616)
47 3.155 3.16 3.7 x 1043 372.2942.57 155.8 (8949.64) 551.11+5.78 534.81+3.29 14.1 (835) 5.93 (351)
48 3.208 3.218 3.7 x 1043 102.48+2.03 89.4 (5075.73) 838.52+24.85 794.28+13.66 21.09 (1233) 8.75 (511)
49 3.135 3.14 1.5 x 1043 81.02+1.58 91.76 (5292.55) 285.54+17.61 320.69+12.84 | 19.19 (1143) 6.95 (414)
50 3.214 3.206 3.4 x 1043 444.95+2.99 199.4 (11348.57) -621.77+7.53 -612.76+4.06 18.17 (1066) 7.24 (424)
51 3.134 3.138 5.1 x 1043 47.284+1.24 46.8 (2700.48) 226.7+12.2 203.04£9.92 11.2 (668) 4.51 (269)
52 3.139 3.137 4.6 x 1043 55.56+1.64 33.24 (1918.42) -0.3+26.61 68.44+422.45 23.92 (1425) 9.37 (558)
53 3.153 3.167 2 x 1043 52.39+1.46 70.68 (4054.7) 816.361+21.8 827.12+16.76 17.79 (1053) 7.61 (450)
54 3.109 3.114 3.6 x 1043 100.9442.03 82.08 (4758.68) 254.12419.58 293.99+14.84 22.23 (1333) 8.57 (514)
55 3.193 3.19 3.5 x 1043 75.38+1.89 31.96 (1825.04) -40.514+35.92 -2.154+24.68 31.11 (1830) 12.37 (728)
56 3.091 3.098 5.8 x 1043 200.0£2.49 | 110.28 (6414.74) | 428.01£11.65 414.1447.68 17.96 (1081) 7.24 (436)
57 3.454 3.464 2.3 x 1043 32.82+2.05 16.56 (893.95) 196.95+53.84 174.014+47.43 23.73 (1313) 10.11 (559)
58 3.05 3.047 5.9 x 1043 82.0241.49 46.96 (2759.77) -31.31+11.53 20.9446.87 12.03 (733) 4.43 (270)
59 3.156 3.16 3.8 x 1043 122.36+2.83 63.2 (3630.88) 21.31+£49.54 17.42421.57 27.17 (1612) 11.81 (701)
60 3.179 3.18 4.4 x 1043 100.63£2.0 | 42.48 (2430.38) 206.0£22.08 237.85414.47 | 22.3 (1315) 9.32 (549)
61 3.061 3.067 5.9 x 1043 113.63+2.8 79.24 (4638.0) 586.26+£53.71 571.12+28.0 32.97 (1998) 12.52 (759)
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Figure 4.23: Lya SB maps around the QSO MUSEUM bright sample from |Arrigoni Battaia)
, after PSF- and continuum subtraction (see Section [4.2.5)), from 30 A NBs
centered at the peak Lya wavelength of the nebula. Each image shows maps of 15”7 x 15”
(about 110kpcx 110kpe at the median redshift of the sample) centered on the quasar
position. In each map, The gray crosshair indicates the location of the quasar. The
contours indicate levels of [2, 4,10, 20, 50] times the SB limit of each observation.
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Figure 4.24: Same as Figure [1.5], but for the QSO MUSEUM bright sample.
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Figure 4.25: Same as Figure [4.24] but for ID 25-48.
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Figure 4.26: Same as Figure [£.24] but for ID 49-61.
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Figure 4.27: Same as Figure [4.8 but for the QSO MUSEUM bright sample.
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Figure 4.28: Similar to Figure [£.9 but for the QSO MUSEUM bright sample.
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Chapter 5

Summary and future outlook

5.1 Summary and main results

In this thesis, I have studied the cool T" ~ 10*K gas reservoir of the CGM around z ~ 3
massive galaxies with DM halo masses of Mpy ~ 102 Mg, in Lya emission. I characterized
this emission and compared it with their host galaxy and AGN properties, providing a look
into the different powering mechanisms of the extended emission. These studies help us
understand the interplay between the physical mechanisms of the CGM with the observed
quasars and link them with galaxy evolution and AGN feedback.

In Chapter [2| I have presented the analysis tools developed to reveal extended line
emission around quasars, with a documentation on how these can be used for future studies.
The Python scripts described in this chapter were written by me and will be made publicly
available with a future publication (Gonzéalez Lobos et al. in prep.).

In Chapter I carried out a VLT /MUSE pilot study to unveil the extended Ly« emis-
sion around five massive submillimeter galaxies (SMGs) with known systemic redshifts
(z ~ 3 —4) and increasing degrees of quasar radiation: two SMGs, two SMGs hosting
a quasar, and one SMG hosting a quasar with an SMG companion (QSO+SMG). These
systems are predicted to reside in similar dark matter halos Mpy ~ 102 M, therefore
expected to contain similar gas distributions. Additionally, I used ancillary observations
to derive their host galaxy properties such as SFR and dust masses and link them to the
mechanisms powering Lya nebulae and their CGM, something that previous studies did
not focus on. For this, I quantified the luminosities, extent and kinematics of the nebulae
and discussed four possible Lya powering mechanisms: photoionization from AGN or star
formation followed by recombination, shocks due to galactic and/or AGN outflows, gravita-
tional cooling radiation, and Lya photon resonant scattering. The observations revealed a
variety of Lya luminosities and extents, with the QSO+SMG system displaying the bright-
est and largest nebula (~ 70 kpc size), followed by the two SMGs hosting quasars ~ 20 kpc
and finally we report no detection of extended Lya emission around the two SMGs. This
diversity and the fact that these galaxies are expected to reside in similar halos suggest
that gravitational cooling is unlikely to be the main powering mechanism of extended Ly«
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nebulae, instead AGN presence is necessary to produce such emission. In that case, the
AGN can illuminate the surrounding gas distribution producing Ly« emission due to pho-
toionization followed by recombination in optically thin gas. I report that in order to
produce the observed Lya SB level in a photoionization scenario, it is required that the
gas densities are of > 0.5 cm™2. Additionally, I compared the SFR rates of the five systems
with their Lya emission and found that, assuming that all Ly« emission is produced by
photoionization due to star formation, the SMGs should have enough star formation to
power detectable nebulae. This finding suggests that UV photons from star formation in
these SMGs are not able to escape to CGM scales, likely due to their high dust contents.
Moreover, I found that the nebulae presented large Ly« linewidths (FWHMZ> 1200) and
evidence of outflows in the QSO+SMG system, suggesting that shocks due to AGN wind-
s/outflows also play a role in powering the nebulae. Finally, I present tentative evidence
that the observed Lya nebular luminosities scale with the quasar’s budget of Lya photons
and could be modulated by the dust content of the host galaxy, highlighting that resonant
scattering of Lya photons could also contribute to power the observed nebulae. This study
highlighted that AGN presence is essential to produce detectable extended Lya nebulae
and offered a discussion on the importance of linking the CGM properties of quasars with
their hosts.

In Chapter I presented the largest VLT /MUSE effort to date to unveil the extended
CGM Ly« emission around 120 quasars at the peak of cosmic AGN activity (z ~ 3).
Particularly, this study extends to fainter magnitudes than previously studied (—27 <
M;(z = 2) < —24) and covers the full luminosity range of z ~ 3 SDSS quasars. I report
the detection of 110 Lya nebulae and characterize their luminosities, spectra, spatial extent,
morphologies and kinematics. Furthermore, I investigated the link between these and their
quasar properties, such as peak Lya luminosity density, bolometric luminosity, black hole
mass and Eddington ratios. The nebulae display a variety of luminosities and extents with
direct evidence that the nebulae Lya SB scale with the quasar peak Lya luminosity density
and bolometric luminosity. Moreover, the non detections are all at the low bolometric
luminosity end of our survey and their stacking revealed extended Ly« emission, which is
below our individual detection limit. Additionally, the morphologies are varied and the
nebulae tend to be round and asymmetrical, specifically low luminosity nebulae appear
to be more lopsided. This finding could suggest that geometric effects of the systems can
suppress the Lya signal below our detection levels, such as quasar opening angle, viewing
orientation, and dust or molecular content. Moreover, I construct velocity dispersion radial
profiles and further reveal that brighter quasars show increased central velocity dispersions,
suggesting that AGN activity and feedback modulate the detected Ly« emission. I discuss
the aforementioned extended Lya powering mechanisms and highlight that a combination
of photionization followed by recombination, resonant scattering of Lya photons and AGN
outflows could contribute to produce the detected SB level. Particularly, I highlighted
the possibility that faint nebulae reflect smaller quasar opening angles and their emission
could be dominated from their inner CGM or ISM photoionization. In this case, the
dimmer quasars display less efficient feedback, which in turn decreases the amount of
Lya photons to escape. Additionally, their small ionization cones do not significantly
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enhance the photoionization of the surrounding gas distribution, which instead could be
preferentially illuminated by the UVB. Moreover, we test whether the observed kinematics
are a product of gravitational motions and show that these instead appear to be linked to
AGN activity. I suggest that we require radiative transfer simulations of z ~ 3 halos hosting
quasars in order to carefully interpret the observed kinematics of the nebula. Finally,
further search for additional line emission in these systems (e.g., He1l and C1v) could test
the link between the observed Lya nebulae and AGN feedback.

5.2 Future perspectives

This thesis identifies current open questions in the study of the CGM of quasars and its
link to galaxy evolution and AGN feedback: at which scale does each powering mechanism
participate in producing extended Lya emission? How is Lya emission linked to AGN
feedback? Is it possible to detect the signal from gravitational cooling?” What is the role
of host galaxy properties and environment in shaping the observed CGM around quasars?
To address these questions I propose to exploit the sensitivities reached by the current
dataset and to gather further observations of massive galaxies without AGN radiation.

5.2.1 Detecting the Lya gravitational cooling radiation around
massive galaxies

The results from this thesis highlighted that the observed CGM emission scales with the
quasar radiation, therefore the depth of our observations is biased towards brighter systems.
As mentioned in Chapter [I} not all massive halos contain an active galaxy at a given time,
however if these trace high cosmic density peaks then they should contain similar massive
gas reservoirs. In this case, their extended Lya emission could be produced due to cooling
flows expected at these halo spec and/or UV photons from their interstellar medium.
Candidate systems that could test this scenario are SMGs (Smail et al., (1997 Blain et al.,
1999), which are expected to reside in similar dark matter halos as quasars (Chapter |3)).
In the case of isolated SMGs, there is no quasar photoionization and their CGM emission
could instead arise from gravitational cooling and the few UV photons that escape these
dusty systems.

I have proposed MUSE observations of 24 SMGs at 3 < z < 4.8 selected from recent
spectroscopic [C11] and CO emission surveys (7Birkin et all) 2021 ?). Together with the
SMG observations presented in Chapter [3] these 26 systems are the smallest ensemble of
SMGs that would allow to detect extended Ly« emission from gravitational cooling through
stacking of the datacubes at their systemic redshifts. If detected, the Lya signal from gravi-
tational cooling at these high halo masses should scale linearly with the halo mass (Figure 3
in Dijkstra and Loeb| 2009, see also [Faucher-Giguere et al.2010). In that framework, I
expect the Lya cooling signal to be at a SB(1 + 2)* = 9 x 107 ergs~! cm 2 arcsec™? at
100 ckpe (Figure . This should be detected at 50 significance through averaging the
pseudo-NBs and datacubes, such measurement can provide a novel estimate of the DM
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Figure 5.1: Upper limits of the Lya SB corrected by cosmological dimming as a function
of projected comoving distance of the two SMGs from (Gonzélez Lobos et al. (2023)). For
comparison, the median profiles of Lya nebulae around quasars at similar redshift from
Fossati et al. (2021)) and |Arrigoni Battaia et al.| (2019a) are shown with cyan and yellow
circles and shaded region indicating their 25th to 85th percentiles. The black line indicates
the predicted Ly« SB signal from cooling radiation (Dijkstra and Loeb, 2009) computed
assuming the redshifts and halo mass of the targeted SMGs, with the shaded region indi-
cating the uncertainty of the halo mass estimate. The red line indicates the 20 detection
limit obtained from stacking the targeted SMGs.

halo masses of SMGs and the detection of their CGM cooling radiation. Additionally, the
cool gas reservoirs of such massive systems is expected to trace gravitational motions, and
therefore halo mass, which would produce an increase of the velocity dispersion of the gas
towards the center of these systems (de Beer et al.| [2023). Finally, this dataset would also
allow to compare the host galaxy properties to the average gas reservoir and halo mass of

SMGs.

5.2.2 Detection of additional line emissions in the CGM of 2z ~ 3
quasars

The statistical value of the QSO MUSEUM III survey (Chapter [4)) allows me to reach SB
limits within 30 A pseudo-NBs of 2 x 1077 ergs~! cm ™2 arcsec™2 by stacking the complete
sample. Therefore, this should allow the detection of fainter line emissions such as Hel1
and C1v expected in the CGM of quasars (see Chapter [1)). Indeed/Guo et al] (2018)) pre-
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Figure 5.2: Signal to noise maps of Lya, C1v and He11 of ID 10 of the QSO MUSEUM
IIT survey. The maps have sizes of about 20” x 20” and are constructed from pseudo-NB
centered at the expected wavelength of the lines given the redshift of the nebular Ly«
emission (z = 3.245). The black contours indicate S/N levels of 2, 4, 6, 10 and 30.

sented a compilation of z ~ 3 quasars observed with MUSE and revealed systems with
individual detections of C1v and Hell which have been already observed as part of the
QSO MUSEUM survey (ID 10, 47 and 50). Moreover, Fossati et al.| (2021) presented a deep
MUSE survey of 27 bright quasars and detected extended C1v emission through stacking,
indicating that the CGM of z ~ 3 quasars is enriched with metals. A similar case should be
expected for the QSO MUSEUM III, therefore I plan to carry out such study and test the
origin of the Ly« emission in the AGN outflow scenario discussed in Chapter 4l T expect
that, if brighter nebulae are correlated with stronger AGN radiation and possibly feedback,
then brighter quasars should display stronger emission from shocks and increased CGM
metallicity. This measurement can be directly obtained by detecting these additional line
emissions by stacking. Additionally, a detection of extended Hell can provide informa-
tion on the ionization cones of the quasars and constrain the photoionization scenario by
comparing with the Lya emission.

I have re-analyzed the QSO MUSEUM survey in Chapter 4 and now search for extended
line emission such as the one reported in |Guo et al.|(2018). Figure ?? shows signal-to-noise
(S/N) maps of pseudo-NBs constructed at the redshift of the nebular Ly« emission of ID 10
(z = 3.245) at the expected wavelengths of Lya, C1v and He1r. The narrow band widths
are chosen to reflect the velocity range of the Lya 30 A pseudo-NB used for the analysis in
Chapter . The black contours indicate S/N of 2, 4, 6, 10 and 30. This figure shows that
the analysis and dataset presented in this thesis can be exploited to detect additional line
emission which will help me further constrain the CGM of high redshift quasars.
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