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Abstract

High-redshift radio galaxies (HzRGs, z 2 2) represent a unique population of
luminous active galactic nuclei (AGN), enabling the simultaneous examination
of jet-mode and radiative-mode feedback in massive galaxies. This thesis fo-
cuses on the gaseous medium from circumgalactic to interstellar medium (CGM
to ISM) scales around the most well-observed HzRGs sample, leveraging mul-
tiwavelength 3D information from integral field spectrographs. The lives of
galaxies are shaped both by internal processes and their environment. The ISM
and CGM are thus key components in galaxy evolution as sites of energy ex-
change, chemical enrichment and material cycling. Using MUSE, I conducted
the first systematic analysis of ~ 100 kpc intrinsic Lya nebulae (corrected for H1
absorption) for the eight HzRGs. Our characterization of CGM gas properties
enables a cross-comparison to different quasar species. The ISM within HzRGs
however has remained poorly understood prior to the JWST era. I have analyzed
the warm ionized gas on galactic scales using JWST/NIRSpec IFU with sub-kpc
resolution, revealing inefficient radiatively driven outflows in one HzRG, poten-
tially implying that jet-mode feedback dominates. Overall, this thesis initiates
the 3D analysis of distant AGN, with legacy datasets spanning from the rest
frame UV to far infrared (e.g., ALMA).






Zusammenfassung

Hochrotverschobene Radiogalaxien (HzRGs, z 2 2) sind eine einzigartige
Population leuchtkraftiger aktiver galaktischer Kerne (AGN) und ermoglichen
die gleichzeitige Untersuchung von Jet- und Strahlungsruckkopplungen in massere-
ichen Galaxien. Diese Arbeit befasst sich mit dem gasformigen Medium vom
zirkumgalaktischen bis zum interstellaren Medium (CGM / ISM) rund um die
am besten beobachteten HzRGs, wobei 3D Informationen iber mehrere Wellen-
langen aus integralen Feldspektrographen verwendet werden. Das Leben von
Galaxien wird sowohl durch interne Prozesse als auch durch ihre Umgebung
gepragt. Das ISM und das CGM sind daher Schlisselkomponenten in der Galax-
ienentwicklung als Orte des Energieaustauschs, der chemischen Anreicherung
und des Materialkreislaufs. Mit MUSE habe ich die erste systematische Anal-
yse von ~ 100 kpc intrinsischen Lya Nebeln (korrigiert fur H1 Absorption) fur die
acht HzRGs durchgefuhrt. Unsere Charakterisierung der CGM-Gaseigenschaften
ermoglicht einen Vergleich mit verschiedenen Quasararten. Das ISM innerhalb
von HzRGs ist jedoch vor der JWST-Ara nur wenig verstanden worden. Ich
habe das warme ionisierte Gas auf galaktischen Skalen mit JWST/NIRSpec IFU
Beobachtungen mit sub-kpc-Auflosung analysiert und dabei ineffiziente strahlungs-
getriebene Winde in einem HzRG aufgedeckt, was moglicherweise bedeutet,
dass die Ruckkopplung im Jet-Modus dominiert. Insgesamt leitet diese Arbeit
die 3D-Analyse von fernen AGN ein, wobei vorhandene Datensatze von UV-
Ruhestrahlung bis zum fernen Infrarot (z. B. ALMA) reichen.
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1.1 DMotivation

Curiosity drives the humankind to purely pursue the mystery of the universe.
Once, the entire sky was thought to be a shield adorned with stars. Over
generations, our understanding has continuously evolved. With advancements
in observing techniques, astronomical knowledge has expanded rapidly: from
Galileo Galilei’s discovery of Jupiter’s satellites over 420 years ago to Edwin
Hubble’s demonstration of the extragalactic nature of the “nebulae" just a cen-
tury ago (Hubble, 1925, 1T929), and most recently, the “imaging" of supermas-
sive black holes (SMBHs) by the Event Horizon Telescope (EHT) Collaboration
(Event Horizon Telescope Collaboration et al), 2022, Z0TY). Optical lenses have
vastly improved our ability to collect photons compared to the naked human
eye. Photographic devices, such as film and charge-coupled devices (CCDs),
have unveiled deep fields of space. Furthermore, equipment capable of cap-
turing the full electromagnetic spectrum and beyond (i.e., gravitational waves,
Abbotf et all, 20T6) has revealed a much more colorful celestial world than the
traditional optical view.

Information provided separately by imagery and spectroscopy is already
rich. However, they do not tell the full story efficiently. The integral filed
spectrograph (IFS) is the game changer, offering the ability to present a three-
dimensional (3D) view simultaneously, which has been available since the 1980s
(Bacon et all, M988). Development accelerated shortly after its infancy (e.g.,
Allington-Smith et all, 2002; Bacon et all, 200T; Bundy et all, 2015; [Davies et al],
2023; Eisenhauer ef_all, 2003; McDermid_ef_all, 2006; McGregor et all, 2Z003;
Morrissey et al), 2018; Sugali et al., 2Z004). Among them, the Multi-Unit Spectro-
scopic Explorer (MUSE, Bacon et all, 20T0; Bacon ef all, Z0T4) mounted on VLT,
has revealed many aspects of the deep universe over the past decade, among
other exciting discoveries. If we broaden the definition of IFS, the Atacama
Large Millimeter/submillimeter Array (ALMA) perfectly meets the requirement
of exploring space in 3D. In addition to ground-based facilities, the two IFS on
board the James Webb Space Telescope (JWST) have just begun to refresh our
view with their high sensitivity and previously inaccessible wavelength cover-
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age. The given list is not intended to be exhaustive, as this thesis is not an
overview of IFS (see Bacon & Monnef, 2017). One thing we know for sure
is that IFS will continue to flourish in the future (e.g., Chapman et all, 2Z0T18;
[Thatte et all, Z0Z2T).

It is poetic to exchange space with time - a fundamental principle for high-
redshift (or high-z) studies, validated by the finite speed of light. By peering into
the early universe, we can trace galaxy formation and evolution across billions
of years, aiding our understanding of the history of our current living world.
In fact, one of the many important goals of IFS from the onset has been to
investigate high-redshift galaxies (e.g, Adam_ ef all, 1997; Petitjean et all, 1996).
This is also the broad topic of this thesis, throughout which I will explore the
evolution of some of the most massive galaxies in distant universe by combining
observations from several of the most powerful integral filed units (IFUs). This
exploration is crucial for understanding how our living universe has grown into
its current shape.

Let’s first take a simple look at this interesting phenomenon. The build-up
of galaxies can be summarized as gravity pulling gas from intergalactic medium
(IGM) to collapse and form stars in dark matter halos. However, numerous
processes are at play, demanding scrutiny. Specifically, the study of galaxy evo-
lution involves disentangling gas, dust, stellar populations, black holes and dark
matters (see Figure [T, left panel, for a simple example). It is a dynamic pro-
cess where inflow, outflow, and recycling of gas coexit; different stellar gener-
ations continuously enrich the medium; radiation and/or shocks from various
sources excite and heat up the medium. Situations become more complicated
when both actively accrecting SMBHs (active galactic nuclei or AGN?) and star
formation occur simultaneously. It becomes even more puzzling when consid-
ering interactions between different neighboring galaxies and large-scale envi-
ronments. On the other hand, it is convenient for us to have all these pieces
ready for study at once. We choose to do it not because it is easy but because it
is hard.

The high-redshift radio galaxies serve as the beacon for investigating the
evolution of distant galaxies, offering a comprehensive package. Broadly speak-
ing, they are rich in mysteries with numerous aspects for investigation, mak-
ing them ideal principal objects for a series of doctoral theses (e.g., [De Breuck,
2004; Kolwal, 20T9; Kurk, 2003; McCarthy, T988; Noirof, 2017; Overzier, 2006;
Rottgering, M993; Venemans, 2005; Vernefi, 200T; Wylezalek, 2014, this list is
not exhaustive). A more detailed introduction will be presented in Section 5,
and additional information can be found in Sections 1, B, and &1. The torch
is now passed to this thesis work, revealing the gaseous medium around these
distant radio galaxies by leveraging the state-of-the-art IFS.

!The acronym “AGN" represents both singular and plural forms.
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1.2 AGN feedback and galactic medium

First, let’s go through some of the key components and processes in the galaxy
evolution:

AGN feedback

Evidence points to the prevalence of SMBHs at the centers of galaxies (e.g., Hq,
2008). The discovered relation between the mass of SMBHs (M,) and the stellar
mass (M,) of their hosts implies the co-evolution (e.g., Kormendy & Ho, 2Z0T3).
How are these two connected to each other despite being governed on physical
scales spanning ~8 to 9 orders of magnitude (i.e., a few lighthours verses tens of
kiloparsecs)? As shown in Figure [[1], gas from the reservoir in the dark matter
halo fuels both the SMBHs and stars. The SMBHs can grow their mass through
accretion. Simultaneously, during this activate phase, the so-called AGN release
energy, which can exceed the binding energy of the host galaxies by a factor of
~10 under simple assumptions (e.g., Fabian, 2012). This first-order calculation
provides the foundation for the black hole-galaxy co-evolution. The processes
where energy output by SMBHs affects the hosts are referred to as AGN feed-
back. It reduces the efficiency of baryons turning into stars at the higher My,
end of the systems. The right panel of Figure [T demonstrates this importance
by showing the M, /Mo — Myl relations from simulations with and without
AGN feedback, as well as a semi-empirical relationship. Stars also assuredly
have feedback (stellar feedback) onto the gas reservoir, which is beyond the
scope of this thesis (Figure [[T). In brief, feedback regulates the growth of the
galaxies and shapes the universe into the current appearance. Here, we focus
on the feedback from AGN.

The naming of AGN has a historical story, with many acronyms still used in
up-to-date literature (Netfzer, 2013). I do not intend to give a broad overview
of what different names represent but only introduce here the ones relevant
to the thesis that follows. Broadly speaking, quasars are the AGN with very
high bolometric luminosity, i.e, Ly, > 10%¥ ergs™!. Type-1 and type-2 are used
to differentiate whether or not the broad component of emission lines, such as
Balmer lines, (full width at half maximum, FWHM> 10000 km s~1) are identified
in the spectra, respectively. Assuming the unification model (e.g., Anfonucci,
1993), this indicates whether we are directly observing the broad line region
(BLR) inside the AGN ionization cone or just the surrounding diffused narrow
line region (NLR).

The AGN feedback takes various forms and affects the galactic medium both
within and around the host galaxies, influencing star formation and black hole
growth (both negatively and positively). Radiation from AGN can drive wind
capable of launching multiphase outflows that clear gas, i.e., star formation fu-
els (e.g., Harrison et all, 2Z018; Harrison & Ramos Almeida, 2024; Silk & Rees,
1998). This so-called radiative-mode is particularly effective for AGN at high ac-
cretion rates, such as quasars. Conversely, the relativistic electron beams, i.e.,
jets, launched by black holes can also drive the outflows through shock-inflated
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Figure 1.1. Demonstration of feedback processes and their impacts on galaxy
formation and evolution. Left: A sketch summarizing the interplay between
feedback and growth of the black hole and stellar masses. Right: Relation
between M, /M., and My,,. The data are drawn from Somerville ef all (Z008)
simulations and the Moster et all (Z0T3) semi-empirical relationship. The figures
are taken from Harrison (20717).

bubbles. The injected energy by either the jet or radiation pressure can still
disturb the gas when it is not insufficient to accelerate the gas to escape the
galactic potential well (e.g., Kukrefi_ef all, 2023; Wagner et all, 2012). Addi-
tionally, AGN feedback can radiatively and/or kinetically heat up the gas. The
cumulative effect of these processes impacts the gas reservoir and can quench
star formation, preventing the appearance of excessively massive M, (see Fig-
ure ).

Galactic medium

On large scales (hundreds of Megaparsecs), the structure of our universe ex-
hibits homogeneity as predicted by cosmological models and observed in both
simulations and observations (e.g., Caolless et _all, 2Z00T). Zooming in, we find
filamentary structures known as cosmic web (see Figure inset). At the node
of the filaments, i.e., the deep gravitational potential well, galaxies and clusters
of galaxies emerge (IUmehafa ef all, 2019). This process is dynamic, involving
gas infall, outflow, recycling, and many others scenarios acting together (see
Figure [2).

It is useful to define the scope focused by this thesis. The gaseous ha-
los around galaxies, particularly the circumgalactic medium (CGM, Tumlinson
ef_all, 2017), play a crucial role in galaxy evolution: fueling galaxies and en-
during their feedback. The CGM lacks well-defined boundaries on either side.
Typically, we consider the virial radius of the dark matter halo surrounding the
galaxy, Ry (~ 100 kpc for dark halo mass M, ~ 10'2 M,, see e.g., Dekel et al],
20713), as the outer boundary beyond which we enter the IGM. Its inner bound-
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ary logically lies at the border of the interstellar medium (ISM, r ~ 15kpc). Tra-
ditional ISM studies can focus on numerous details, disentangling the impacts
from stellar populations and galactic nuclei (e.g., Lequeux, 2Z005; Osferbrock
& Ferland, 2006). This thesis focuses on the high-z transition period (see Sec-
tion [3), where current observational techniques cannot reach such resolution,
but we are pushing the limits. Additionally, I am inspecting the dynamical pro-
cesses originating at the galactic center and having effects over 100 kpc, i.e.,
AGN feedback, for the most powerful species (see Section [CH). Hence, there
is no need for a hard separation, but referring to the objective as the galactic
medium, which in our context leans more towards the CGM side.

Now, let’s briefly introduce the contents of the galactic medium. Hydro-
gen, the most abundant element in the baryonic universe, is the major fuel for
star formation. Typically, it exists in ionized, neutral and molecular gas phases
(Hm, Hrand H,). The cold gas phases, H1 + H,, are direct reservoirs for feeding
galaxies. Various observational methods can be used to capture the surrounding
gaseous medium of host galaxies (see Tumlinson et all, 2017). Lyman-a (Lya)
emission at A\ = 1215.67 A is one of the most important probes for studying
the early universe, as its observed wavelength falls within the optical window
(z 2 2, see Duchi ef all, 2020, for a review). This emission allows us to directly
detect the hydrogen gas (H1 and Hu) around ionizing sources, such as AGN,
without any prerequisites (e.g., alignment of background sources). Despite the
resonant scattering of Lya photons, which makes deciphering the global dynam-
ics of hosts challenging, we can still map the emission halos at tens to hundreds
of kiloparsecs (e.g., especially around quasars using IFS, Arrigoni Battaia et all,
20719; Cai_ef all, Z019; Cantalupo et all, Z0T4). In addition, we can access the
distribution and motion of the H1, e.g, through absorption. For cold H,, observa-
tions are typically conducted through proxies (such as CO and [C1] transitions,
Carilli_ & Walter, 20T3; Papadopoulos et all, Z004). Radio and sub/millimeter
telescopes (VLA and ALMA) serve as ideal tools for detecting this direct star
formation fuel (e.g., Riechers et all, Z019; Walter et all, 20714).

In addition to hydrogen, there are other important components in the galac-
tic medium influence the growth of galaxies. Metals, in the astronomical con-
text, represent elements heavier than helium, primarily produced in stellar evo-
lution. Although not abundant in absolute mass fraction, metals play crucial
roles in regulating the baryon cycle in the universe. Since the primordial nucle-
osynthesis and the evolution of Population III stars (extremely metal-poor stars),
metals have been accumulated, enriching the galactic medium, and impacting
the subsequent build-up of galaxies. Later stages of stellar evolution, such as
red giants and supernovae, are directly related to metal ejection with ongoing
synthesis. The AGN-driven feedback also contributes to metal redistribution
(e.g., Bertemes ef all, 2023).

Dust, the micrometer-sized grains, can significantly alter the observed elec-
tromagnetic spectra by absorbing and re-emitting photons. It shields the H,
from destructive ultraviolet (UV) radiation, preserving environments conducive
to star formation. For AGN, their dusty toruses are not only a key component in
current theoretical model but also contribute a large fraction of the total emis-
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Figure 1.2. Illustration of the CGM gas and key processes. The IGM gas is
being accreted onto the central host galaxy to fuel its star formation and black
hole growth. The feedback processes are ejecting the gas back to the CGM
through outflows. Gas without high velocity is then recycled back to the system.

This figure is taken from Mimlinson ef all (2017). The inset shows simulated
density distribution of baryons with the projected size of ~ 300 Mpc (TNG300
from IllustrisTNG, Credit:TNG Collaboration).
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sion in infrared spectral energy distribution (e.g., Beckmann & Shrader, 2012).
Some quasar populations exhibit very red colors, highly obscured by dust (e.g.,
[sai_ef_all, 2O0TH). From an evolutionary perspective, AGN activities may ex-
pel these obscuring materials, transitioning into subsequent stages. Therefore,
understanding the full picture of galaxy evolution requires sorting through the
various components of active galaxies as comprehensively as possible.

1.3 Cosmic high-Noon

In this section, we introduce a few key concepts of the period focused on in this
thesis. Following the epoch of reionization (EoR, z ~ 6), the IGM becomes al-
most fully ionized and transparent to photons. The density of H1 + H, remains
relatively constant until the Cosmic Noon (z ~ 2 — 3), where the molecular gas
density experiences a significant boost (Madau & Dickinson, 20714; Péroux &
Howk, 2020). Cosmic Noon marks the time when the cosmic star formation
rate (SFR) density reaches its peak, indicating a direct impact from the the evo-
lution of gas density. Interestingly, the growth (accretion) history of SMBHs also
mirrors this evolutionary trend of SFR density (e.g., Heckman & Best, 20T4).
Simply put, both phenomena are fueled by gas from the IGM through the CGM
to ISM and beyond. Consequently, AGN activities also peak during this period,
characterized by violent energy, momentum, and matter injection/exchanging.
A reasonable deduction is that this feedback slows down star formation and
decreases it from the Cosmic Noon to the our current time. This raises ques-
tions: How does the universe appear during the period between EoR and Cosmic
Noon? What accelerates the feeding to the galaxies? Hence, it is intriguing to
examine the transitional period, z ~ 3 — 6 (could be referred to as Cosmic
high-Noon?), and understand how the medium transforms to the boost of H,
density, leading to an acceleration of star formation.

The focus on the Cosmic high-Noon has been increasing. Recent obser-
vations have revealed a higher number density of AGN (e.g., Greene ef _al],
2024). Evidence suggests that main sequence star-forming galaxies are rich
in gas, with a trend of decreasing dust density as redshift increases (Faissf
ef_all, 2020a,b), which may be related to the enrichment history of the galac-
tic medium. Additionally, quenched massive galaxies are detected during this
period, exhibiting a deficient gas fraction that appears to be depleted within
hundreds of million years (e.g., Suzuki ef all, 2022). It is logical to infer that the
mechanisms behind this quenching involve energetic impacts on the medium
over a very short timescale. One candidate mechanism is powerful radio jets,
which can release > 10% erg in tens of million years (e.g., Nesvadba ef all, Z006).
Indeed, as we look further back in time, we will find sources with higher radio
power (e.d., z > 4, Jarvis et all, 2Z00T). Investigating the medium around these
actively energy-injecting sources during the Cosmic high-Noon is precisely the
focus of this thesis. There is no need to reiterate the importance and complexity
of ISM and CGM studies. This reinforces our motivation to panoramically inves-

2https://eas.unige.ch/EAS2023/session. 1sp?1d=58
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tigate the dynamics and states of the galactic medium within the context of this
work, by examining it in full 3D.

1.4 Observational techniques probing high-z

This thesis work utilizes some of the most powerful IFUs to present the obser-
vational view of the galactic medium in 3D. One of the most successful tools for
observing the ionized CGM tracer, Lyq, is the VLT/MUSE (Bacon et all, 20710).
Since its first-light just over a decade ago (Bacon et all, 20T14), it has been
unveiling the gaseous medium and cosmic filaments in the deep space (e.g.,
Umehata ef all, 2019; Wisofzki ef all, 2018). Large survey programs with MUSE
have been initiated over the years, presenting various Lya emitters and nebu-
lae (e.g., Arrigoni Battaia et all, 2019; Bacon et all, 20271; Chen ef_all, 2020).
Although radio galaxies were among the first where giant Lya emission halo are
detected (e.g., Chambers_ef all, 1990), there is a lack of a sample 3D view of
these nebulae. Beyond Ly«, with the relatively broad wavelength coverage of
MUSE (~ 5000 A), it can capture all the bright UV line, enabling simultaneous
ionization and chemical studies.

Rest frame optical emission lines serve as traditional probes for ionization
states and outflows in both AGN and star forming galaxies (Kewley et all, 2006;
Veilleux ef_all, 2005). To observe these lines at the peak of the quasar era,
several programs based on Keck/OSIRIS and VLT/SINFONI were carried out
(Nesvadba ef all, 2Z017a,b; Vayner et all, 2Z02Ta,b, see also Section Q). Al-
though the point spread function of the IFS on board the largest ground-based
telescopes can reach sub-kiloparsec for Cosmic Noon targets, their sensitivity
cannot match observations from space.

The far-infrared singly ionized carbon emission line, [C1]157.7 um ([C11]), is
another important tracer of the cold gas reservoir. It can effectively trace or-
ganized gas motions (e.g., rotation), as well as mergers and outflows. There
have been many efforts made to use ALMA to observe the [C11] in various types
of galaxies (e.g., Faisst_ef_all, 20200; Herrera-Camus_ef_all, Z027T; Lelli_ef_all,
20271)). Particularly, De Breuck ef_all (2022) reported the first detection of [C 1]
in a high-z radio galaxy (Section [C5), the SpiderWeb, using single disk observa-
tions. This Atacama Pathfinder EXperiment (APEX) detection not only opens the
gate to studying the multiphase CGM of these beacons but also pave the road
to the 3D view using ALMA.

Era of JWST: The JWST was launched in Christmas 2021 and commenced
science observations in the summer of 2022. Two major IFS are on board,
covering the observed frame from near to mid-infrared with medium spectral
resolution, namely NIRSpec IFU and MIRI MRS (Argyriou et all, 2023; Boker
ef all, 20272; Jakobsen et al], 2022; Wells ef_all, Z0T5). These instruments present
and continue to reveal the medium around AGN from Cosmic Noon all the way to
Cosmic Dawn, utilizing the same probes as in the nearby universe. This is made
possible by their ability to access wavelengths that were previously inaccessible
with high sensitivity (e.g., Jones et all, 2024; Kakkad efall, 2023; Mainieri ef all,
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2023; Marshall et all, 2023; Perna_ef_all, 2023; [Ibler et all, 2023;
et all, 2022h).

I am fortunate to be at the beginning with access to rich IFS observations.
This thesis leverages these observing techniques to offer a unique 3D perspec-
tive of the galactic medium.

1.5 High-z radio galaxies

AGN feedback is implicated in the quenching of star formation through mo-
mentum and energy injection, although the details remain unclear (Section 2,
Harrison, 2Z017). Output from powerful quasars influences their surroundings,
extending all the way to CGM scales or beyond. This feedback occurs through
radiative and kinematic modes, in the forms of radiation pressure, winds, and
radio jets (Fabian, 2Z0T2). However, observing these processes across different
scales and with various tracers in the early universe is observationally challeng-
ing. At the period of interest (Section I3), there exist a unique quasar species
that allow us to study simultaneously the two modes of feedback, the properties
of their host galaxies, and the large scale environments (e.g., galactic medium
and cluster).

.. S e
Figure 1.3. An example of the famous HzRG, the Spiderweb galaxy (MRC 1138-
262). The grey color image is a HST/ACS composite. The red and blue contours

are the Lya nebula and 8 GHz radio emissions, respectively. The image captures
a field of 33" x 23" (~ 270 x 190 kpc?). This figure is taken from (20086).
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I focus on the most powerful radio sources in early universe in this thesis
(L, > 102" W MHz and 2 > 2, Miley & De Breuck, 2008, see Figure for an
example). The study of the powerful radio galaxies began over sixty years ago
with their detection in various radio surveys and follow-up optical (near-infrared
and other bands) studies (see McCarthy, 1993, for a review). Morphologically,
most of the radio objects discussed here are of the Fanaroff-Riley II type (FR
II, Fanaroft & Riley, 1974; Miley, 1980), exhibiting extended edge-brightened
radio morphology. These sources typically extend over tens of kiloparsecs, are
brighter than FR Is, and show alignments with UV and optical continuum emis-
sions and gas morphology (e.g., Chambers ef all, T987; McCarthy et all, T987).
Although these earlier radio surveys were flux limited, they are relatively com-
plete for objects at the high luminosity end. This made them an effective means
of selecting type-2 AGN when obtaining spectroscopic information was expen-
sive. However, identification was not always straight forward; follow-up po-
larimetry often played a crucial role (see also Anfonucci, 2023). Following the
same approach, the objects in this thesis are referred to as high-z radio galax-
ies (HzRGs), which are radio-loud type-2 quasars.

The local or low-z radio-loud AGN are known to have radio sizes around tens
to hundreds of kiloparsecs. They are found to be able to disturb the galactic
medium and/or drive multiphase outflows (e.g., Kukreti_ef_all, 2023; Morganti
ef_all, 2021). Cases also show the impact of the jets on megaparsec or intr-
acluster medium (ICM) scales (e.g., jet drives cavity of hot ICM, Bégin et all,
2023; Gitti et all, Z0T2). However, these radio emissions are at least one order
of magnitude lower than the radio jets of HzZRGs. Additionally, the conditions of
the galactic medium are different at Cosmic (high-)Noon and low-z. Hence, it is
crucial to examine these “monsters” to complete the puzzles of both radio-loud
AGN feedback and galaxy evolution.

1.5.1 Extended emission-line nebulae and spectroscopy

For over 30 years, we have known about the presence of giant line-emitting
halos B surrounding HzRGs (see [[3). They are often referred to as extended
emission line regions (EELR), where disturbed kinematics are observed (e.g.,
van Ojik et all, M997). As introduced in Section [CZ, Lya emission is the primary
tool for detecting the halo gas. Particularly with the quasar at the center, the
luminous ionizing source can illuminate the nebula across hundreds of kilopar-
secs. Our understanding of these structures has evolved over time. Let’s now
summarize several key works focusing on these nebulae.

The high ionization state revealed by the emission lines suggested that AGN
is the main powering source of the EELR, instead of stellar population (e.g.,
McCarthyl, M993). In the late '90s and early 2000s, efforts were made to in-
vestigate the details of the ionization conditions and kinematic signatures of
the halo gas around radio galaxies. Observations primarily utilized the natural

3Through this thesis, the “nebula” and “halo” are used interchangeably which both refer to
the extended gaseous medium.
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optical window of the Earth’s atmosphere. The earlier knowledge was thus ac-
quired by studying the bright rest frame UV lines redshifted into the observed
optical range, such as Lya, NvAA1238,1242, C1vAA1548,1550, HenA1640, and
Cm]AN1906, 1908, other than traditional optical lines like [Om]AA3726, 3729,
Hp, [0m]AA4959,5007, and Ha. van Ojik (T995) compiled observed UV emission
lines of HzRGs before the era of 8-10 m telescopes. Villar-Martin et all (1998,
1997) utilized these data to inspect the ionization, contents, and geometry of
the EELR through photonionization modeling. These works first explored the
UV emission diagnostics in addition to optical ones and then examined the ion-
izing mechanisms behind the extended nebulae, such as AGN photonionization
versus shock ionization. Additionally, these formed part of the basis for study-
ing the chemical composition, i.e., enrichment history, of the high-z gaseous
nebulae (e.g., Humphrey et al], 2008h).

While it seems obvious to assume the presence of a quasar at the center
based on the high ionization state of the nebulae, additional support is always
required. Spectropolarimetry studies are a useful tool in this regard as they
can capture the scattered nature of photons from the hidden source (in the case
of type-2 objects) by dusty structures. The successful polarization study of the
local prototypical high-power radio galaxy, Cygnus A, validated the theory of
light scattering from a hidden quasar (e.g., Fosbury et all, 1T999; Ogle et al.,
1997). Using the polarimeter on Keck, [De Breuck ef all (1998) and Vernef et all
(200T) (see also Figure MI2IC) discovered polarized emission from z ~ 1.5 — 2.5
radio galaxies, supporting the model of obscured quasars embedded within the
dusty medium inside the ionization cone of the high-z radio galaxies, with their
lights being scattered to dominate the EELR emissions.

When powerful jets are obviously present, one might intuitively assume that
they interact kinematically with the gas, perhaps driving outflows. However,
proving this is not straightforward (e.g., Villar-Martin ef all, 2000). Evidence of
interaction between the jet and gas can be inferred from broad line widths and
comparisons of morphologies between emission-line nebulae and radio emis-
sions. Yet, the details of acceleration and ionizing mechanisms are not easily
concluded (see previous line ratio diagnostics). Beginning with long-slit spec-
troscopy of nearby radio galaxies, where observations are more accessible,
Villar-Martin _ef al! (1T998) demonstrated potential evidence of jets disturbing
gas. In Villar-Marfin_ef_all (1999), the authors reported a strong case where
both the broad and narrow gas components exhibited the same (ionization and
kinetic) signatures as a shock driven by a jet. The authors made predication
that the radio galaxies at higher redshifts could be in similar situations. It is
worth noting that the analysis of Villar-Martin et _al! (1T999) fully leveraged spa-
tial spectroscopic information, which motivated subsequent real IFS observa-
tions. Villar-Martin et all (2003) presented UV spectra of radio galaxies at z > 2
observed using the modern largest telescope (Fig. [C4l AB). These spectra not
only revealed the disturbed nature of the high surface brightness halo, probably
due to the radio jets, but also discussed the more quiescent and more extended
low surface brightness nebulae beyond the radio scope. The authors explored
several possibilities of these low brightness nebulae, e.g., rotating gaseous disk
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or spherical envelope, halos of companions, and infows. Several works followed
this path since then. Humphrey et al] (2006) studied these spectra, focusing
on the so called jet-gas interaction by considering both ionization and kinemat-
ics. Maorais ef all (2017) examined two more HzRGs, with the slit being placed
in the perpendicular direction of the jet, revealing less perturbed gas kinemat-
ics. Though concrete conclusions cannot be drawn due to data limitations and
the complex nature of the universe, these long-slit spectra provided excellent
starting points for follow-up investigations.

It has been known since the beginning that Lya nebulae around HzRGs are
associated with trough features atop the observed emissions (e.g., Rottgering
ef_all, M995; van Ojik et all, M996, 1997, see also Section ZT). On one hand,
the absorption blocks our view of the intrinsic emission, making it difficult to
probe the properties of the nebulae. On the other hand, the absorbing gas pro-
vide access to the neutral phase of galactic gas, which could be linked with
cosmic web, feeding, and/or outflows. These structures (H1 absorbers) have
been found to be spatially extended, i.e., several tens of kiloparsecs, and are
believed to be associated within the potential well of the dark matter halo of
the host galaxy. Bineffe ef all (2000) discussed the nature of the absorber to-
gether with the metal ones, i.e., C1vAA1548,1550, which are assumed to be in
the same gas cloud as the H1. [Jarvis et al! (2003) and Wilman_ef all (2004)) an-
alyzed high-resolution spectra of a sample of HzZRGs and discussed the nature
of strong and weak absorbers (high and low column density, respectively). Silva
ef_all (2018a) conducted the long-slit spectroscopic observations of the Lya and
H1 absorbers by misaligning the slit from the jet axis, where strong kinematic
features are observed (e.g., board line width and blueshifted components). The
resonant nature of Ly, which complicates the investigation of CGM, has urged
the requirement of the 3D datasets.

IFU observations of the halos around HzRGs have provided a more compre-
hensive view. However, the motion and nature of these giant nebulae remain a
mystery. Are they part of the rotation structures in the dark matter halo, or are
they accreted gas feeding the galaxies from IGM? Villar-Martin et all (2006) pre-
sented some of the first 3D observations using VLT/VIMOS, where evidence of
a rotating Ly« halo at 2z =~ 2.5 was found (Figure [L3A). Humphrey et all (2008a)
conducted the first IFU analysis of the absorbing gas and interpreted that the
quiescent gas may be infalling. The operation of MUSE (Section [I"4l) has been
a game changer for the systematic study of the Lya halos of HzRGs. Swinbank
ef all (Z015) made the first effort to spatially correct the Hi1 absorption and stud-
ied both the ionized and neutral gas at z = 4.1 (Figure [L3B). Several subsequent
works have individually examined the emission nebulae for a few HzRGs using
MUSE (e.g., Falkendal ef all, 2021; Gullberg et all, 2016; Kolwa ef all, 2019;
Silva_ef all, 20T8h; Vernef_ef all, 2Z017). Yet, the lacking of a sample study has
still been needed to pursue comparability with different quasar species on the
CGM scale.

While gas motion can leave prints on the shape of the Ly« line profile, it is
not always a reliable prob for kinematics. Indeed, interpretations often rely on
numerous assumptions and models (Dijkstra, 20714, 2017; Ouchi et all, 2020).
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In the optical range, the non-resonant lines (e.g., Balmer lines), especially some
of the forbidden lines (e.g., [O1m1]AA4959,5007) are widely used for studying the
pattern of AGN feedback onto the galactic medium (e.g., Harrison ef all, 20714).
Since the operation of VLT/SINFONI (Section [[Z4)), a series of works targeting
HzRGs feedback were carried out. For example, Nesvadba et al! (Z007, 2008,
2006) examined the warm ionized ISM gas kinematics in a few HzRGs. These
studies revealed the strongly disturbed gas with high-velocity outflowing com-
ponents, suggesting energetic jets as the favored powering source. Building on
this foundation, Nesvadba et all (20T7bh) presented a more comprehensive view
of 33 HzRGs using SINFONI. The results strongly support the scenario in which
jets are the dominant driver of the outflow. Indeed, assuming the Cavagnolo
ef_all (2010) conversion, the jet powers for similar targets to those in the scope
of this thesis range from a few 10%¢ to ~ 10*® ergs~!. In other words, even a tiny
fraction of coupling efficiency would suffice for the jets to accomplish their task.

Discussions have been conducted regarding the roles played by AGN radi-
ation in HzRGs (e.g., Nesvadba ef all, 20174a, 2006). Their high, quasar-level
bolometric luminosities (Drouarf_ef all, 2Z014; Falkendal et all, 2Z0T9) might lead
one to intuitively assume that they would also contribute significantly. However,
how do AGN photons interact with the medium when high-power jets are also
present? There are some pieces of contour-evidence: hydrodynamic simulations
of the jet-ISM interactions suggest that high-power jets penetrate the medium
rapidly without efficient coupling (e.g., Mukherjee et al), 2016). Maybe radi-
ation instead contributes a comparable fraction to driving outflows. However,
caution should be made when comparing observations and simulations (Harri:
son_ef all, Z0T8; Harrison & Ramos Almeida, 2074). Indeed, the traditionally

high jet power in simulations, P > 10*ergs™, is still < 2 lower than that of

HzRGs. Moreover, the properties of the gaseous medium in simulations may
differ from reality, such as geometry and density. All of these require more sen-

sitive data than that provided by VLT/SINFONI to pursue further investigations.

1.5.2 Living environments and host properties

Up to this point, my focus has been primarily on the gaseous medium and
emission-line observations, with a predominant emphasis on ionized and neutral
gas. As the beacons for studying feedback and galaxy evolution, the HzRGs are
also intriguing in terms of their large-scale environments. Observations have
shown that these high-z radio AGN serve as tracers of dense environments.
Specifically, they are often found to live in the center of the proto-clusters (e.g.,
Noirof_ef_all, 2018, 2016; Venemans ef all, Z007; Wylezalek et all, 2013, 20714,
see also Figure as an example). As predicted by cosmology and probed by
surveys on larger scales, the baryonic structure formations follow the potential
of dark matter. Though this thesis does not directly focus on these megaparsec
scales, the feedback from the central radio AGN plays a key part in impact-
ing the companions in their environments. For instance, the output energy in-
creases the efficiency for ram-pressure stripping of gas from the satellite galax-
ies. These galaxies may undergo merging phases with the massive central one
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Figure 1.4. Example of the long slit spectroscopic data of the UV emission
nebula around MRC0943-242 at z = 2.923. (A): HST image (left) and 2D view
(right, position-velocity diagram) of the UV emission lines. (B): The 1D spectra
extracted from different apertures from panel A. This data probed the UV EELR
and quiet halo beyond jet hot spots but with limited spatial information. Both
panels A and B are taken from Villar-Martin ef all (2003). (C): The UV spectrum
and polarization measurements taken from Vernef ef all (Z0O0T) (polarized frac-
tion and position angle of electric vector).
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throughout evolution, where the gas fraction will be a crucial parameter deter-
mining the significance of this interaction. Therefore, examining the physical
space between the center radio AGN and the environment in the (proto-)cluster
is essential.

Regarding the host galaxies, multiwavelength photometric analysis confirmed
that they are indeed massive in M, (De Breuck et all, 20T0; Seymour et all,
2007). The majority of them show evidence of quenching, indicated by their
position below the star formation main sequence at corresponding redshifts
(Falkendal ef_all, 2019). This is further supported by studies of the molecu-
lar gas in HzRGs, which indicate that the jets are ejecting the Hy; (Emonts ef all,
20714). Combing this with the aforementioned findings regarding ionized gas,
there seems no doubt that the jets are acting as the primary driver.

1.5.3 Open questions

Despite the fruitful knowledge, the view of the gaseous medium remains blurry.
We only have a rough idea that the bulk motion of the gas appears to be con-
nected with AGN, especially their powerful jets. On these scales, typically be-
yond galactic level, the impact from AGN radiation seems secondary. However,
what if we focus on the center? What is left behind after the passage of jets? Or
before that, what is the chronological order of the two feedback modes taking
effect? This is indeed one of the directions of this thesis. On the outer part,
our previous understanding of the extended halo was limited by sensitivity. We
urgently need a systematic inspection of the CGM nebulae to explore what is
further beyond (such as jet hot spots). It would be interesting if connections
between radio AGN and their surrounding companions are detected in gaseous
medium (e.g., Umehata efall, 2019). It would be even more exciting, if a clearer
3D view of the gas feeding (accretion) could be achieved (e.g., Humphrey et al],
2007; Nernef ef all, 2017). To realize these ambitious goals, we need panoramic
datasets as well as meticulous analysis technique.

1.5.4 The most well-observed > > 3 HzRGs sample

In this section, I summarize the sample of eight HzRGs that I will focus on in the
rest of this thesis. A relatively comprehensive list of HzZRGs (~ 200) was com-
plied in Miley & De Breuck (2008) over a decade ago, where different compo-
nents and their multiwavelength properties were also discussed. Among those,
a sub-sample of well-observed HzRGs is the foundation of this thesis. In ad-
dition to the data from early period, relatively recent space and large ground-
based telescopes, namely Hubble space telescope (HST), Spitzer space tele-
scope, Herschel space telescope, and VLT, have provided an unprecedented
view in terms of both wavelength coverage and sensitivities. These datasets
cover rest frame UV to submillimeter with imaging, high resolution spectro-
graph, and IFUs.

Particularly, observation programs with VLT/MUSE (Chapter B) initiated the
3D view of the CGM gas around a sample of eight HzRGs at z ~ 3 — 5, making
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them the most well-observed sample. Here, I complied a short table summary of
the data covered for these eight, which are the foundation of this thesis (Table
). It, of course, could not be complete without the companion ALMA Band 3
& 4 program targeting the molecular phase of the same sample (Falkendal ef all,
20719; Kolwa et all, 2023). Additionally, five out of those were observed in JWST
Cycle 1 with NIRSpec IFU, whose high sensitivity (a factor of ten) brought us a
step closer to understanding the details of the warm ionized gas at the center
compared to previous SINFONI data (see Chapter @ for one and also Roy et all,
2024; Saxena et all, 2024, for another).

Part of these datasets were contributed by me, together with all of my collab-
orators, during my PhD which will be summarized below. Some of the analysis
plans will be shown in Chapter B. We note that there are also X-ray observa-
tions for some of the targets, which are beyond the scope of this work (e.g.,
Smail et all, Z0T2). Each of these datasets alone deserves its own paper(s). In
joint analysis, they will be the best archives to continuously dig into for the trea-
sure of the universe. Unfortunately, none of them has the full coverage from all
instruments. Though we would like to have a completed view, let’s not be too
rush but take step firmly towards the ultimate goal.
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Figure 1.5. Examples of IFU observations of Lya halo around HzRGs. (A):
Lya velocity shift and velocity dispersion maps of MRC 2104-242 at z = 2.49.
This VLT/VIMOS data analysis is taken from Villar-Martin_ef_all (2Z006). (B):
VLT/MUSE observation of the Lya nebula around TN J1338-1942 at z = 4.0959
taken from Swinbank ef all (2015). The IFU reviled the extended absorbing H1
on top of the Ly« line over 100 kpc.
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My contribution other than this thesis

This thesis (and my PhD) initially began with the MUSE sample. As outlined in
Section [[C54], this sample also has companion (carried out at the similar time as
the MUSE) ALMA Band 3 & 4 observations focusing on the [C1](1-0) 492.16 GHz
as a proxy for H,. During my PhD, I also contributed to the analysis of this
dataset. The results of which are not included in this thesis but were published
in Kolwa_ef_all (2023). Specifically, I conducted the line fitting of both [C1] and
Henu (from MUSE) at the position of the host galaxy. This work revealed that the
molecular gas mass is low for these radio galaxies, indicating the possible role
of powerful jets in gas ejection.

Along my journey, new datasets also came on board. The information con-
tained in those goes far beyond what one PhD work can encompass, making it
unrealistic for me to include everything at once. They will be the legacy (or,
speaking a bit selfishly, my PhD legacy) for the future analyses of feedback, the
gaseous medium, galaxy evolution, etc.

There are three observational programs contributed by me: (i) The observa-
tions from MUSE capture the spatial information of the CGM gas using primarily
Lya. However, its medium spectral resolution, Av ~ 100 kms™!, is not sufficient
to resolve the narrow absorbers (e.g., Jarvis et all, 2003). Therefore, to com-
plement the MUSE sample, I proposed the VLT/UVES observations (108.21WL,
PI: Wuji Wang). Together with the those that already had high-resolution data,
we now have the complementary tools for studying the neutral gas (Ritter et al.
in prep., Chapter B). (ii) This thesis only reveals the tip of the (one out of four)
iceberg(s) of my NIRSpec IFU sample. My proposal (JWST-GO-1970, PI: Wuji
Wang) opened the gate to the detailed feedback studies at Cosmic high-Noon in
the most powerful radio-loud AGN. It can and will serve as the basis for many
more PhD and Master theses, paving the way for a clearer understanding of the
monsters in the early universe. (iii) To fill the gap in spatially resolved ordered
gaseous motions and the young star heated cold dust continuum, I proposed
the ALMA Band 8 observations for the same sample as my four JWST objects
(2021.1.00576.S, PI: Wuji Wang). The observations for two, namely 4C+19.71
and TN J0121+1320, were completed and showed clearly detection of [C11] line
emission and dust continuum. A tiny piece of this information is included in
Chapter @ which, in my opinion, stimulates more curiosity than it answers ques-
tions.

1.6 This thesis

This thesis focuses on the 3D view of the galactic medium around the most
well-observed sample of radio-loud AGN at z 2 3. The major part of my work
contributes to the systematic technique of reconstructing the intrinsic Lya emis-
sion halos and understanding the CGM gas. In addition, I also dedicated part of
my PhD to presenting the unprecedented view of feedback at the center of one
HzRG.

A preview is preceded following:
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Chapter 2 & 3

Lya is an important tool for studying the CGM. Its resonant nature offers us
the opportunity to trace the ionized gaseous nebulae out to several hundreds of
kiloparsecs. These nebulae of HzZRGs have long been associated with multiple
spatially extended neutral hydrogen clouds (van Ojik et all, 1996, 1997). They
are believed to reside between the last scattering surface of Lya emissions and
observers, absorbing photons and leaving troughs on top of the emission spec-
tra. Thanks to IFUs like MUSE, we can correct the absorption in 3D and also
study the neutral gas following this treatment.

I established the technique in the pilot study, Chapter [, focusing on the
highest redshift radio galaxy in our sample (4C+04.11 at 2=4.5077, Wang et al/,
2021h). Along with the analysis, I also developed the optimized reduction pro-
cedure which formed the basis for analyzing the entire sample. Beginning with
the 1D “master spectrum" extracted at the radio core position, I determined the
systemic redshift and tested the emission+absorption fitting approach for Lya.
Following and modifying Swinbank ef _all (20T5), I generalized the treatment to
the extended nebula, recovering spatial information of H1 clouds. Combing this
with the metal absorption, I proposed that we may witness the redistribution of
metals at CGM scale at z ~ 4.5 by powerful radio AGN.

Following the pilot study in Chapter [, I initiated a thorough analysis in
Chapter 3 (Wang et al], 2023), focusing on the Ly« nebulae of the eight HzRGs
in our MUSE sample. I updated the treatment by (i) including a 3D smooth-
based detection method to trace the Lya nebulae down to the observation limit
(Mernet_ef_all, 2017); (ii) using a two-step Voronoi binning to uniformly tessel-
late the nebulae; (iii) constraining the fitted parameters of the spectra by their
neighboring tiles. In this way, I reconstructed the intrinsic emission nebulae
(i.e., corrected for absorption).

The Lya nebulae are ubiquitous around early galaxies (e.g., Wisofzki ef all,
2018). Several works have characterized these emission nebulae around radio-
loud and radio-quiet type-1 and radio-quiet type-2 quasars in statistical samples
across cosmic times observe by IFS (e.g., Arrigoni Battaia et all, 2019; Caief all,
2019; den Brok ef all, 2020; Farina et _all, 2Z019). For radio-loud type-2 quasars,
i.e., HzRGs, correcting the H1 absorption is necessary before meaningful com-
parisons to other species can be made. Thus, with the intrinsic Lya emission
of our sample, Chapter 3 linked the gaseous medium around HzRGs on CGM
scale, for the first time, with other high—z quasar samples. Several indications
from the analysis are discussed. I would like to point out here one interesting
idea that: the alignment between the Lya nebulae and the jet axis beyond the
radio hot spots supports the scenario that the large-scale gas distribution (e.g.,
cosmic web) may bias the orientation along which we observe the the radio jets
(e.g., Eales, 1992).



Introduction 21

Chapter 4

The capabilities of IFUs on current ground-based telescopes are limited by the
Earth’s atmosphere in several aspects (e.g., transmission window, sky-line, res-
olution, etc.). Until the operation of JWST, we were missing the detailed view
of the ISM of HzRGs. Our program, JWST-GO-1970 (Wang et all, 202Ta), made
this a reality.

In this chapter (Wang et all, 2024!), I focused on one of the most-well studied
radio-loud AGN at z = 3.5892. Our NIRSpec IFU unveiled the warm ionized ISM
in sub-kpc resolution. Exploiting the full 3D information of the cube, I found
that the gas has complex morphology around the central ~ 20 kpc of the AGN.
The ALMA Band 8 dust map agrees with the the optical attenuation of Balmer
lines. The kinematics of the gas do not show high velocity shift except near
the center. The AGN photoionization dominates in the observed field-of-view.
Kinetic calculation suggests that the Ly, ~ 10*7 ergs™! quasar is inefficient in
radiatively driving outflow.

Chapter 5

In this final chapter, I will first offer an overview bringing together the 3D views
from different instruments. As briefly summarized in Section [C54], we are only
seeing tiny pieces of the information buried in the already massive currently
available datasets. Thus, I will then suggest some possible directions for the fu-
ture works on this most-well observed HzRGs sample. Specifically, the analysis
of many data have not been published yet at the time of writing, e.g., NIRSpec
IFU and ALMA Band 8, which will be the priority. Additionally, I will also pro-
vide an outlook for the untouched scope within the ability of current observing
techniques.
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ABSTRACT

In this paper we present Multi Unit Spectroscopic Explorer integral field unit spectroscopic observations of the ~70 x 30kpc? Lya
halo around the radio galaxy 4C04.11 at z = 4.5077. High-redshift radio galaxies are hosted by some of the most massive galaxies
known at any redshift and are unique markers of concomitant powerful active galactic nucleus (AGN) activity and star formation
episodes. We map the emission and kinematics of the Lya across the halo as well as the kinematics and column densities of eight
H1 absorbing systems at —3500 < Av < Okms~'. We find that the strong absorber at Av ~ Okms~! has a high areal coverage (30 x
30kpc?), being detected across a large extent of the Lya halo, a significant column density gradient along the southwest to northeast
direction, and a velocity gradient along the radio jet axis. We propose that the absorbing structure, which is also seen in CIV and
NV absorption, represents an outflowing metal-enriched shell driven by a previous AGN or star formation episode within the galaxy
and is now caught up by the radio jet, leading to jet-gas interactions. These observations provide evidence that feedback from AGN
in some of the most massive galaxies in the early Universe may play an important role in redistributing material and metals in their

environments.

Key words. galaxies: evolution — galaxies: active — galaxies: high-redshift — galaxies: individual: 4C04.11 — galaxies: halos

1. Introduction

There is significant observational and theoretical evidence that
supermassive black holes (SMBHs) in the centers of galaxies play
a crucial role in the evolution of their hosts (e.g., Ho 2008). The
powerful nuclear activities caused by actively accreting SMBHs
— active galactic nuclei (AGN) — can lead to a substantial release
of energy (Silk & Rees 1998) and impact the evolution of their
host galaxies (Kormendy & Ho 2013; Heckman & Best 2014).
The most powerful AGN (quasars, Ly, > 10% ergs™!) can eas-
ily heat and photo-ionize their surrounding gas, sometimes even
on scales of tens of kiloparsecs, well into the circumgalactic
medium (Tumlinson et al. 2017). The detailed mechanisms and
timescales relevant to AGN-driven feedback are still not fully
understood (Fabian 2012), but large samples of galaxies with high
spatial resolution using the modern surveys, primarily at low red-
shift right now, for example Sloan Digital Sky Survey-IV Map-
ping Nearby Galaxies at Apache Point Observatory (SDSS-IV
MaNGA, e.g., Wylezalek et al. 2018), help in assessing its preva-
lence and nature. However, it is the epoch at z ~2—3 that marks
the peak of both star formation and quasar activity (cosmic noon,
z~2-3; Madau & Dickinson 2014; Forster Schreiber & Wuyts

Article published by EDP Sciences

2020), and probing the feedback processes in AGN at that epoch
is essential.

The CGM (see Tumlinson et al. 2017, for a detailed review)
is now understood to be a key component in disentangling
the feedback processes in active galaxies. It links the smaller-
scale interstellar medium (ISM) of the galaxy to the larger-
scale intergalactic medium (IGM), not only in a geometrical
way but also by acting as the reservoir fueling star forma-
tion and the central black hole, where the feedback interacts
with the galactic environment and where the gas recycling
during galaxy evolution is controlled. This complex environ-
ment is multiphase and has been observed in numerous surveys
(e.g., Tumlinson et al. 2013; Bordoloi et al. 2014; Peek et al.
2015; Borthakur et al. 2015) at low redshift. A prominent fea-
ture of the CGM around active galaxies is the Lya (Lyman-
) emission line, which is also ubiquitously observed at
high redshift (e.g., Haiman & Rees 2001; Reuland et al. 2003;
van Breugel et al. 2006; Villar-Martin 2007; Humphrey et al.
2013; Cantalupoetal. 2014; Wisotzkietal. 2016, 2018;
Arrigoni Battaia et al. 2018, 2019; Nielsen et al. 2020). Lye is
the transition of the hydrogen electron from the 2p orbit to
its ground state. It can happen primarily through collisional
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excitation and recombination (see Dijkstra 2014, 2017, for a
detailed review of Lya emission mechanisms and radiative trans-
fer). In extragalactic studies, the recombination production of
Lya emission can be generated by photoionization by young
stars and/or AGN (fluorescence). This fluorescence emission on
larger scales (CGM and IGM) can also be due to UV back-
ground radiation. Additionally, collisional excitation can play an
important role in the emission seen in outflows and infalling gas
(Ouchi et al. 2020). The bright Lye emission line, along with
other UV lines excited by the central or background sources, pro-
vides a useful tool for studying the galactic environments in the
early Universe. Additionally, HI and metal absorption features
observed in the CGM are powerful tracers of feedback signa-
tures as well as tracers of infalling pristine gas (e.g., low metal-
licity absorption in a z ~ 2.7 submillimeter galaxy; Fu et al.
2021). The sensitive integral field spectrographs on the largest
ground-based telescopes, such as MUSE (Multi-Unit Spectro-
scopic Explorer; Bacon et al. 2010, 2014) and KCWI (Keck Cos-
mic Web Imager; Morrissey et al. 2012; see Cai et al. 2019 for
observation of Lya halos with KCWI), are perfectly suited for
mapping these UV features as they move into the optical band
for high-redshift sources.

This paper focuses on the population of high-redshift radio
galaxies (HzRGs; Lspomm, > 10°° WHz™! Miley & De Breuck
2008), which are some of the most massive galaxies known at
any redshift (with a narrow range in stellar masses of (1-6) X
10" M, for 1 < z < 5.2; De Breuck et al. 2010). Their energetic
radio jets are unique markers of concomitant powerful AGN
activity, which place them amongst the most active sources at
and near cosmic noon. High-redshift radio galaxies have fur-
thermore been shown to be powerful beacons of dense (proto-
)cluster environments in the early Universe (e.g., Le Fevre et al.
1996; Stern et al. 2003; Venemans et al. 2002, 2003, 2004, 2005,
2007; Wylezalek et al. 2013). The quasar-level AGN activity
(Miley & De Breuck 2008) at the center is blocked by the thick
dusty torus acting as the “coronograph” (Vernet et al. 2001); this
makes HzRGs true obscured type-2 quasars, allowing us to probe
their host galaxies and CGM without strong AGN contamination
(e.g., for unobscured quasars, see Arrigoni Battaia et al. 2019,
and for radio-quite type-2 sources, see Cai et al. 2017). Com-
prehensive studies using near-infrared integral field unit (IFU)
instruments show that the ionized gas in HzRGs is highly per-
turbed (FWHM ~ 1000kms™') at kiloparsec scales and is
aligned with the radio jets (Nesvadba et al. 2006, 2007, 2008,
2017a,b; Collet et al. 2015, 2016). This implies that the energy
and momentum transfer between the central quasar and their
ISM is likely due to the jets. Radio-mode feedback may there-
fore play a fundamental role during the evolution of HzRGs.
Recently, Falkendal et al. (2019) combined infrared and mil-
limeter data and deduced a more robust result of a relatively
low star formation rate (SFR) for a sample of HzRGs, suggest-
ing evidence of rapid quenching compared to previous stud-
ies (e.g., Drouart et al. 2014). Using a small sample of HzRGs,
Nesvadba et al. (2011) shows that they are going through a tran-
sition phase from active to passive. These observations indi-
cate that HzZRGs are on a different track of evolution compared
to radio-quiet objects, assembling most of their stellar mass
early (z ~ 3; Seymour et al. 2007; De Breuck et al. 2010), and
that radio jets may actively affect their quenching. However,
there is also circumstantial evidence showing that the jet can
induce star formation. Humphrey et al. (2006) found that HZRGs
(z > 2 in the sample) with smaller radio sources and more
perturbed gas (emission line) kinematics show lower UV con-
tinuum polarization, which could be due to the presence of
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more luminous young stellar populations and can possibly be
explained by the interaction between radio jets and the ISM that
enhances star formation. Besides, there is also an anticorrelation
between the rest frame submillimeter flux density and radio size
in HzZRGs (Humphrey et al. 2011), although it is not clear if the
physics behind this is feedback-induced star formation, a simul-
taneous triggering of star formation and the radio-loud AGN
activity, or simply environmental effects. Some well-studied
HzRGs show evidence of having high SFRs (e.g., 4C41.47 and
PKS 0529-549; Nesvadba et al. 2020; Falkendal et al. 2019).
In these sources, we may interestingly be witnessing both
the jets compressing the gas, leading to enhanced SFRs (e.g.,
Fragile et al. 2017), and the feedback from the AGN and star
formation quenching it (Man et al. 2019).

One of the most prominent features of HzRGs is their
gaseous halos, which often reach out to more than 100kpc
from the nucleus, well into the CGM (e.g., van Ojik et al.
1996, 1997; Villar-Martin et al. 2003), and which have differ-
ent dynamical states (from more perturbed inner regions to
quieter outer regions; e.g., Vernet et al. 2017). The halos are
observed in all strong emission lines (e.g., Lya to Ha, McCarthy
1993; Miley & De Breuck 2008) and are metal-enriched, often
detected in NVA1240 A and C1vA1548 A. The CGM is not
only the venue of the feedback but also an essential path
from which IGM gas can fuel the growth of SMBHs and
star formation, as suggested by various cosmological models
(e.g., Springel et al. 2005; Fumagalli et al. 2011). Umehata et al.
(2019) observed (proto-)cluster-scale gas filaments that may be
tracing infalling gas. Observations of the CGM around HzRGs
(e.g., Humphrey et al. 2007, 2008a; Vernet et al. 2017) provide
evidence of inflowing gas in both absorption and emission with
the scale of 10's x 10 s kpc?. In addition to the neutral and ionized
gas, the molecular and dust phases have also been studied using
the Actacama Large Milimeter/submilimeter Array (ALMA; or
other millimeter telescopes), which traces the environment of
stellar components in the galaxies to show a comprehensive view
of galaxy evolution in the early Universe (e.g., Gullberg et al.
2016; Falkendal et al. 2021).

Many HzRGs have deep extended absorbers associated
with them (van Ojik et al. 1997). These associated absorbers
offer a unique opportunity for probing the neutral CGM, with-
out the requirement of direct ionization by the central AGN
(Rottgering et al. 1995; van Ojik et al. 1997; Humphrey et al.
2008a; Jarvis et al. 2003; Wilman et al. 2004; Silva et al. 2018a;
Kolwa et al. 2019). The absorbers are usually blueshifted with
respect to the host systemic redshift, which can be understood
as a potential signature of outflowing gas. Over the past two
decades, a series of works have established the picture and have
offered evidence for explaining the observed absorption through
the scenario of giant expanding shells of gas: Binette et al.
(2000) argued that the prototypical HI and C1IV absorber in
MRC (0943-242 is probably a giant shell enveloping the line-
emitting halo. Jarvis et al. (2003) and Wilman et al. (2004)
obtained additional data and further developed the expand-
ing shell idea. Before Humphrey et al. (2008a), who published
the first IFU study of the properties of an extended HzRG
absorber, works on the absorbers had only used long slit spec-
troscopy placed along the radio axis, meaning that there was
no proof, only suspicion, that the HI absorbers are not only
extended along the radio jet axis. The result of Humphrey et al.
(2008a), therefore, reinforced the giant expanding shell hypoth-
esis. Silva et al. (2018b) studied the Lya halos of a sample of
HzRGs to examine whether extended HI absorbers are usu-
ally extended perpendicular to the radio axis. With the long



26

Chapter 2

W. Wang et al.: Mapping the “invisible” circumgalactic medium around a z ~ 4.5 radio galaxy with MUSE

slit spectroscopic data together with a handful of previously
published MUSE observations containing extended HI/HzZRG
absorbers (e.g., Swinbank et al. 2015), it was possible to draw
the conclusion that extended H1I absorbers of HzZRGs are com-
monly extended perpendicular to the radio axis. In Silva et al.
(2018a), the authors measured the line-of-sight velocity as a
function of offset from the AGN for the main HI absorber in
MRC 0943—-242 and detected a radially decreasing blueshift,
consistent with an expanding shell centered on the nucleus. More
interestingly, around 30% of the detected absorbers are red-
shifted, and their natures are still unclear. This begs the ques-
tion of whether they are the cooling inflowing IGM gas that
models predict dominates the gas accretion of massive galax-
ies or are due to the emission line gas in the Lya halo sim-
ply outflowing with a higher line-of-sight velocity than the
H1 absorber. Absorption features are not unique around type-
2 sources like HZRGs; they are also seen in the spectra of type-1
high-redshift quasars (e.g., Arrigoni Battaia et al. 2019). These
absorbers may also have an important influence on the inferred
intrinsic total flux, which is sometimes neglected (e.g., peak Ly«
in Mackenzie et al. 2021).

4C04.11 (RCJ0311+0507), at z ~ 4.5, is the focusing target
of this work. Radio emission of the source was first discovered
with the Russian RATAN-600 instrument (the 600 m diameter
ring antenna of the Russian Academy of Sciences; Goss et al.
1992). It was observed subsequently by other telescopes in
the radio and optical (Kopylov et al. 2006; Parijskij et al. 1996,
2000, 2013, 2014). The source (RCJ0311) was then found to
be the same one (4C04.11) registered in the older Cambridge
surveys (Mills et al. 1958; Gower et al. 1967). We note that
Kopylov et al. (2006) first obtained the redshift, z = 4.514,
of this target using the Lya line spectrum taken from the
Russian 6m optical telescope (BTA). It is classified as an
FR II source based on the radio morphology (Fanaroff & Riley
1974). Previous studies show it has a central SMBH with a
mass of ~10° M, (Parijskij et al. 2014; Nesvadba et al. 2017a).
Kikuta et al. (2017) studied the large-scale environment of
4C04.11 by searching for surrounding Lya emitters (LAEs)
using the Subaru Telescope, which found that 4C04.11 is resid-
ing in a low-density region of LAEs. Its X-ray proprieties have
been reported by Snios et al. (2020), including the spectrum pho-
ton index (I' = O.92f8:§ 1) and the optical—X-ray power law slope,
aox = —1.31 £ 0.08. That work also reports the absence of
extended X-ray structures despite the large radio jet scale.

In this paper we present the results of the MUSE observation
for 4C04.11, focusing on the absorption features in its CGM.
This radio galaxy is the highest-redshift source in our sample of
eight HZRGs with both MUSE and ALMA data. It also has mul-
tiple HI and associated metal absorbers on which we can test the
absorption mapping ability of MUSE. Hence, this is a pilot work,
and upcoming studies will focus on the spatial characteristics of
the CGM absorbers of the whole sample. In Sect. 2 we present
the observation and the optimized data reduction procedure of
the target. The methodology used for analyzing emission line
and absorption spectra as well as the spatial mapping is shown
in Sect. 3. The results are presented in Sects. 4 and 5 for the 1D
spectrum and 2D mapping, respectively. We discuss some physi-
cal explanations from the analyzed results in Sect. 6 and propose
several models to the observed spatial column density gradient
of HI absorber #1 in Sect. 7. Finally, we summarize and con-
clude in Sect. 8. For this work, we use a flat Lambda cold dark
matter cosmology with Hy = 71kms~! Mpc™! and Qy = 0.27.
In this cosmology, 1" corresponds to 6.731 kpc at the redshift of
our target, 4.5077.

2. Observations and data reduction
2.1. MUSE Observations

The target of this work, the radio galaxy 4C04.11, was observed
by the European Southern Observatory (ESO) Very Large Tele-
scope (VLT) using the instrument MUSE from December 2 to
15, 2015, under the program run 096.B-0752(F) (PI: J. Vernet).
The observations were divided into four observing blocks (OBs),
where each OB had two exposures of about 30 min each. The
total integrated time was 4 h on target. Observations were car-
ried out in the extended wide-field mode of MUSE without the
correction from active adaptive optics (WFM-NOAO-E). The
wavelength coverage of MUSE is 4750-9300 A and the field
of view (FOV) of 60 x 60 arcsec® with a spatial resolution of
0.2 x 0.2 arcsec? and a 1.25 A pix~! wavelength sampling. The
spectral resolving power of MUSE is approximately 4/A1 =
1700-3400, which is A1 = 2.82-2.74 A or Av = 180-90 km s~
(blue to red) in terms of resolution (Bacon et al. 2014).

2.2. Optimized data reduction

We are interested particularly in the faint extended line emis-
sion in the CGM of 4C04.11. Therefore, we explore different
data reduction strategies in order to find an optimized method for
further analysis. First, we use MUSE Data Reduction Software
(MUSE DRS, version 2.6, the newest version is 2.8.x) pipeline!
(Weilbacher et al. 2020) by running ESOREX (a command-line
tool can be used for executing VLT/VLTI instrument pipeline)
for calibration creation, observation preprocessing and observa-
tion post-processing. These three reduction stages are completed
in the same default procedures for each method before adjusting
the reductions. We explore the options of combining the individ-
ual exposures using the MUSE DRS pipeline and the MPDAF
(MUSE Python Data Analysis Framework; Bacon et al. 2016;
Piqueras et al. 2019). Furthermore, we explore the sky subtrac-
tion using the pipeline and Zurich Atmosphere Purge (ZAP, a
python package developed for MUSE data based on principal
component analysis algorithm; Soto et al. 2016).

We evaluate the performance of each reduction method and
choose the one that maximizes the signal-to-noise ratio (S/N)
for our target by qualitatively comparing the spectra extracted
from different data cubes and quantitatively comparing their
S/N. We extract spectra from the same apertures as in Sect. 3.1
for each cube, respectively. Then, the S/N is calculated using
four wavelength ranges for each spectrum (5600—-5900 A, line-
free range; 6567—-6864 A, Lya emission range; 7400—-8000 A,
line-free range; 8300—9200 A, C1v and He Il emission range).
The performances of all cubes are similar. In the two line-free
ranges, the optimized method (Sect. 2.2) is ~2% better. As for
the emission line ranges, the optimized method is ~5—10% bet-
ter. The skyline residuals (e.g., Sect. 4.2) are less severe in the
optimized method compared to the other methods, although we
still apply masking when analyzing C1v (Sect. 4.2). Through
this test, we find the most optimized method for reduction of
our observation of 4C04.11: all calibrations are done in the
standard way following the pipeline; sky subtraction is done
along with the pipeline; each derived exposure data cube goes
through ZAP to remove the sky residuals; all exposures are then

' https://www.eso.org/sci/facilities/paranal/
instruments/muse/doc.html

A88, page 3 of 35



Absorbing neutral CGM hydrogen of a z ~ 4.5 radio-loud AGN

27

A&A 654, A88 (2021)

Table 1. Best fitted emission results of the 1D aperture-extracted spectrum using the MCMC method.

Ton Line center (rest) Line center (obs.) Line flux Line width
Ao [A] A[A] F[107ergs'em™2] FWHM [kms™]

Lya 1215.67 6694.47 +0.59 101.82 +4.46 1426 +£23
Lya (b.l.) 1215.67 ~6693.28 49.92+1.26 3055 +38
Nv 1238.82 6823.05 1.0+£0.2 2087 +250
Nv (bl) 1238.82 ~6786.93 43+02 6034 +259
Nv 1242.80 6844.97 0.5+0.1 2087 +250
Nv (bl) 1242.80 ~6808.73 22+0.1 6034 +259
Civ 1548.20 8526.98 +0.18 3.04+1.01 1264 + 245
C1v (bl) 1548.20 8497.81 +£3.20 6.27+0.84 2517 £ 143
Civ 1550.77 8541.19+0.18 1.52+0.50 1262 + 244
C1v (bl) 1550.77 8511.97+3.20 3.13+042 2513+ 142
Hent 1640.47 9035.23 +0.19 8.31+0.15 671+19

O] 1660.81 9147.24 1.00 +£0.05 907 + 68

O] 1666.15 9176.65 1.50 £ 0.05 907 + 68

Notes. The blueshifted component is marked as b.l. The reported errors are either the direct 1o~ error bar output by the MCMC method or calculated
through propagation of uncertainty from the MCMC output. We note that the “best” fitting results reported here from the MCMC method are the
median values from the MCMC sampling. The line centers of the systemic N V and O 1lT] emissions are fixed to the redshift determined from He 11

in this work during the fitting.

combined by MPDAF using the median absolute deviation
(MAD)? method.

We then perform the astrometric correction to the derived
data cube to improve the accuracy of MUSE astrometry. In this
step, the Gaia Data Release 2 catalog (Gaia Collaboration 2016,
2018) is adopted for acquiring the precise coordinate of the only
field star in our MUSE FOV. The position offset is calculated
based on this star (fitted with a 2D Gaussian model) and applied
to our MUSE observation. This uncertainty estimated in this
astrometry correction is 0.007 arcsec for which a large fraction
(>98%) comes from the Gaussian fitting of the field star position.

Before we can obtain the data cube for the following scien-
tific analysis, we perform the variance scaling on the variance
extension of the data cube using a source-free region of data.
The variance extension of the data cube before correction often
underestimates the uncertainties due to the incomplete covering
of the variance sources (Weilbacher et al. 2020). The variance
scale factor is 1.27. The scaled variance extension can then be
used for our scientific analysis.

Finally, we note that comparing to the data cube of our
target derived using MUSE DRS version 1.6 (S. Kolwa, priv.
comm.), our new data cube has a more homogeneous back-
ground due to the implemented auto_calibration function
(see Weilbacher et al. 2020) in version 2.6, which refines the
IFU-to-IFU and slice-to-slice flux variations.

We estimate the seeing PSF for the combined optimized data
cube to be ~0.97 arcsec in the wavelength range 6573-6819 A,
which is the range of the observed Ly emission. This is smaller
than the extension of the Lya halo and the H1I absorber #1
(Sect. 5). The central part of the Lya emission halo is not domi-
nated by any unresolved AGN emission such that a further PSF
subtraction is not necessary and will not improve the results. The
5o surface brightness detection limit of our data at 6695.86 A
(peak of Lya, Table 1) is 5x 1078 erg s~! cm™2 arcsec™? summed
over 6 wavelength channels (7.5 A) from a 1 arcsec radius aper-
ture. For the spectrum analyzed in this work (Sects. 3.1 and 4),
the noise spectrum is also shown, which is the standard deviation

i For an univariate data set X|, X, ... X,,, MAD = median|X; -X |, where
X = median(X).
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derived from the variance extension of the data cube presenting
the quality of the reduction.

3. Data analysis
3.1. Single aperture spectrum (master spectrum)

We first extract a spectrum from a large aperture with the goal of
using this high S/N spectrum to optimize our analysis and line
fitting procedures. The center of the extraction aperture is at («,
6) =(47°56'59"76, 5°08’03"/5). This is chosen to be at the pixel
with the highest Lya flux value from the pseudo-narrowband
image collapsed between 6704 A and 6710 A® (Fig. 1 red circle).
Next, we extracted three spectra using apertures with radii 0.5,
1 and 1.5 arcsec. By comparing the three spectra, we find that:
the line flux (Lya) ratio for the 0.5 arcsec to 1 arcsec is propor-
tional to their area ratio, which means that the background does
not dominate. But the line flux ratio for the 1 arcsec to 1.5 arcsec
spectrum is larger than their area ratio, meaning that the con-
tribution of the background is starting to impact the flux mea-
surement. We therefore choose the spectrum extracted from a
1 arcsec aperture centered on the brightest pixel for the follow-
ing analysis and refer to this spectrum as the “master spectrum”
in the remaining parts of the paper.

The master spectrum is shown in Fig. 2 with the upper panel
focusing on emission lines and lower panel focusing on the con-
tinuum. In the figure, we mark the emission lines with significant
detection that our analysis will focus on: Lya 41216 (hereafter
Lya), C1v 111548, 1551 (hereafter C1v), He 11 11640 (hereafter
He 11) and O 111]111660, 1666 (hereafter O 111]). We also mark the
low S/N NV 241238, 1243 (hereafter N V). The flux of NV is
indistinctly low and highly absorbed. Additionally, its position
is located in the Lya wing making it hard to detect in the full
spectrum (Sect. 4.3). Using the black dotted lines, we indicate
the potential positions of Silv 411393, 1402 (hereafter Silv,
the overlapped O1V] quintuplet is not shown). We perform the

3 This is also the position of the flux peak for Lya narrowband image
collapsed between larger wavelength range (e.g., 6573-6819 A cover-
ing the entire Ly« line emission) and white light image of 4C04.11.
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Fig. 1. Lya narrowband surface brightness (SB) image of 4C04.11
derived from the data cube using 6704—6710 A in the observed frame.
The blue contour indicates the He I emission region. The contour is cal-
culated from the pseudo-narrowband image of He IT using 9028—9044 A
in the observed frame with the level of 30yey and 2 X 30y, Where
Open 1S the standard deviation derived from a source-less region of
the He I pseudo-narrowband image. The white contour traces the posi-
tion of the radio jet observed by MERLIN (Multi-Element-Radio-Link-
Interferometer-Network; Parijskij et al. 2013, 2014) with the level of
0.45x (-1, 1, 2, 4, 16, 32, 48)mly beam™! following Parijskij et al.
(2014). The overlaid red circle with a 1 arcsec radius marks the aper-
ture over which the master spectrum is extracted. The green dashed box
shows the FOV of individual panels in Figs. 7 and 8, which is the region
we focus on in the spatial mapping in Sect. 5.

fitting of SilIV following Sect. 3.2, but the S/N is so low that the
line model is poorly constrained. Hence, we consider it as an
un-detection.

3.2. Spectral analysis

We fit models to the observed emission lines to study the phys-
ical properties of the gaseous halos of 4C04.11, for example
the emitted flux and absorber column density. To do this task
properly, we use the Gaussian or Lorentzian model to describe
the emission and Voigt-Hjerting function (e.g., Tepper-Garcia
2006, 2007) for the absorption. The fitted function (Eq. (A.8))
is composed of the emission model(s), Fyg or F,r (defined
as Eq. (A.2)), multiplied with the convolved Voigt function(s)
(Eq. (A.7)). The convolution with the MUSE line-spread func-
tion is applied to account for the instrumental resolution. The
decision whether Gaussian or Lorentzian function is used for
modeling the emission components is made based on several
reasons explained in Sect. 4. In Appendix A, we explain the defi-
nitions and equations used in our fitting. The underlying assump-
tion made when fitting the Voigt profile to the absorption is that
each of the absorbing cloud gas has a covering factor close to
unity (C =~ 1.0).

We use different strategies to manage the continua for dif-
ferent lines (see Sect. 4 and Appendix C.1 for details of dif-
ferent lines). The basic idea is to fit the continuum around
the emission line with the emission part masked. After the
continuum fitting, we then apply the nonlinear least-squares
(least-squares for short) algorithm, which preforms with y? min-
imization to fit the interested spectra. Because of the number
of free parameters used in the fitting or/and insensitivity of the
algorithm to one (or some) of the variables, several problems

appear when running the least-squares method, for example the
covariance matrix from which uncertainties of the fitting are
derived cannot be produced. Then we apply a more sophisticated
method, Markov chain Monte Carlo (MCMC; using the python
package emcee; Foreman-Mackey et al. 2013), which realizes
the fitting through maximizing the likelihood, to better constrain
the results and determine the fitting uncertainties. To fulfill this,
we perform the MCMC fitting using results from least-squares
as initials. We report the results together with the y? in Sect. 4*.

We note that the reported “lo” uncertainties in this paper
are either the direct reported value of the 1o confidence level
from the algorithm (half the difference between the 15.8 and
84.2 percentiles) or the propagated value from this. Due to the
large number of free parameters used in the fitting model and the
physically limited parameter ranges, we cannot always explore
the entire parameter space, that is to say, the fitting procedure sel-
dom gives us the 30 confidence level. Hence, we take the com-
promise to report the 1o~ confidence level for a reference. Some
of the reported formal uncertainties are too small compared to
the instrumental limitations, for example the uncertainty of the
line center and the spectral resolution of MUSE.

3.3. Spatial mapping method

The MUSE observations allow us to spatially and spectrally map
the gaseous halo around 4C04.11. We mainly focus on the mor-
phology, kinematics and absorption column density distribution
of Ly emission because of its high surface brightness. The spa-
tial properties of CIV absorbers are also studied but only in
two spatial apertures due to its relatively low S/N. Hence, we
describe here the method we use for mapping the Ly charac-
teristics in this subsection and show the details of C1V together
with its result in Sect. 5.2.

The first step is to spatially bin the data of the Lya emission
region to increase the S/N for the following fitting. We adopt the
method from Swinbank et al. (2015), which starts at the brightest
spatial pixel (spaxel) and bins the spaxels around it until the set
S/N or the number of spaxels in one bin threshold is reached.
The S/N threshold is set to be 13, which is close to the median
value of the spaxel-based S/N in the region enclosed by the green
box shown in Fig. 1 and calculated from the wavelength range
6672—6695 A. This wavelength range is slightly bluer than the
peak emission wavelength of Lya because we are interested in
the spatial distribution of the absorbers that are located in the
blue wing of Lya. The largest length of one tessellation bin is
25 spaxels (5 arcsec), which is ~5 times the size of our seeing
disk (Sect. 2.2) to include any large-scale structures with low
S/N. The commonly used Voronoi binning (Cappellari & Copin
2003) method is not suitable for our purposes due to the high S/N
gradient across the Lya nebula (~150 to ~10 in 20 spaxels). We
manually bin some spaxels after running the algorithm to achieve
a more homogeneous S/N distribution. There are 64 bins in the
final result, which is shown in Fig. F.1.

Next, we fit the Lya spectrum extracted from each bin fol-
lowing the description in Sect. 3.2, namely we first fit with the
least-squares method and then used MCMC to refine the fit. We
note that only HT absorbers #1 and #2 (see Sect. 4.1) can be
identified in all bins. But for consistency we include all eight
absorbers in each fit. To minimize the number of free param-
eters and keep the fitting of absorbers #3—8 less problematic

4 Reduced %, x2 = [&, which is calculated from the best-fit MCMC
model and the data as an indicator of the fitting quality, where N is the

number of input data points and N; being the number of free parameters.

A88, page 5 of 35



Absorbing neutral CGM hydrogen of a z ~ 4.5 radio-loud AGN

29

A&A 654, A88 (2021)

900 1000 1100

1200 Aresﬁgéb]

1400 1500 1600

NV doublet

Lya

SilV doublet

Nbido el

M R A

5000 5500 6000 6500

7000

7500 8000

/\obs [A]

Fig. 2. Rest frame UV spectra of 4C04.11. Upper panel: full MUSE spectrum extracted from the central 1 arcsec aperture region. We refer to this
spectrum as the master spectrum. The detected UV lines (Lya, C1v, HeIl, and O1II]) are marked with red dashed lines. We also mark the NV,
which has a low S/N, overlaps with the broad Lya wing, and is not obvious in this full spectrum (see Sect. 4.3). We use the black dotted line to
indicate the position of the undetected SiIV. Lower panel: same plot as the upper panel but zoomed in to show the continuum. We note that the
skyline residuals are seen as regions with higher noise. The horizontal black dashed line marks the zero flux level.

(especially for those bins where they cannot be seen), we fix the
positions (velocity shifts) of these 6 absorbers using the values
derived from the aperture-extracted Lye fitting (see Sect. 4.1).
We also fix the continuum fitted from each spectrum prior to
including the combined Gaussian plus Voigt profiles in the fit-
ting function. The results are presented in Sect. 5.1.

3.4. Photometry data and SED fitting

4C04.11 has multiband photometry available from previous
observations, namely, B, V, R, I and K bands reported in
Parijskij et al. (2014), 4 bands of ALLWISE (an extended sur-
vey of Wide-field Infrared Survey Explorer; Wright et al. 2010;
Mainzer et al. 2011) archival data and Spitzer IRAC 1 and
2 observation (ID 70135, PI: D. Stern see Wylezalek et al.
2013, 2014, for data reduction and flux measurement). In
addition, Snios et al. (2020) reported the Chandra 0.5-7keV
X-ray continuum detection of our target. Using these data,
we preform a spectral energy distribution (SED) fitting with
X-CIGALE (X-ray module for Code Investigating GALaxy
Emission; Boquien et al. 2019; Yang et al. 2020, the used pho-
tometric data and fitting result are presented in Appendix B) and
show the SED fit in the appendix.

We extract the unattenuated stellar emission flux at rest
frame 1.6 um from the fitted SED model from which M, is esti-
mated using the extrapolated IR mass-to-light ratio and galaxy
age relation (e.g., Fig. 2 in Seymour et al. 2007). The 1.6 um is
a “sweet spot” for deriving M, of HzRGs. The flux at shorter
wavelengths is dominated by young stellar populations (and con-
taminated by emission lines) and the shape of the SED beyond
the stellar emission bump at around 1-2um is dominated by
AGN-heated dust. Hence, the flux at ~1.6 um is dominated by
the bulk of the stellar population. We consider our stellar mass
estimate of M, < 6.9 x 10'' M, as an upper limit due to unac-
counted for contributions from AGN-heated dust.
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This derived upper limit of the stellar mass is quite high but
comparable to other HZRGs (1 < z < 5.2, De Breuck et al.
2010). Therefore, taking into account the derived upper limit
and the stellar masses from a large sample, we set the M,
of 4C04.11 to ~2 x 10" M, and use this value for following
calculation. Galaxies with M, ~ 10'! M, are extremely rare
(log (®/dex™! /Mpc™3) ~ 107°) at the redshift (z = 4.5077) of
our object (Davidzon et al. 2017). This indicates that 4C04.11 is
a rare galaxy that assembled most of its mass and formed stars
when the Universe was very young. It is of great interests to
study the different phases of feedback as well as the current envi-
ronment of such an object.

To estimate the total (baryonic and dark matter) mass of
our object, we assume the M, /My, ratio to be 0.02 (see
Behroozi et al. 2013). This ratio has a large uncertainty, espe-
cially for objects at z > 4. For high M, objects at high redshift
with extremely low number density, it is difficult to predict from
simulation works (e.g., Behroozi et al. 2019). The evolutionary
trend from Behroozi et al. (2013) shows that this ratio will be
higher in the early Universe for objects that are the progenitors
of present day massive galaxies (assumed to be applicable to
HzRGs, see Sect. 1). Hence, we adopt a conservative value of
0.02, which is the maximum ratio predicted by Behroozi et al.
(2013). Then we can calculate the virial radius of the host galaxy,
Ryir = 117 kpc, using

Ryir = 100kpe (M, /10" Mo)' (1 + 2)5", (1

where (1 + z)3 = (1 + z)/3 given by Dekel et al. (2013). This is
accurate to a few percent for a system at z > 1.
Using the following equation from the same work,

Viir = 200km (My;r/10' Mo)' (1 + 2)/%, )

we also calculate the virial velocity of our target to be
~583kms~!. The virial temperature is at the order of 107 K. We
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note that these should be treated as approximation since we only
take the M, derived from the SED fitting as an upper limit and
use the maximum predicted M, /My, ratio value in calculation.

4. Line fitting results

In this section we present the line fitting results of Lya, NV,
Crv+He1lr and Omnr]. We remind the readers that the metal
absorbers are not as robustly detected as HI absorbers, which
have well-defined trough(s) in the spectra in visual check. This
is probably due to the depth of the exposure and the spectral
resolution. Hence, during the fit, we assume they are at the sim-
ilar redshift (velocity shift) to the corresponding H1 absorbers.
The reasons a subset of the absorbers are considered are pre-
sented in corresponding subsections (see Sects. 4.2 and 4.3). We
refer them as “detection” if their probability distributions in the
corner plots (Appendix E) are well constrained. To visually dis-
tinguish the better and poorly constrained absorbers, we use the
short solid bars and dashed bars with lighter colors in the figures
showing the fitting results, respectively.

We also run a test on fitting the C1v and N v without absorp-
tion. The overall shape of the CIV could be fitted without
absorbers involved. However, the deep trough around 8500 A,
which is too broad to be influenced by skylines (see Fig. 4), can-
not be reproduced. As for N v, the algorithm failed to reproduce
the systemic emission component. Hence, we believe the absorb-
ing material is enriched and fit the aforementioned two lines with
absorbers.

4.1. Lya

We use a double-Gaussian model to fit and estimate the un-
absorbed emission. We note that Ly« is a resonant line, which
makes it difficult to trace the intrinsic velocity range where the
photons originated from. The double-Gaussian model used is a
simple implementation to fit the high emission peak with a broad
wing. This two-component fitting is also applied to the C 1V and
NV but with different velocity shifts (Sects. 4.2 and 4.3). This
indicates there are at least two components of gas emission with
different physical origins (further discussion in Sect. 6.1).

We present the best-fit model of Ly« in Fig. 3 upper panel
with dark magenta line. In the figure, we mark the positions
of eight HT absorbers. The best-fit parameters are presented in
Table 1 (for emissions) and Table 2 (for absorption). Figure 3
middle panel shows a Ny; sensitivity test for the model of
absorber #1. We vary the column density of absorber #1 from
10" cm™2 to 10" cm™ with all other parameters fixed to the
best-fit values and find that the profile is only sensitive to the Ny,
near the best fit value (dark magenta line shown in the figure).
This test shows that the column density variation in one absorber
has little influence on the others unless it is saturated.

We include further details on the Ly fitting procedure in
Appendix C.2. The boundary conditions used for the fitting are
also presented in Appendix C.2. In Appendix E we show the cor-
ner plot (Fig. E.2) and acceptance fraction plot (Fig. E.1), which
traces the correlations between each pair of fitted parameters and
quality of the MCMC run, respectively.

Humphrey (2019) studied the contamination of O V]
AA1213.8,1218.3 (hereafter O V]) and Helr A1215.1 emissions
for high-redshift Lye emitters (Type-2 quasars, HzRGs). In
general, the contribution from Hell A1215.1 is insignificant
while the O V] emission can contribute 10% (or more) to the
Lya+OvV]+Hemn A1215.1 flux if certain ionization parame-
ter and metallicity are given. By using the grid model search,

—— Best fit
Intrinsic Lya emission

3000 VAN --— Systemic Lya A1216

/ Blueshifted Lya

3500 x2=14.5937

Ab. #1, Nyy=10 cm~2
o Ab. #1, Ny=10% cm=2
[ p Ab. #1, Nyy=10¢ cm~2
Ab. #1, Ny=10'7 cm—2

—4000 —2000 2000 4000

Av[kms™]

Fig. 3. Ly« fitting result and model sensitivity check. Upper panel: best
fitting result of the master Ly« line using the MCMC method. The dark
magenta line represents the best fit, while the dotted olive line traces
the overall Gaussian emission. The systemic emission is shown in a red
dotted-dashed line, and the blueshifted emission is marked by a blue
dashed line. The positions of all eight absorbers are shown in this panel
with black vertical bars. The y? is reported as an indicator for the qual-
ity of the fit. We note that the small flux excess at 24000 km s~ is the
contribution from NV (Sect. 4.3). Middle panel: column density sen-
sitivity check of the Voigt model. The overall intrinsic Gaussian (dot-
ted olive line) and best-fit model (dark magenta line) are the same as
in the upper panel. The other lines show how the fitting result will
change by only adjusting the column density of absorber #1 to values
at log(Ny Jem™2) =14, 15, 16, and 17. These lines demonstrate that this
fitting is only sensitive to the Ny values around the best fitting result.
Lower panel: standard deviation (noise) of the spectrum derived from the
variance extension of the data cube that is used as the weight (inverse) in
the fitting. It is shown in the same units as the spectrum and can be used
to trace the skylines. We note that the Ly line suffers less from strong
skylines in —4200 to 5500 km s~! compared to Hanuschik (2003).

Humphrey (2019) proposed a correlation between O V] and N'v,
which can be used to estimate the significance of the contami-
nation. To test how O V] will affect the HI fitting result, which
is the primary goal of this work, we run the fit of Ly« including
the emission doublet of O V]. In this test, the total O V] flux is
fixed to 2.5Fnv according to Humphrey (2019) with Fnv being
the total fitted N v flux (Sect. 4.3) in this work. We also fix the
FWHM of O V], a nonresonant line, to the value derived from
He1r (Sect. 4.2). The results of the 8 HI absorbers, especially
the Ny, are similar to the fitting results without O V]. Therefore,
we do not include the O V] into the Ly fitting in order to avoid
introducing more free parameters.

4.2. Civ and He1

The first line we focus on is He I, which is the brightest non-
resonant line often used for determination of the systemic
redshift of HzRGs observed in optical band (e.g.,
Swinbank et al. 2015; Kolwaetal. 2019). The nonresonant
photons are produced through the cascade recombination of
He*; they are not energetic enough to induce other transitions
and suffer less from scattering than resonant lines (e.g., Lya).
Previous work (Kopylov et al. 2006) determined the redshift of
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Table 2. Best absorption fitting results of the 1D aperture-extracted spectrum using the MCMC method.

Abs. Ion Redshift Absorber wav. Velocity Column density ~ Doppler
# z A[A] Avkms™']  log(N/em™2)  b[kms™!]
1 Lya  4.5075+0.0001 6695.34 +0.02 -9+6 14.843+ 0.004 187+1
Nv - 6822.84 - 14.99 +0.05 387+12
Civ  4.5083+0.0005 8527.91+0.76 32+38 13.9+0.2 198 +43
2 Lya  4.5002+0.0001 6686.44+0.04 —408+6 15.53+£0.14 73+4
Civ@ - 8515.37 - <12.07 -
3 Lya  4.4947+0.0001 6679.76+0.05 -707+6 14.72+ 0.01 110+3
Civ@ - 8506.86 - <13.05 -
4 Lya  4.4872+0.0001 6670.61+0.09 -1116+8 14.85+£0.02 2657
CIv  4.4872+0.0006 8495.28+0.87 —1114+44 14.24 £0.08 27142
5 Lya  4.4748+£0.0001 6655.54+0.12 —-1791+9 14.77 £0.01 2317
6 Lya  4.4653+0.0001 6644.04+0.14 -2306+10 14.70 £0.09 88+ 10
7 Lya  4.4572+£0.0002 6634.17+0.19 -2748+13 14.81+£0.04 165+ 11
8 Lya  4.4462+0.0002 6620.83+0.22 -3345+15 <15.46 ~40

Notes. The un-reported values and values without uncertainties are fixed parameters during the fit using the values from corresponding HI
absorbers. “The C1v absorber #2 and #3 are poorly constrained (see Appendices C.3 and E.2 and Fig. E.4 for discussion and their probabil-
ity distributions). We only report the fitted column density results as upper limit.

4C04.11 from the resonant Lya line, which also heavily suffers
from absorption (see Sect. 4.1). Hence, our fitting of the He 1
will provide a better estimate of the systemic redshift.

C1v and HeTII are located in the wavelength range that is
affected by many strong skylines (Fig. 4, 8200-9300 A, see
Hanuschik 2003, for skylines observed at Paranal). Additionally,
this wavelength range is near the edge of spectral coverage of
MUSE. To obtain better results from these two low S/N lines,
we have to reduce the number of free parameters used during
the fitting. For this purpose, we (i) fit CIV together with He Il
and constrain the line center of the systemic CIV component
with the redshift determined from HeI1; (ii) fix the continuum
to a first-order polynomial during the emission and absorption
fitting; (iii) use a Lorentzian profile for the systemic He Il and
C1v to avoid an additional Gaussian component; (iv) include
only 4 C1v absorbers and fix the Doppler parameters and red-
shifts of absorber #2 and #3 (further descriptions are presented
in Appendix C.3).

The best-fit model of Hell and C1V are presented in Fig. 4
while fitted parameters are shown in Table 1 and Fig. 4 for
emission and absorption (only C1IV), respectively. The sys-
temic redshift calculated from the intrinsic Hell emission
is 4.5077 +0.0001, which is a significant improvement com-
pared to Kopylov et al. (2006) (~10 A, in observed frame or
—-1888kms™! difference of the Hell center wavelength). We
detect and report a blueshifted CIV emission component (blue
dot-dash and dotted line in Fig. 4) with a relatively high velocity
shift of Av = —1026 + 112 kms~!. The high blueshifted velocity
component is also detected in N Vv (Sect. 4.3, further discussion
in Sect. 6.1). The intrinsic C1V (and He IT) emission is shown in
thick yellow dotted line from which it is clear that the absorp-
tion is needed to describe the line profile, especially the trough
around 8500 A. The standard deviation derived from the data
reduction is shown in the lower panel of Fig. 4, which is used as
weight in the fitting as well as tracer of the skylines. We excluded
several regions (shaded yellow) that are affected heavily by
skyline residuals during the fit. We note that there are two regions
of skylines (overlap with CIV absorbers #1 and #4) that are
already given a low weight during the fit. Hence, we do not mask
them in order to avoid complicating the absorption fit.
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In Appendix E.2, we present the corner plot (Fig. E.4) and
acceptance fraction plot (Fig. E.3) which traces the correla-
tions between each pair of fitted parameters and quality of the
MCMC run, respectively. From the corner plot, we notice that
C1v absorbers #2 and #3 are loosely constrained. Therefore, we
only consider the column densities of absorbers #2 and #3 as
upper limits (see Appendices C.3 and E.2 for a further discus-
sion). To visually distinguish them from the better constrained
absorbers #1 and #4, we use the dashed bars and lighter colors
for absorbers #2 and #3 in Fig. 4.

Nesvadba et al. (2017a) analyzed 4C04.11 with SINFONI
observation (the Spectrograph for INtegral Field Observations
in the Near Infrared; Eisenhauer et al. 2003; Bonnet et al. 2004)
which reported the detection of the [O11]143726,3729 ([O11]),
a nonresonant line, with good S/N (Fig. 11). The redshifts
reported by Nesvadbaetal. (2017a) based on [O1I] fitting
are 4.5100+0.0001 and 4.5040 +0.0002 for the two narrow
Gaussian components used, respectively. Our fitted systemic
redshift is in between these two values, which we consider to
be reasonable and consistent with the near infrared observa-
tion (see Fig. 11). In addition, the authors detect and include a
broad blueshifted component (Av ~ —240km s™', FWHM =~
1400kms™!). We use the Lorentzian profile for the systemic
He1r because the S/N in this wavelength range of our data
is not enough to constrain the fitting with two Gaussian
(Appendix C.3). We further discuss this in Sect. 6.1.

The blue wing of He II is too noisy to constrain whether there
is a blueshifted component. We present three emission mod-
els of the blueshifted He1I in Fig. 4 (black dashed, dotted and
dash-dotted lines) with velocity shift and FWHM fixed to the
blueshifted component of C1V. The line flux of this components
are set to be 0.2 (dashed), 0.3 (dotted) and 0.4 (dash-dotted) of
the total fitted flux of the blueshifted C1v. From this we can
estimate a lower limit of Fcry b1 /Frenp1 2 3.3. We discuss this
result further in Sect. 6.1.

4.3. Nv

To fit the low S/N NV on top of the broad wing of Lya and
relatively high continuum, we fix the Ly to the one derived in
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Fig. 4. Best fit of the C1v and He II lines from the master spectrum using the MCMC method. We use the dark magenta line to trace the best fit of
these two lines. For the intrinsic CIv and He I, the yellow dotted line is used. We mark the systemic emissions of the CIV doublet in dotted green
and dashed red lines and blueshifted emissions in dotted and dot-dash blue lines. The y? of the fit is reported to give a hint of the quality of the
fit. The yellow shaded regions are excluded during the fit because it is severely affected by skylines (compared with the Hanuschik 2003 data; see
also the standard deviation in the lower panel, which offers an alternative proof of the positions of the skylines). The short green (red) vertical bars
with numbers show the positions of the absorbers on top of the CIvA1548 (C1vA1551) line. Absorbers #2 and #3 are marginally constrained (see
text), and hence their positions are shown in dashed bars with lighter numbers. The black lines are models of blueshifted He II lines with FWHM
and velocity shift fixed to the fitted values from the C 1V blueshifted component. The dashed, dotted, and dash-dotted lines show the line flux of
0.2, 0.3, and 0.4 of the total fitted flux of the blueshifted CIv. Lower panel: standard deviation (noise) of the spectrum derived from the variance
extension of the data cube, which is used as a fitting weight. It is shown in the same units as the spectrum and can be used to trace the skylines.

Sect. 4.1 and use a constant continuum during the NV fitting.
The fitting procedure is then carried out following Sect. 3.2 (see
Appendix C.4 for details of the NV fitting).

We show the best-fit NV model in Fig. 5 and the fitted
parameters in Tables 1 (emissions) and 2 (absorption). The
blueshifted emission component is at ~—1587 kms~!' which is
consistent with the C 1v blueshifted component’. The large value
of Doppler parameter, b ~ 387kms~!, could be due to unre-
solved redshifted HI absorber(s) and/or it is influenced by the
skyline subtraction. However, we cannot constrain more without
deeper and higher-resolution data. We remind the readers that
this fit is limited by the low S/N of the data and depends strongly
on the Lya broad wing and it should be treated with caution. In
Fig. 5, the positions of the marginally constrained absorber are
shown. Given the degeneracy between b and N (e.g., Silva et al.
2018a), the Nnv,1 should be treated as lower limit. The black
dashed line in Fig. 5 shows the combined emission structures
from all sources (lines and continuum) without absorption. It is
clear that at least NV absorber #1 is necessary to fit the data.
We note the presence of skylines overlapping with NV (lower
panel in Fig. 5), which are already given a low weight in the
fitting. Hence, we do not mask them in order to avoid complicat-

> Though this reported velocity shift is bluer than the one of CIV
blueshifted component taking uncertainty into account, the value of
~—1500km s~ will also give CIV a good fit. See Appendix C.4 for
more details.

ing the absorption fitting. We further discuss the interpretation
of the emission and absorption results in Sects. 6.1 and 6.3.1,
respectively.

In Appendix E.3 we present the corner plot (Fig. E.6) and
acceptance fraction plot (Fig. E.5), which traces the correlations
between each pair of fitted parameters and quality of the MCMC
run, respectively.

4.4. Ou]

For 4C04.11, the O 111] doublet is detected. Although the O 1] is
near the He I1, we fit them separately in order to avoid introduc-
ing more free parameters into the CIv + HeII fit, which is one
of the major focuses of this work. The fit is preformed following
Sect. 3.2 with the line centers and underlying continuum fixed
to the systemic redshift implied from He II (Sect. 4.2) and to the
model derived in Sect. 4.2, respectively. We present the result of
the O 1] fitting in Fig. 6 and Table 1. The corner plot and the
acceptance rate are shown in Appendix E.4.

5. Spatial mapping

In this section we present the spatial mapping results for Ly«
and C1v. The Lya emission is analyzed by following the method
described in Sect. 3.3 and can be studied in detail in both emis-
sion and absorption. As mentioned in Sect. 3.3, C1V is detected
at low S/N and its quality suffers from skyline contamination.

A88, page 9 of 35



Absorbing neutral CGM hydrogen of a z ~ 4.5 radio-loud AGN 33
A&A 654, A88 (2021)
Av[km 5‘1!’/\0:1666A
2005900 4000 -5000 -4000 -3000 —-2000  —1000 0 1000 2000 3000
2_ | —— Best fit
xo=11.11 OlllA1660
. 150 o|||] rrrrr 0IllA1666
| —— Hell Model
o
T 100 .
1S
v i P L,
T s i
o —— Best NV fit .
2 ol — LyaModel u {
8 Blueshifted NV A1239 | . :
o -~ Blueshifted NV 1243 I
= —50 Systemic NV A1239
————— Systemic NV 11243 0
—=- Unabsorbed emission x2=3.27
-100 -25
50
= 20 -
b w
10 MWUM °© M\_’_ﬂ&_f\f«_;

—4000 —2000 0 2000

Av[kms™1]Ao:1239A

4000

Fig. 5. N v best-fit model from MCMC method. The dark magenta line
shows the best N V fit combined with the Ly« from Sect. 4.1. The black
dashed line marks all combined emissions without absorption. The sys-
temic emissions are marked in dotted green, and dashed red curves show
the doublet. The zero velocities of the systemic emissions for the dou-
blet components are derived from the He II result. The blueshifted com-
ponents are shown in dotted and dot-dash blue lines for the doublet.
The solid olive line shows the Lye model, which is fixed in the NV
fit. The short green (red) vertical bars with numbers show the positions
of the absorbers on top of the N vA1239 (N vA1243) line. The dashed
line style and lighter color are used to indicate that N vV absorber #1 is
marginally constrained (see text). The y?2 of the fit is reported to give a
hint of the quality of the fit. Lower panel: standard deviation (noise) of
the spectrum derived from the variance extension of the data cube that is
used as the fitting weight. It is shown in the same units as the spectrum
and can be used to trace the skylines.

For C1v, we therefore only focus on the results from two larger
spatial regions in Sect. 5.2. It is impossible to fit the N V spatially
due to its extremely low S/N even in the master spectrum.

5.1. Spatially resolved Lya signatures

We first present the morphological and kinematic features of
Lya emission derived from the spatially resolved fitting analysis
(Fig. 7). In each panel, we show the measured parameters in 64
spatial bins identified through our binning method in Sect. 3.3.
In Fig. 7a, we show the intrinsic Lya surface brightness (SB)
map. It is important to note that this shows the integrated Ly«
flux derived from the Gaussian emission model (summation of
the two components; see Sect. 3.2), after correction for the HI
absorption. The extended emission to the north, encompassing
the northern jet hotspot, is due to the large size of the bin (see
Fig. F.1, bin 59). The position of the SB peak coincides with the
radio core (central green contours). In all panels of Figs. 7 and 8§,
we overplot this intrinsic Lye SB as black contours. In Fig. 7b,
we present the Wgy map generated from the unabsorbed Lya
emission. Wy is a nonparametric measurement of the velocity
width of emission lines (e.g., Liu et al. 2013). We notice the
Wsgo peaks close to the southern jet hotspot, which is likely
the approaching jet because of its clumpier morphology, which
in turn could be caused by Doppler beaming (Parijskij et al.
2014). While we consider that result as tentative, it may be
a signature of jet-gas interactions (e.g., Humphrey et al. 2006;
Nesvadba et al. 2017a). We present the vsy map in Fig. 7c, which
is a nonparametric measurement of the velocity shift of the emis-
sion profile (e.g., Liu et al. 2013) independent of interpreting the
individual Gaussian components added to the fit. The result sug-
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Fig. 6. O 111] best-fit model using the MCMC method. The dark magenta
line shows the best O 1I1] fit combined with the He 11 from Sect. 4.2. The
emissions of the O I1T] doublet are shown in dotted green and dashed red
curves. The line centers of the systemic emissions expected for the dou-
blet components from the He II implied redshift are shown in vertical
dotted green and red lines. The solid olive line shows the He I model
that is fixed in the O] fit. The y? of the fit is reported to give a hint
of the quality of the fit. Lower panel: standard deviation (noise) of the
spectrum derived from the variance extension of the data cube that is
used as a fitting weight. It is shown in the same units as the spectrum
and can be used to trace the skylines.

gests the existence of blueshifted Lya emission. However, since
the map is based on fitting and estimating the intrinsic, unab-
sorbed Lya emission (i.e., it is not fully nonparametric), we do
not interpret it further.

Figure 8 shows the column density and velocity shift maps
for absorbers #1 and #2, which are the two prominent absorbers
detected in every spatial bin suggesting high areal fractions. We
note that we show here the velocity shift with respect to the mean
velocity of the respective absorber Av as derived from the from
the master spectrum (see Table 2). In Fig. 8a, we identify a col-
umn density gradient in absorber #1 from southwest (SW) to
northeast (NE), which is roughly in the perpendicular direction
to the radio jet axis with an increasing of 1dex in 24 kpc. We
consider this as a robust detection after checking the associated
uncertainties in each bin. In Fig. 8b, we identify a small velocity
gradient for absorber #1 along the direction of the jet increas-
ing from ~—50km s~ in the southeast (SE) to ~35kms~! in the
northwest (NW) in 20 kpc. In Sect. 7, we discuss possible expla-
nations for these observations.

We do not observe such gradients or spatial variations in
the column density and velocity shift maps of absorber #2 in
Figs. 8c and d. We note that the fitting uncertainties for absorber
#2 are larger compared to those for absorber #1, such that any
small variations would not show up in our analysis. This also
demonstrates that our observations only provide us with enough
sensitivity to study the spatial properties of HI absorber #1.
Hence, we do not show the maps for absorbers #3—8. During
the analysis of the spatial properties of the CIV absorbers, we
also extract and fit the Lya spectra from the two spatial apertures
(see Sect. 5.2 for details) that partly constrain the high-velocity
shift of the HI absorbers at different positions. The results of
the fitted parameters are presented in Table G.2. Though the
S/N is low and some absorbers are only partially constrained,
we do not observe any significant changes in column density
for absorber #3-8 in the two regions. We notice that we do not
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(see the Fig. 1 caption for details; Parijskij et al. 2013, 2014) and black tracing the Lya surface brightness resulting from spatial fitting (the levels
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observe any strong velocity gradients for any of the absorbers.
We therefore exclude the possibility of absorber spatial blend-
ing, that is, absorbers identified at the same wavelength position
could not be different absorbers in different spatial bins.

In Appendix F, Figs. F.2-F.5, we present the fitting results of
64 individual Lya spectra from the 64 spatial bins.

5.2. Spatially resolved C v signatures

We present the spatial analysis of C1V in this section. As men-
tioned in Sect. 3.3, the S/N of C 1V makes it difficult to study its
spatial variations in as much detail as Lye. However, since we
observe a column density gradient of H1 absorber #1 (Sect. 5.1),
it is worthwhile to investigate whether the C 1V shows similar
features. We manually set two regions from which we extract
spectra (Fig. 9): NE where the column density of HT absorber #1
is higher and SW where the column density of HT absorber #1
is lower. When selecting the apertures, we keep the same num-
ber of spaxels (30 spaxels or 1.2arcsec?) in these two regions
and avoid the impact of the jet. Most of the spaxels in these two
regions are covered in the master aperture (red circle in Fig. 9)
in order to be consistent with the 1D spectrum analysis.

For the spectral fitting, we follow the similar strategy
described in Sects. 3.2 and 4.2. The fitting results from these two
regions are presented in Table G.1 for emissions and Table G.2
for absorption. In Fig. 10, we show the best-fit models of the
two C1V lines. The intrinsic CIV emission shown in the figure
indicates that the absorption is indeed needed to better describe
the line profile, especially in the NE. The quality of the C1v
fits is affected by their low S/N partly due to smaller aperture
from which the spectra are extracted and the influence of sky-
lines. To avoid over-fitting, we fix the Doppler parameters, b,
and redshifts, z, of all absorbers in the two regions and refer
to the column density results as upper limits. The exception is
the column density of C1V absorber #1 in the NE region, which
has a well-defined probability distribution and is considered a
detection (see Appendix G and Fig. G.1 for more details). In
Fig. 10, we mark the positions for the un-constrained absorbers
in dashed bars with lighter colors to visually distinguish them
from absorber #1 in the NE region.

In addition, we extract the Lya spectra from these two
regions and perform the fitting analysis (Fig. 10) with the
goal to compare the column density ratio of the CIV and Ly«
absorber #1 (results shown in Tables G.1 and G.2). We measure
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NCIV, NE/NH ILNE = 0.11 004, and NCIV,SW/NH Lsw < 0.04 and
further interpret this result in Sect. 6.3.2.

We also perform the similar analysis for another two regions
along the radio jet for completeness (not shown in Fig. 9). The
two regions are chosen to be the similar as the previous dark blue
and magenta ones but rotated 90° clockwise with respect to their
geometric center. The column density variation in CIV absorber
#1 is also tentatively identified along this direction as well as the
H1-C1v ratio (SE-NW) with NW region having a higher value.
Specifically, the C 1V absorber #1 is only marginally fitted in the
SE region with its result can only be used as upper limit. We also
check the velocity shift of the HI absorber #1 in the two regions
(SE-NW) along the radio axis and confirm the gradient observed
in Fig. 8.

6. Discussion

6.1. Emission line properties

Emission line fluxes, flux ratios and spatial locations of individ-
ual kinematic components provide powerful diagnostics of gas
properties and ionization source. In this work, we detect five UV
lines, namely Lya, NV, C1v, Hell and O111]. Lye is a resonant
line that suffers heavily from scattering, making it difficult for
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us to trace its intrinsic velocity structures (e.g., Dijkstra 2014).
Although we detect a blueshifted broad component, we refrain
from assigning it a physical meaning and do not to compare it
with the blueshifted components seen in NV and C1v.

6.1.1. Emission line characteristics

We first compare the emission line properties for Lya and He It
detected with MUSE in this work and the [O1I] from SIN-
FONI (Nesvadba et al. 2017a). In Fig. 11, all lines are shown
within the velocity range where the zero point is set by the
systemic redshift derived from the He1I fit. For Lya and He11,
their best fits from this work are shown. In addition, we include
the fitted line centers of the narrow component of the [O1I]
doublet (pink dotted lines) and the broad component (pink dot-
dash line) (Nesvadba et al. 2017a), respectively. We note that the
wavelength calibration for SINFONI is done using the vacuum
wavelength while MUSE uses air wavelengths. To eliminate this
discrepancy, we apply the equation from Morton (2000) to con-
vert all wavelengths into air wavelengths®. We did not correct

0 Nair = Adyac/n, Wwhere n = 1+8.34254x 107 +2.406147 x 10’2/(13(2—
52) + 1.5998 x 107*/(38.9 — %), s = 10*/Aysc and Ay, in the unit of A.
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Fig. 9. C1v broadband image clasped between 8400—8600 A in the
observed frame. The white contour traces the radio jet, while the red
circle marks the position where the spectrum analyzed in Sect. 4 is
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show the apertures from which the spectra used to studied the spa-
tial features of CIV are extracted. The spectrum from the dark blue
(magenta) region is marked as NE (SW).

the difference in wavelength due to the heliocentric frame used
in SINFONI observation, which is ~30kms™'.

In the He I panel, we show again the three blueshifted mod-
els with the line center fixed to the value obtained from CIV
fit as in Fig. 4. The velocity of the C1v blueshifted compo-
nent is indicated by the vertical dashed blue line in Hell and
[O11] panels. From this figure, we conclude that the broad
blueshifted component observed in [O1I] (Av ~ —240kms™!,
FWHM = 1400kms™") is not seen in HeIl. Though affected
by resonant scattering, the blueshifted Lye component is con-
sistent with the blueshifted component seen in [O1I] and they
both may trace emission from the same potential outflow. The
high-velocity blueshifted component (as seen in C1V), however,
is possibly also present in [OII]. We discuss this in Sect. 6.1.2
together with NV and CIv. The marginally detected contin-
uum in Nesvadba et al. (2017a) is consistent with our MUSE
observation.

6.1.2. Emission line ratios and sources of ionization

We next investigate the emission line flux ratios for the indi-
vidual kinematic components that we observe for Nv, CIv,
and HelI in order to determine the ionization mechanism. In
Sect. 4, we report the fitted intrinsic emission line fluxes of these
three lines. The derived flux ratios are presented in Table 3.
For NV and C1v, the flux ratio between their systemic emis-
sion line components is Fnv,sys/Fciv,sys = 0.32 = 0.09 (which
is comparable to other HzRGs; e.g., De Breuck et al. 2000).
The ratio between the systemic CIV and HeII components is
Fcwsys/ Fren = 0.55 + 0.14.

For the blueshifted components, the velocity shifts (with
respect to the zero point set by the systemic HeIr) of the C1v
(=1026+112kms™") and N v (~—1587 km s~!) are roughly con-
sistent and we therefore assume that they are tracing the same
kinematic component of the gas (more detail on Appendix C.4).
The flux ratio between the blueshifted components has a
value of Fnvpi/Fcwpl = 0.7. We do not clearly observe a

blueshifted component in HeIl. This is a somewhat different
situation compared to observations in other HzRGs. For exam-
ple, in MRC0943-242 (a HzRG in our MUSE+ALMA sam-
ple, Kolwaetal. 2019) a blueshifted component is observed
in CIV (Ecyy = 64.5eV) and Hell but not NV. Neverthe-
less, in order to constrain its flux, we plot three models of the
blueshifted He 1l with velocity shift and FWHM fixed to the
values of blueshifted CIv and having flux 0.2, 0.3 and 0.4 of
Fcp. (Sect. 4.2, Fig. 4). From this, we can set a lower limit of
Fewpl/Freubl 2 3.3.

Feltre et al. (2016) presents emission-line diagnostics at
ultraviolet wavelengths of photoionization models of active and
inactive galaxies with the aim is to identify new line-ratio diag-
nostics to discriminate between gas photoionization by AGN
and star formation. According to their models (Figs. 5 and 7 in
Feltre et al. 2016) the ionization source for the systemic kine-
matic component that we observe in N v, C1v and He 11 (Table 3)
is consistent with photoionization from an AGN, though the
C111] data are unavailable. This is also consistent with the diag-
nostic from Nakajima et al. (2018), which involves the equiva-
lent width of C1v (EW(C1Vgy,) = 12 A) and Fcy/Fyen. As for
the ionization source of the blueshifted component, the diagnos-
tic from Feltre et al. (2016) indicate it to be due to star forma-
tion only with our derived upper limit of Fc iy p1./Frenp... Using
EW(C1Vy,) = 26 A and Fcyyp./Fienps. 2 3.3 and comparing
to Fig. 11 in Nakajima et al. (2018), the diagnostics are consis-
tent with the region where ionization from both AGN and star
formation are possible. This is surprising given even extreme star
formation processes are unlikely to drive such a high-velocity
outflow (see Heckman et al. 2015).

High-velocity shocks (due to the radio jets) may be another
possible solution to explain the blueshifted emission line compo-
nent. Dopita & Sutherland (1995, 1996) modeled the shock ion-
ization process and provided spectral line diagnostics that can be
applied to narrow line regions (NLRs) of AGN. De Breuck et al.
(2000), Humphrey et al. (2008b) used these models to analyze
samples of HzZRGs and suggested some limitations of these
models. Allen et al. (2008) extended the Dopita & Sutherland
(1995, 1996) models to embrace larger parameter ranges.
Due to the limited number of available spectral lines for
4C04.11 (e.g., lacking useful diagnostic lines [O I1]114959,
5007, C1]a41906, 1908 and C11]12326), we cannot draw
strong conclusions on shock ionization scenarios. Neverthe-
less, with the inferred high Fcrvp.1./Fuenp.. and Fxvpi./FHemb..
(Table 3), the blueshifted emission is not inconsistent with being
due to shocks. This is also consistent with [O IT] if the flux excess
seen at ~—1000km s~ (Fig. 11) comes from the same gaseous
component with CIv and N v.

We remind the reader that the uncertainties associated with
our flux and flux ratio measurements are non-negligible and
deeper data are needed to investigate the true nature of the
individual gaseous components. Our observations nevertheless
indicate that the blueshifted kinematic component observed in
Nv and C1V traces a metal-enriched (see Sect. 6.3) gaseous out-
flow within the ISM of 4C04.11 that is distinct in both kinemat-
ics and ionization mechanism from the systemic component.

We further investigate the differences between the
blueshifted- and systemic components by assessing their
respective spatial locations. Usually, the broad component will
have compact (often un-resolved) spatial distribution if it is
AGN-driven. We compare the spatial locations of these two
components from pseudo-narrowband images of CIv focused
on its blue wing (8400—8500 A, —4464 < Av < —948kms')
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Fig. 10. Spectra and fit of Lya (top row) and C1V (middle row) and noise spectra of CIV (lower row) extracted from the dark blue (NE) and
magenta (SW) regions shown in Fig. 9. The positions of HI absorber #1 are marked with black bars in the top row. The velocity shift is relative
to the systemic redshift, z = 4.5077, fitted from HeII (Sect. 4.2). The line styles used to show the fitting results are the same ones as that of the
master Lya (Fig. 3) and C1v (Fig. 4). We note that except for C IV absorber #1 detected in the NE region, the positions for the other C IV absorbers
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C1v” presentation (Fig. 4). The intrinsic CIV emission is also shown in orange dotted lines for the two spectra in the middle row. The panels in
the bottom row show the standard deviations (noise) of the C1V spectra derived from the variance extension of the data cube, which are used as
fitting weights. They are shown in the same units as the data spectra and can be used to show the quality of the spectra and trace the positions of

skylines.

and on its red wing (8500—-8600 A, —948 < Av < 2567kms™),
respectively. The S/N of the NV is too low to preform this
check. We do not observe a significant spatial difference as the
two components are located around the center of the Lya SB
peak with a extension of ~3 arcsec (~2 for the blue wing), which
is larger than the seeing element. The large detected line widths
of the blueshifted components (Table 1) could also represent
a set of individual clouds that are not spatially nor spectrally
resolved in our data leaving the possibility open for the AGN
being the primary ionization source.

6.2. Hi absorbers

When fitting the absorption features in Sect. 3.2, we work
with the assumption where several extended screens of gas are
responsible for the absorption troughs. This assumption is jus-
tified as we coherently observe the signatures of H1 absorbers
#1, 2, 3, and 4 across large spatial scales, which indicates large
areal fractions. The spatial extent for absorbers #1 and 2 is
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~30 x 30kpc? (Fig. 8) and ~16 x 16kpc? for #3 and 4 whose
maps are not shown in this paper due to their low S/N. For clar-
ification, the presence of absorber #3 and 4 (and further) can-
not be obviously identified in the tessellation bins 50—-64 (see
Figs. F.1-E.5) based on which their spatial extent is determined.
The screens may be part of a shell similar to the shell models pro-
posed by many theoretical works, for example Verhamme et al.
(2006) and Gronke et al. (2015). For absorber #1, with the high-
est S/N in our data, we furthermore observe a significant col-
umn density and velocity gradient (Sect. 5.1), which we discuss
separately in Sect. 7. However, our observations are not sensi-
tive enough to probe the spatial (morphological and kinematic)
details of absorber #2 (Sect. 7) or any of the higher-velocity
absorbers.

As for absorbers #5—8 (which have velocity shifts with
respect to the systemic redshift of —1791 + 9, -2306 + 10,
—2748 + 13 and —3348 + 15kms~!, respectively), their spatial
distributions are difficult to identify since they are located in the
blue, low S/N wing of Ly and are therefore only observed in
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Fig. 11. Comparison between the Ly, He I1, and [O I1] rest-frame spec-
tra. The Lya and He 1l presented here are the same ones analyzed in
Sects. 4.1 and 4.2 in velocity scale. We subtract the continuum from
the He IT here to better present the low flux region of the emission. The
black lines are the same ones as shown in Fig. 4 for the blueshifted
He 11 models, with the dashed, dotted, and dash-dotted lines indicating
the line flux of 0.2, 0.3, and 0.4 of the total fitted flux of the blueshifted
C1v. The [O11] is taken from SINFONI (Nesvadba et al. 2017a). In each
panel, the black dashed lines indicate the zero velocity. In the last two
panels, the dashed vertical teal blue lines show the velocity shift of the
C1v blueshifted component. For Lya and He 11, the best fit models from
this work are shown. We also mark the fitted line centers of the [OI1]
narrow doublet from Nesvadba et al. (2017a) in pink dotted lines and
the broad component line center in a pink dash-dot line.

the high surface brightness regions of Ly« close to the center
of the host galaxy. They may have a larger spatial extent but this
cannot be constrained without deeper observations. Additionally,
we note that there is a large velocity shift difference between H1
absorber #4 and #5, ~600km s~!. Absorbers #5-8 are therefore
likely intervening absorbers between the radio galaxy and the
observer beyond the galaxy potential well. The reason that many
of these intervening absorbers have large b values when com-
pared to related works about Lya forest absorption (e.g., Rauch
1998; Schaye et al. 2000; Fechner & Reimers 2007) is probably
due to the spectral resolution of MUSE not resolving individual
components of connect narrower absorbers (e.g., van Ojik et al.
1997; Jarvis et al. 2003).

If the velocity shift for absorbers #2—4 corresponded to
a cosmological redshift difference as is probably the case
for absorbers #5-8, we can calculate the physical separation
between central radio galaxy and the absorber. For absorber #2,

Table 3. Line flux ratios and equivalent width.

Fcw/Fuen  Fnv/Few  Fnv/Fren  EW [A]
sys. 0.55+0.14 0.32+0.09 0.17+0.02 ~12
b.l. >33 0.7+0.1 >2 ~26

Notes. The line flux of CIV and NV are summations of the doublet.
The sys. and b.l. indicate that the derived values are for the systemic or
blueshifted, respectively. We note that the EW derived should be treated
as lower limit as the continuum level may be overestimated.

which has the smallest shift, the luminosity distance difference
between it and the systemic redshift is 84 Mpc, much larger than
the virial radius of the host galaxy, Ryi; = 175kpc (Sect. 3.4).
Hence, if the physical distance was the reason for the velocity
shifts, all absorbers would be gravitationally unbound to the host
galaxy. In contrast, if the velocity shift was caused by the kine-
matics of an outflowing shell, the absorption troughs can and
should be observed on large spatial scales, which they are. Given
the velocity offset of absorbers #2, 3, and 4 derived from the
master spectrum and their spatial extent (i.e., large areal frac-
tion), we therefore conclude that they are likely outflowing gas
shells potentially driven by the AGN.

While the other absorbers (#5—-8) are very likely interven-
ing absorbers, we cannot fully exclude from our data that they
may represent fast-outflows. For example, Kriss et al. (2018)
investigates ultrafast X-ray outflows (UFOs) seen in AGN in
absorption and their relation with the associated HI and other
lower-ionization ions, such as CI1V. These UFOs with vy, =
0.1c, where ¢ is the speed of light, are much more extreme
cases of outflows compared to our observations. Absorber #8,
if it was an outflow, would have a velocity of 0.01c. In addi-
tion, the HT absorption widths predicted by the UFOs are much
wider than our observations (FWHM ~ 1000km s™!), their col-
umn densities are lower (<10'* cm™2) and the required ioniza-
tion parameter is higher (e.g., compared to absorption studies
in other HZRGs; Kolwa et al. 2019). All this indicates that the
UFOs seen in X-ray and Lya absorption studied by Kriss et al.
(2018) trace a different scenario than the absorbers in 4C04.11.
Even if there was UFO-associated HT absorption for 4C04.11, it
would be located at much shorter wavelengths where the contin-
uum level is too faint to allow them to be detected.

6.3. Metal absorption
6.3.1. Metal absorbers in the master spectrum

Relative column density ratios between different elements can
provide information on the enrichment of the gas assuming an
ionization parameter. The underlying assumption for the metal
absorbers analyzed here is that they are ionized by the central
AGN (e.g., Kolwa et al. 2019). Constraining whether this AGN
photoionization is geometrically possible is beyond the scope of
this work given the resolution of the data and the limited knowl-
edge of the evolution state and ionization episode of the radio
galaxy. Hence, we do not discuss more about the source(s) of
ionization for the metal absorbers and proceed with the discus-
sion of the following implication with the assumption of central
AGN ionization. One hint on the AGN ionization could be due to
the wide ionization cone that covers some fraction of the absorb-
ing gas seen (e.g., Fig. 12). Nevertheless, we remind the reader
that the shocks or a hard source of ionization (for example, AGN
of meta-galactic background) inferred by the presence of a high
column density N V absorber (see blow) could also be possible.
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In this work, we identified the absorbers around the systemic
redshift of HI, C1v, and NV in the master spectrum, which
we sassume belong to the same cloud. The corresponding ratios
are NCIV,I/NHI,I = 0.12 + 0.05 and NNV,I/NHI,I =14 +0.2.
We remind the readers that the Nyv,; should be treated as a
lower limit given that the Doppler parameter associated with it
hits the upper boundary (Appendix C.4). Comparing this with
CLOUDY (spectral synthesis code, Ferland et al. 2017) models
(the same models as Fig. 17 in Kolwaetal. 2019), we can
roughly estimate that absorber #1 has (super) solar metallicity
(Z 2z 1Z;) independent of a specific assumption for the ion-
ization parameter. The derived Nyv,; value is consistent with
the conclusion. This suggests strongly that absorber #1 has an
origin inside the ISM of the radio galaxy. Given the age of the
Universe at z = 4.5077, it is unlikely that absorber #1 is the
infalling material that has been enriched by a previous outflow
and is now recycled through a galactic fountain mechanism.
The column density, Nyy ~ 14.99 cm™2, is relatively high. As
discussed in Kolwa et al. (2019), the secondary nitrogen pro-
duction is responsible for the nitrogen column density enhance-
ment of the absorber if the gas has (super) solar metallicity (also
Hamann & Ferland 1993). Hence, though the CNO cycle for the
secondary carbon and nitrogen can produce solar N/C ratio over
a large range in metallicities (e.g., Nicholls et al. 2017),Z > 1 Z,
is needed, which is consistent with our conclusion here. We fur-
ther discuss the nature of absorber #1 in Sect. 7 combining the
metallicity and spatial features observed in H1.

For absorber #2 and #3, their column density results can
only be treated as upper limits. The corresponding ratios of H1
absorbers are Ncyy 2 /Nui2 ~ 3% 10~*and Ncyy3/Nuys ~ 0.02.In
addition, absorber #4 has the ratio of Nciv4/Nuia = 0.25+0.05.
It is difficult to confine the metallicities of these three absorbers
without the data from N V. Nevertheless, the ratios are indica-
tive of the absorbers having sub-solar metallicity according to
the CLOUDY models (Z < 0.5 Z), except for absorber #4, which
could have solar metallicity. From the discussion in Sect. 6.2, we
consider these three absorbers as outflowing gaseous clouds with
the one having the highest velocity shift (absorber #4) being the
most recently ejected. Combined with the proposed scenario of
absorber #1 in Sect. 7.1, the low metallicity of absorbers #2—#4
can be explained: Absorber #1 was ejected first and carried most
of the metal elements produced in the early star formation activ-
ities. The timescale between the ejection of absorber #1 and the
later ejected clouds (absorbers #2—#4) was then not large enough
to enrich the gas again to solar like metallicity. If we take it fur-
ther that this may explain the latest absorber #4 has higher metal-
licity than absorber #2 and #3 because it has the longest time to
be enriched, though this is impossible to be proved and has large
uncertainties.

The reason we do not observe CIV absorber#5—#8 could be
that they are located in the low S/N emission wing. Considering
the discussion in Sect. 6.2, however, this could be alternatively
explained as they are intervening absorbers outside the potential
well of the central radio galaxy (IGM) and they consist of cold,
un-enriched pristine gas.

6.3.2. Spatial distribution

As derived in Sect. 5.2, the column density ratios between
the H1 and C1v absorber #1 are 0.11 + 0.04 and <0.04 for
the NCIV,NE/NHI,NE in the NE and NCIV,SW/NHI,SW in the
SW, respectively. This is considered to be consistent with
the observed HI column density in absorber #1. We compare
these two ratios with the CLOUDY models and find that, despite
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the lack of spatial information of NV, the NE cloud may have
solar metallicity (Zng 2 0.5 Z5), while the metallicity of the SW
cloud may be sub-solar (Zsw < 1.0Z). Readers should bear in
mind that the inferred metallicity of absorber #1 in these two
regions are derived from low S/N spectra and should be treated
with caution.

If we assume these two regions have similar metallicity,
this is consistent with the analysis in Sects. 6.3.1 and 7.1 that
absorber #1 is an outflowing shell that is enriched homoge-
neously by star formation activities in the ISM prior to the launch
of the outflow.

On the other hand, if we assume the NE region has higher
metallicity than the SW region, it suggests a spatially inhomo-
geneous enrichment. This could indicate merger activities or
unevenly dilution due to cosmic accretion of metal-poor gas.
Given that the S/N of the two C1V spectra (especially the SW
one), we do not further interpret the result.

7. Large-scale characteristics of Hi absorber #1

In this section we discuss several possible explanations for the
observed properties (areal fraction, kinematics, column density
gradient) of the HI absorber #1 (Sect. 5.1). The H1 absorbers
#1 and 2 are the only two absorbers in our analysis with a
high enough S/N to perform the spatial analysis. We identify
a significant column density gradient of absorber #1, but not
for absorber #2 (Fig. 8) suggesting a relatively uniform distri-
bution within the uncertainties of our fitting analysis. The data
quality does not allow us to spatially map any of the higher-
velocity absorbers and we briefly discuss their potential nature
in Sect. 6.2. We argue that the absorbing gas responsible for
absorber #1 is spatially detached from the Lya emitting gas since
we do not observe any similarity between the kinematics of the
absorbing and emitting components (Figs. 7b, ¢, and 8b). The
opposite situation may be seen in the blue absorber in TN J1338—
1942 (a HzRG in our ALMA-MUSE sample) where the veloc-
ity shift maps of the emission and absorption show resemblance
(Fig. 4 in Swinbank et al. 2015) and indicate that emitting and
absorbing gas are mixed.

Recently, Gronke et al. (2016, 2017) showed simulations of
Lya radiative transfer through a medium where detailed subpar-
sec structures are considered, which is a more realistic model
than a continuous shell model. It should be noticed that our
spatial mapping of the column density of HI absorber #1 is
far from sensitive enough to probe the details in the absorp-
tion medium. In addition, Gronke et al. (2017) concluded that
the resultant spectral features of their clumpy model are simi-
lar to a shell model, that is, the observational features are not
affected much by the absorbing medium being either clumpy or
a continuous shell. Hence, we only present simple explanations
to the reported column density and velocity gradient (Fig. 8)
and use the simulation works to assess them to first-order,
leaving sophisticated modeling for future works. For example,
Peeples et al. (2019) simulated the CGM on a sub-kiloparsec
scale and find that the absorbing gas responsible for observed
feature around several hundreds of kms~! in velocity shift range
may span hundreds of kiloparsecs in space. It is impossible even
for the state-of-the-art instrument like MUSE to probe the real
morphology of the CGM gas given that we can only observe
features in projection.

7.1. Outflowing shell

We first consider the model of an outflowing gas shell to explain
the column density and velocity shift gradient we identify for
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Fig. 12. Schematic view of the proposed outflowing shell model in Sect. 7.1. The large dark green annulus represents the outflowing gaseous shell
that could be the absorbing cloud of absorber #1. The blue and orange regions mark the southern (approaching) and northern (receding) jet hotspot
interacting with the previous ejected shell, respectively. We note that the morphology of the gaseous shell is not necessarily in a circular shell as
shown here, and we do not have information for the shell at the backside of the AGN. The red lines in the annulus center indicate the region of the
AGN ionization cone that could have a wider opening angle than the jet beam (see text). The column density gradient we observed in Sect. 5.1 in
the S-N (SW-NE, due to the orientation on the sky plane, which is not shown here) direction could simply be explained by the different lengths
of the observer line of sight intersecting with the gaseous shell at different spatial locations (see text). This process is shown with the length of
white arrows intersecting with the dark green annulus in the figure. For the column density decreasing after passing the midplane, which cannot be
explained by the geometry setting, the southern jet (blue region) interaction with the ejected gaseous shell could cause the decreasing of column
density through instabilities and/or partially ionizing the gas. Though the rough projection size of the jet is shown, we note that other parts of this

sketch are not to scale.

H1 absorber #1. We remind the reader that absorber #1 is at
~0kms~! and covers a large area of the sky (Sects. 4.1 and 5.1)
approximately on scales of 30 x 30kpc?. We identify a col-
umn density gradient along the SW-NE direction increasing over
1 dex in 24 kpc. We also check Ly spectra extracted from the
two spatial regions along the radio jet in the SE-NW direction
(the two regions for completeness study of C IV spatial mapping
in Sect. 5.2) where we also marginally identify the column den-
sity gradient.

Following Binette et al. (2000, 2006), Krause (2002, 2005),
we propose that the absorbing material of absorber #1 is a wind-
driven gaseous shell. The wind may have been powered by stellar
feedback and/or AGN activity several tens of megayears before
the radio jet was launched. The wind traveled isotropically with
its speed decreasing from thousands of km s~! within 1kpc to a
few kms~! at 10s of kpc (may even halt or fall back; Krause
2005; Wagner et al. 2013; Richings & Faucher-Giguere 2018).
Tens of megayears after the beginning of the shell expansion,
the relativistic jet is launched. The jet that travels at a few tenths
of the speed of light catches up with the previously ejected shell
in a few megayears (Parijskij et al. 2014), accelerates and dis-
turbs it. The age of the jet could be even smaller (~1 Myr) in the
scenario described here if an earlier galactic wind has cleared
the surrounding leading to fewer interactions of the jet travel-
ing inside the wind-driven shell. The velocity gradient along
the radio axis we see in Fig. 8b could be a hint for this jet

gas interaction. Using polarization measurements, Parijskij et al.
(2014) reported that the southern (northern) jet is very likely
the approaching (receding) one, which agrees with absorber #1
velocity shift map (the southern part of absorber #1 is the blue-
shifted part). In Fig. 12, we show a schematic presentation of
the proposed scenario where the SW-NE column density gradi-
ent may be explained by the spatially different intersected length
between the observational line of sight (thick white arrows on
the left of the figure) and the gaseous shell (absorber #1, dark
green annulus). This is a similar situation to the sunlight trav-
eling a longer path through the Earth’s atmosphere when the
altitude of the Sun is low and causing more scattering. For
the column density decreasing in the northern half of the shell,
the gradient may be explained by this geometry. The southern
jet, which we believe is the approaching one, may be respon-
sible for the observed column density keeping decreasing in the
southern half of the gaseous shell. The approaching and receding
jet-gas interaction hotspots are marked in Fig. 12 as blue and red
regions, respectively. As the figure shows, the approaching jet
catches and disturbs the gaseous shell probably through Kelvin—
Helmbholtz instability in its surrounding (e.g., Mukherjee et al.
2020). The interaction will cause a decrease in the particle num-
ber density (Mukherjee et al. 2020) in the immediate vicinity of
the jet hotspot (or the jet may even ionize a part of the cooled
gas). Hence, the combination of the two aforementioned effects
will result in the observed column density and velocity gradient.
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Though we mark the approximate projected size of the observed
jet, readers should bare in mind that the Fig. 12 is not to scale.
We note that the red lines mark the regions of the AGN ioniza-
tion cones as the radio jets are narrow collimated streams (i.e.,
opening angles; e.g., Drouart et al. 2012; Obied et al. 2016) of
the ionization cones are suggested to be wider than the jet beams.
Besides, the jet-gas interaction hotspots are smaller regions com-
pared to the gaseous shell; nevertheless, we emphasize them in
Fig. 12 with larger symbols.

Several simulation works have shown the possibility of AGN
wind expelling medium to kiloparsec scales (e.g., Wagner et al.
2013, for an AGN driven wind accelerating the surround-
ing medium to ~1000kms~! within 1kpc). Oppenheimer et al.
(2020) specifically studied the impact of AGN feedback on the
CGM. This research shows that feedback can drive out the metal
elements, which could explain the metal-enrichment of absorber
#1 in our observations. The authors reported that the expulsion of
metal elements beyond the virial radius, for example like CIV in
our case, takes longer with a timescale of 0.5-2.5 Gyr. Hence,
on smaller timescales, such as a few hundred megayears, the
CGM can be enriched with the gaseous metal-enriched cloud
still within the galactic potential well like the case of 4C04.11.
Furthermore, Richings & Faucher-Giguere (2018) showed that
swept up gas can efficiently cool within an outflow, which could
be one possible origin for the neutral gas that absorber #1 con-
sists of.

In Sect. 6.3 we discussed the enrichment of absorber #1,
which is also observed in NV and C1v, suggesting that the
absorbing cloud has super solar metallicity. This supports the
proposed scenario in which the outflowing shell is launched from
within the galaxy where the gas has been enriched through star
formation activities. It furthermore suggests that we are observ-
ing the redistribution of metals through feedback processes and
the enrichment of both the ISM and the CGM. Our previous
analysis in Sect. 6.3 is based on the assumption that the metal
absorbers (NV and C1V) are ionized by the AGN. This could
be possible if the opening angle of the ionization cone is wide
enough to cover some fraction of the absorber #1 gaseous shell
(like the scenario shown in Fig. 12).

It may be too coincident for absorber #1 to be at Av ~
Okms~'. Even considering the reported 1o fitting uncertainty,
the range of the velocity shift is still close to 0. We notice that
the spectral resolution of MUSE, ~100kms™!, is much larger
than the MCMC reported probability distribution range. Hence,
the absorption could have some intrinsic velocity with respect to
the systemic redshift of the radio galaxy, which would need to
be verified with high-resolution spectroscopy.

7.2. Absorption by large-scale CGM gas

Peeples et al. (2019) showed the simulation of the FOGGIE
project (Figuring Out Gas & Galaxies in Enzo), which focuses
on the CGM. In their work, the authors presented the absorp-
tion characteristics of the CGM gas on scales of hundreds of
kiloparsecs with considerable column density for both HT and
metals (for example, CIV). An alternative scenario for the char-
acteristics of our absorber #1 is therefore that it consists of gas
in the CGM, which extends tens to hundreds of kiloparsecs and
has a complex sub-structure beyond the detectability of MUSE.
This gaseous cloud is the surrounding medium unrelated to the
ejected material by the central radio galaxy. In this scenario,
the column density gradient could be due the uneven concen-
tration nature of the CGM gas as shown in Peeples et al. (2019).
The tentative velocity gradient may be invoked through a rota-
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tion of the large-scale medium. For a system of virial mass on
the order of 10'3 M, the virial velocity is around 500kms™!
(Sect. 3.4), which is larger than the value we observe. While
unlikely, this inconsistency between the observed velocity gra-
dient (=50kms~! to 35kms™', Fig. 8b) of absorber #1 and the
virial velocity could be due to a combination of the MUSE spec-
tral resolution and projection effects.

This gaseous halo could be on its way to being accreted
onto the central galaxy to feed the SMBH and/or star forma-
tion activities. The observed radio jet with a projection length
of ~20kpc (Parijskij et al. 2014) could be well within the giant
CGM gas halo and unrelated if the aforementioned scenario is
the case. The high column density part in the north may be
related be the inner part of inflow, which is denser according to
the simulation presented by Mandelker et al. (2020). The spatial
extent of this inflow could be up to ~60kpc in our case, which
covers the detected absorber #1 well (0.5 Ry;;; see Sect. 3.4;
Mandelker et al. 2020).

Although this scenario can explain the HI column density
and the surrounding medium can be enriched to a small extent, it
is difficult to reconcile super solar metallicty with this scenario
(Sect. 6.3.1, and especially the high column density of N V).
Hence, we consider the model proposed in Sect. 7.1 as the more
probable situation.

7.3. Alternative models

Alternatively, the double-peak structure of the Lya spectrum
(which we believe is due to the HT absorber #1) with the trough
at ~0kms~! could be explained by other numerical models.

The absorbing gas could be entrained within the jet and
detached from the jet path, which could explain the tentative
velocity gradient. After the detachment, the gas will gradually
slow down, which could explain its low velocity shift around
Okms~!. This model, however, has problems to reproduce the
observed column density gradient in the direction roughly per-
pendicular to the radio jet.

The absorbing HI gas we see may be the product of the
“positive feedback” from the jet interaction with the ISM/CGM
(e.g., Croft et al. 2006; Gaibler et al. 2012; Fragile et al. 2017).
In this situation, we could ignore the self-gravity of the gas
due to the dark matter dominated potential (Fragile et al. 2017),
which could explain the velocity shift of around Okms~! of the
H1 absorber. The jet compresses the CGM gas on its path. The
higher HT absorber #1 column density in the NE could be that
the line of sight passing longer length in the northern part given
the jet orientation (similar to the geometric effect proposed in
the outflowing model, Sect. 7.1). This could also in principle
explain the observed tentative velocity shift gradient. This expla-
nation again, however, has the shortcoming to reproduce the
metal enrichment of absorber #1.

8. Conclusions

In this paper we present MUSE observations of the CGM of a
radio galaxy, 4C04.11, at z = 4.5077. Particularly, we focus on
the absorption in the halo and its spatial properties. The main
conclusions of this work are summarized as follows:

1. The Ly emission halo is detected on scales of 70 x 30 kpc?
(more extended low surface brightness regions are not shown
in the presented narrowband image in Fig. 1). We model
the Lya profile using a double Gaussian and report on a
blueshifted component at ~—102km s~! whose nature is still
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debatable. The map of the Ly« velocity width (Fig. 7) may
indicate signatures of jet-gas interactions.

2. The systemic redshift of 4C04.11 is derived from the
brightest nonresonant line, He 11, of 4.5077 + 0.0001. This
is consistent with the near-infrared observation of [OII]
(Nesvadba et al. 2017a) and a large improvement compared
to previous work using Lya (Kopylov et al. 2006).

3. Metal emission lines, CIv, NV, and O 1II] are also detected;
C1V in particular can be spatially mapped (Fig. 9). This sug-
gests that the CGM is largely metal enriched. Both the C1v
and NV lines show blueshifted emission components with
consistent velocity shifts (Aveypy = —1026 + 112kms™!
and Avnvypr ~ —1587km s™1). This component may have
a different ionization mechanism than the systemic emission
and could provide evidence for a star formation and/or AGN-
driven outflow (Sect. 6.1).

4. We identify at least eight HI absorbers with a velocity
shift range of —3345-0kms~!. The column density of these
eight HT absorbers are around 10'*8 cm~2, and their Doppler
parameters, b, have a range of 40—271kms~' (Table 2). We
infer the presence of two CIV absorbers, which are believed
to be associated with HI absorbers #1 and #4 and have a col-
umn density of ~10'*cm™2. The column densities of CIV
absorbers #2 and #3 are only constrained to upper limits
(Table 2). The presence of absorber #1 is also inferred in N v
with a relatively high column density, ~10'** cm™!. This
suggests that the first four absorbers are within the poten-
tial well of the host galaxy, while absorbers #5-8 are likely
intervening absorbers (Sects. 6.2 and 6.3).

5. We spatially map the H1 absorbers and identify a column
density gradient of absorber #1 in the SW-NE direction
(increases 1dex in 24 kpc; Fig. 8). The velocity map of H1
absorber #1 shows a tentative gradient along the radio jet
axis, with the blueshifted part in the south. This is spatially
coincident with the approaching radio jet (Parijskij et al.
2014). Absorber #1 is also detected in CIV; we can measure
its column density in two distinct regions, and we identify
a column density gradient similar to that of HI #1, albeit
with large uncertainties (Sect. 5.2). We propose and discuss
several possible models to explain the observed features. We
conclude that absorber #1 likely represents a metal-enriched
expelled gaseous shell that is disturbed by the jet that was
launched later (Sect. 7.1).

6. Our observations suggest that we are observing the redistri-
bution of metals through feedback processes and the enrich-
ment of both the ISM and the CGM.

This work represents a pilot study and showcases the power

of IFS instruments like MUSE for studying the absorbing

“invisible” CGM gas and its enrichment and interplay with AGN

and star formation activity in and around massive active galaxies

in the early Universe. We will perform a similar analysis to our
full sample of eight HZRGs with redshift 2.9—4.5, whose SFRs

span a wide range (84—626 My yr~'; Falkendal et al. 2019).

Although our targets are rare in terms of number density pre-

dicted from the galaxy mass function, they are unique represen-

tatives for studying the early stellar mass assembly, the feedback
process, and the baryon cycle.

Acknowledgements. We thank the anonymous referee for the valuable com-
ments, which improved this manuscript. All of the MUSE data used in this
paper are available through the ESO science archive. This work was based on
a Master Thesis supervised by Benjamin P. Moster. We thank his support for
the thesis work. We thank Dr. Thorsten Tepper Garcia for pointing us to their
erratum and sharing the original numerical code of Voigt Hjerting function.
DW is supported by through the Emmy Noether Programme of the German

Research Foundation. AH was supported by Fund¢ao para a Ciéncia e a Tecnolo-
gia (FCT) through the research grants UIDB/04434/2020 and UIDP/04434/2020,
and an FCT-CAPES Transnational Cooperation Project “Parceria Estratégica em
Astrofisica Portugal-Brasil”. MVM acknowledges support from grant PGC2018-
094671-BI00 (MCIU/AEI/FEDER,UE). Her work was done under project No.
MDM-2017-0737 Unidad de Excelencia “Maria de Maeztu” Centro de Astro-
biologia (CSIC-INTA). This work uses the NASA’s Astrophysics Data Sys-
tem and a number of open source software other than the aforementioned
ones such as Jupyter notebook (Kluyveretal. 2016); matplotlib (Hunter
2007); SciPy (Virtanen etal. 2020); NumPy (Harris et al. 2020); Astropy
(Astropy Collaboration 2018); and LMFIT (Newville et al. 2016).

References

Adelberger, K. L., Steidel, C. C., Shapley, A. E., & Pettini, M. 2003, ApJ, 584,
45

Allen, M. G., Groves, B. A, Dopita, M. A., Sutherland, R. S., & Kewley, L. J.
2008, ApJS, 178, 20

Arrigoni Battaia, F., Prochaska, J. X., Hennawi, J. F,, et al. 2018, MNRAS, 473,
3907

Arrigoni Battaia, F., Hennawi, J. F., Prochaska, J. X., et al. 2019, MNRAS, 482,
3162

Astropy Collaboration (Price-Whelan, A. M., et al.) 2018, AJ, 156, 123

Bacon, R., Accardo, M., Adjali, L., et al. 2010, in Ground-based and Airborne
Instrumentation for Astronomy III, eds. I. S. McLean, S. K. Ramsay, & H.
Takami (SPIE), Int. Soc. Opt. Photon., 7735, 131

Bacon, R., Vernet, J., Borisova, E., et al. 2014, The Messenger, 157, 13

Bacon, R., Piqueras, L., Conseil, S., Richard, J., & Shepherd, M. 2016,
Astrophysics Source Code Library [record ascl:1611.003]

Behroozi, P. S., Wechsler, R. H., & Conroy, C. 2013, ApJ, 770, 57

Behroozi, P., Wechsler, R. H., Hearin, A. P., & Conroy, C. 2019, MNRAS, 488,
3143

Bessell, M. S. 1990, PASP, 102, 1181

Binette, L., Kurk, J. D., Villar-Martin, M., & Rottgering, H. J. A. 2000, A&A,
356,23

Binette, L., Wilman, R. J., Villar-Martin, M., et al. 2006, A&A, 459, 31

Bolmer, J., Ledoux, C., Wiseman, P., et al. 2019, A&A, 623, A43

Bonnet, H., Abuter, R., Baker, A., et al. 2004, The Messenger, 117, 17

Boquien, M., Burgarella, D., Roehlly, Y., et al. 2019, A&A, 622, A103

Bordoloi, R., Tumlinson, J., Werk, J. K., et al. 2014, ApJ, 796, 136

Borthakur, S., Heckman, T., Tumlinson, J., et al. 2015, ApJ, 813, 46

Cai, Z., Fan, X., Yang, Y., et al. 2017, ApJ, 837, 71

Cai, Z., Cantalupo, S., Prochaska, J. X., et al. 2019, ApJS, 245, 23

Cantalupo, S., Arrigoni-Battaia, F., Prochaska, J. X., Hennawi, J. F., & Madau,
P. 2014, Nature, 506, 63

Cappellari, M., & Copin, Y. 2003, MNRAS, 342, 345

Cashman, F. H., Kulkarni, V. P, Kisielius, R., Ferland, G. J., & Bogdanovich, P.
2017, ApJS, 230, 8

Collet, C., Nesvadba, N. P. H., De Breuck, C., et al. 2015, A&A, 579, A89

Collet, C., Nesvadba, N. P. H., De Breuck, C., et al. 2016, A&A, 586, A152

Croft, S., van Breugel, W., de Vries, W., et al. 2006, ApJ, 647, 1040

Davidzon, L, Ilbert, O., Laigle, C., et al. 2017, A&A, 605, A70

De Breuck, C., Rottgering, H., Miley, G., van Breugel, W., & Best, P. 2000,
A&A, 362,519

De Breuck, C., Seymour, N., Stern, D., et al. 2010, ApJ, 725, 36

Dekel, A., Zolotov, A., Tweed, D., et al. 2013, MNRAS, 435, 999

Dijkstra, M. 2014, PASA, 31, 040

Dijkstra, M. 2017, ArXiv e-prints [arXiv:1704.03416]

Dopita, M. A., & Sutherland, R. S. 1995, ApJ, 455, 468

Dopita, M. A., & Sutherland, R. S. 1996, ApJS, 102, 161

Drouart, G., De Breuck, C., Vernet, J., et al. 2012, A&A, 548, A45

Drouart, G., De Breuck, C., Vernet, J., et al. 2014, A&A, 566, A53

Eisenhauer, E., Abuter, R., Bickert, K., et al. 2003, SPIE Conf. Ser., 4841, 1548

Fabian, A. C. 2012, ARA&A, 50, 455

Falkendal, T., De Breuck, C., Lehnert, M. D, et al. 2019, A&A, 621, A27

Falkendal, T., Lehnert, M. D., Vernet, J., De Breuck, C., & Wang, W. 2021, A&A,
645, A120

Fanaroff, B. L., & Riley, J. M. 1974, MNRAS, 167, 31P

Fechner, C., & Reimers, D. 2007, A&A, 461, 847

Feltre, A., Charlot, S., & Gutkin, J. 2016, MNRAS, 456, 3354

Ferland, G. J., Chatzikos, M., Guzman, F., et al. 2017, Rev. Mex. Astron.
Astrofis., 53, 385

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125,
306

Forster Schreiber, N. M., & Wuyts, S. 2020, ARA&A, 58, 661

Fragile, P. C., Anninos, P, Croft, S., Lacy, M., & Witry, J. W. L. 2017, Ap], 850,
171

A88, page 19 of 35



Absorbing neutral CGM hydrogen of a z ~ 4.5 radio-loud AGN

43

A&A 654, A88 (2021)

Fu, H., Xue, R., Prochaska, J. X., et al. 2021, ApJ, 908, 188

Fumagalli, M., Prochaska, J. X., Kasen, D., et al. 2011, MNRAS, 418, 1796

Gaia Collaboration (Prusti, T., et al.) 2016, A&A, 595, Al

Gaia Collaboration (Brown, A. G. A., et al.) 2018, A&A, 616, Al

Gaibler, V., Khochfar, S., Krause, M., & Silk, J. 2012, MNRAS, 425, 438

Goss, W. M., Parijskij, Y. N., Soboleva, N. S., et al. 1992, AZh, 69, 673

Gower, J. E. R., Scott, P. F.,, & Wills, D. 1967, Mem. R. Astron. Soc., 71, 49

Gronke, M., Bull, P., & Dijkstra, M. 2015, ApJ, 812, 123

Gronke, M., Dijkstra, M., McCourt, M., & Oh, S. P. 2016, ApJ, 833, L26

Gronke, M., Dijkstra, M., McCourt, M., & Oh, S. P. 2017, A&A, 607, A71

Gullberg, B., De Breuck, C., Lehnert, M. D., et al. 2016, A&A, 586, A124

Haiman, Z., & Rees, M. J. 2001, ApJ, 556, 87

Hamann, F,, & Ferland, G. 1993, ApJ, 418, 11

Hanuschik, R. W. 2003, A&A, 407, 1157

Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Nature, 585, 357

Heckman, T. M., & Best, P. N. 2014, ARA&A, 52, 589

Heckman, T. M., Alexandroff, R. M., Borthakur, S., Overzier, R., & Leitherer,
C. 2015, ApJ, 809, 147

Ho, L. C. 2008, ARA&A, 46, 475

Humphrey, A. 2019, MNRAS, 486, 2102

Humphrey, A., Villar-Martin, M., Fosbury, R., Vernet, J., & di Serego Alighieri,
S. 2006, MNRAS, 369, 1103

Humphrey, A., Villar-Martin, M., Fosbury, R., et al. 2007, MNRAS, 375, 705

Humphrey, A., Villar-Martin, M., Sanchez, S. F., et al. 2008a, MNRAS, 390,
1505

Humphrey, A., Villar-Martin, M., Vernet, J., et al. 2008b, MNRAS, 383, 11

Humphrey, A., Zeballos, M., Aretxaga, L., et al. 2011, MNRAS, 418, 74

Humphrey, A., Vernet, J., Villar-Martin, M., et al. 2013, ApJ, 768, L3

Hunter, J. D. 2007, Comput. Sci. Eng., 9, 90

Jarvis, M. J., Wilman, R. J., Rottgering, H. J. A., & Binette, L. 2003, MNRAS,
338,263

Kikuta, S., Imanishi, M., Matsuoka, Y., et al. 2017, ApJ, 841, 128

Kluyver, T., Ragan-Kelley, B., Pérez, F., et al. 2016, in Positioning and Power in
Academic Publishing: Players, Agents and Agendas, eds. F. Loizides, & B.
Schmidt (I0S Press), 87

Kolwa, S., Vernet, J., De Breuck, C., et al. 2019, A&A, 625, A102

Kopylov, A. 1., Goss, W. M., Pariiskif, Y. N., et al. 2006, Astron. Lett., 32, 433

Kormendy, J., & Ho, L. C. 2013, ARA&A, 51, 511

Kramida, A., Ralchenko, Yu., Reader, J., & NIST ASD Team 2020, NIST Atomic
Spectra Database (ver. 5.8), available: https://physics.nist.gov/asd
[2021, February 12]. National Institute of Standards and Technology,
Gaithersburg, MD

Krause, M. 2002, A&A, 386, L1

Krause, M. 2005, A&A, 436, 845

Kriss, G. A., Lee, J. C., & Danehkar, A. 2018, ApJ, 859, 94

Krogager, J. K. 2018, Astrophysics Source Code Library [record ascl:1408.015]

Le Fevre, O., Deltorn, J. M., Crampton, D., & Dickinson, M. 1996, Ap]J, 471,
L11

Liu, G., Zakamska, N. L., Greene, J. E., Nesvadba, N. P. H., & Liu, X. 2013,
MNRAS, 436, 2576

Mackenzie, R., Pezzulli, G., Cantalupo, S., et al. 2021, MNRAS, 502, 494

Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415

Mainzer, A., Bauer, J., Grav, T., et al. 2011, ApJ, 731, 53

Man, A. W. S., Lehnert, M. D., Vernet, J. D. R., De Breuck, C., & Falkendal, T.
2019, A&A, 624, A8l

Mandelker, N., van den Bosch, F. C., Nagai, D., et al. 2020, MNRAS, 498, 2415

McCarthy, P. J. 1993, ARA&A, 31, 639

Miley, G., & De Breuck, C. 2008, A&ARv, 15, 67

Mills, B. Y., Slee, O. B., & Hill, E. R. 1958, Aust. J. Phys., 11, 360

Morrissey, P., Matuszewski, M., Martin, C., et al. 2012, SPIE Conf. Ser., 8446,
844613

Morton, D. C. 2000, ApJS, 130, 403

Mukherjee, D., Bodo, G., Mignone, A., Rossi, P., & Vaidya, B. 2020, MNRAS,
499, 681

Nakajima, K., Schaerer, D., Le Fevre, O., et al. 2018, A&A, 612, A%4

Nesvadba, N. P. H., Lehnert, M. D., Eisenhauer, F., et al. 2006, ApJ, 650, 693

Nesvadba, N. P. H., Lehnert, M. D., De Breuck, C., Gilbert, A., & van Breugel,
W. 2007, A&A, 475, 145

Nesvadba, N. P. H., Lehnert, M. D., De Breuck, C., Gilbert, A. M., & van
Breugel, W. 2008, A&A, 491, 407

Nesvadba, N. P. H., De Breuck, C., Lehnert, M. D., et al. 2011, A&A, 525, A43

Nesvadba, N. P. H., De Breuck, C., Lehnert, M. D., Best, P. N., & Collet, C.
2017a, A&A, 599, A123

Nesvadba, N. P. H., Drouart, G., De Breuck, C., et al. 2017b, A&A, 600, A121

Nesvadba, N. P. H., Bicknell, G. V., Mukherjee, D., & Wagner, A. Y. 2020, A&A,
639, L13

A88, page 20 of 35

Newville, M., Stensitzki, T., Allen, D. B., et al. 2016, Astrophysics Source Code
Library [record ascl:1606.014]

Nicholls, D. C., Sutherland, R. S., Dopita, M. A., Kewley, L. J., & Groves, B. A.
2017, MNRAS, 466, 4403

Nielsen, N. M., Kacprzak, G. G., Pointon, S. K., et al. 2020, ApJ, 904, 164

Obied, G., Zakamska, N. L., Wylezalek, D., & Liu, G. 2016, MNRAS, 456, 2861

Oppenheimer, B. D., Davies, J. J., Crain, R. A., et al. 2020, MNRAS, 491, 2939

Ouchi, M., Ono, Y., & Shibuya, T. 2020, ARA&A, 58, 617

Parijskij, Y. N., Goss, W. M., Kopylov, A. I, et al. 1996, Bull. Spec. Astrophys.
Obs., 40, 5

Parijskij, Y. N., Goss, W. M., Kopylov, A. L, et al. 2000, Astron. Astrophys.
Trans., 19, 297

Parijskij, Y. N., Zhelenkova, O. P., Thomasson, P, et al. 2013, in EAS
Publications Series, eds. A. J. Castro-Tirado, J. Gorosabel, & 1. H. Park, 61,
439

Parijskij, Y. N., Thomasson, P., Kopylov, A. L., et al. 2014, MNRAS, 439, 2314

Peek, J. E. G., Ménard, B., & Corrales, L. 2015, ApJ, 813, 7

Peeples, M. S., Corlies, L., Tumlinson, J., et al. 2019, ApJ, 873, 129

Piqueras, L., Conseil, S., Shepherd, M., et al. 2019, ASP Conf. Ser., 521, 545

Rauch, M. 1998, ARA&A, 36, 267

Reuland, M., van Breugel, W., Rottgering, H., et al. 2003, ApJ, 592, 755

Richings, A. J., & Faucher-Giguere, C.-A. 2018, MNRAS, 478, 3100

Rottgering, H. J. A., Hunstead, R. W., Miley, G. K., van Ojik, R., & Wieringa,
M. H. 1995, MNRAS, 277, 389

Schaye, J., Theuns, T., Rauch, M., Efstathiou, G., & Sargent, W. L. W. 2000,
MNRAS, 318, 817

Seymour, N., Stern, D., De Breuck, C., et al. 2007, ApJS, 171, 353

Silk, J., & Rees, M. J. 1998, A&A, 331, L1

Silva, M., Humphrey, A., Lagos, P, et al. 2018a, MNRAS, 474, 3649

Silva, M., Humphrey, A., Lagos, P, et al. 2018b, MNRAS, 481, 1401

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Snios, B., Siemiginowska, A., Sobolewska, M., et al. 2020, ApJ, 899, 127

Soto, K. T., Lilly, S. J., Bacon, R., Richard, J., & Conseil, S. 2016, MNRAS,
458, 3210

Springel, V., White, S. D. M., Jenkins, A., et al. 2005, Nature, 435, 629

Stern, D., Holden, B., Stanford, S. A., & Spinrad, H. 2003, AJ, 125, 2759

Swinbank, A. M., Vernet, J. D. R., Smail, I, et al. 2015, MNRAS, 449, 1298

Tepper-Garcia, T. 2006, MNRAS, 369, 2025

Tepper-Garcia, T. 2007, MNRAS, 382, 1375

Tumlinson, J., Thom, C., Werk, J. K., et al. 2013, ApJ, 777, 59

Tumlinson, J., Peeples, M. S., & Werk, J. K. 2017, ARA&A, 55, 389

Umehata, H., Fumagalli, M., Smail, L, et al. 2019, Science, 366, 97

van Breugel, W., de Vries, W., Croft, S., et al. 2006, Astron. Nachr., 327, 175

van Ojik, R., Roettgering, H. J. A., Carilli, C. L., et al. 1996, A&A, 313, 25

van Qjik, R., Roettgering, H. J. A., Miley, G. K., & Hunstead, R. W. 1997, A&A,
317,358

Venemans, B. P., Kurk, J. D., Miley, G. K., et al. 2002, ApJ, 569, L11

Venemans, B. P, Kurk, J. D., Miley, G. K., & Réttgering, H. J. A. 2003, New
Astron. Rev., 47, 353

Venemans, B. P., Réttgering, H. J. A., Overzier, R. A, et al. 2004, A&A, 424,
L17

Venemans, B. P., Réttgering, H. J. A., Miley, G. K., et al. 2005, A&A, 431, 793

Venemans, B. P, Rottgering, H. J. A., Miley, G. K., et al. 2007, A&A, 461,
823

Verhamme, A., Schaerer, D., & Maselli, A. 2006, A&A, 460, 397

Vernet, J., Fosbury, R. A. E., Villar-Martin, M., et al. 2001, A&A, 366, 7

Vernet, J., Lehnert, M. D., De Breuck, C., et al. 2017, A&A, 602, L6

Villar-Martin, M. 2007, New Astron. Rev., 51, 194

Villar-Martin, M., Vernet, J., di Serego Alighieri, S., et al. 2003, MNRAS, 346,
273

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, Nat. Meth., 17, 261

Wagner, A. Y., Umemura, M., & Bicknell, G. V. 2013, ApJ, 763, L18

Weilbacher, P. M., Monreal-Ibero, A., Verhamme, A., et al. 2018, A&A, 611,
A95

Weilbacher, P. M., Palsa, R., Streicher, O., et al. 2020, A&A, 641, A28

Wilman, R. J., Jarvis, M. J., Réttgering, H. J. A., & Binette, L. 2004, MNRAS,
351, 1109

Wisotzki, L., Bacon, R., Blaizot, J., et al. 2016, A&A, 587, A98

Wisotzki, L., Bacon, R., Brinchmann, J., et al. 2018, Nature, 562, 229

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140,
1868

Wylezalek, D., Galametz, A., Stern, D, et al. 2013, ApJ, 769, 79

Wylezalek, D., Vernet, J., De Breuck, C., et al. 2014, ApJ, 786, 17

Wylezalek, D., Zakamska, N. L., Greene, J. E., et al. 2018, MNRAS, 474,
1499

Yang, G., Boquien, M., Buat, V., et al. 2020, MNRAS, 491, 740



44

Chapter 2

W. Wang et al.: Mapping the “invisible” circumgalactic medium around a z ~ 4.5 radio galaxy with MUSE

Appendix A: Line fitting procedure

In this work we use both Gaussian (Lya, CIV and C1V) and
Lorentzian (He 1 and C1V) functions to fit the emission of the
spectrum lines. The Gaussian emission model is expressed as

F (-2
Fig= ———exp ——( ) , (A1)
(o] m 2 g
and the Lorentzian emission profile is defined as
1
F 5T
= 2 1 (A2)

T A= dr 4 (A)

where the F is the integrated emission flux of the line, A is the
line center and A is the wavelength at which the flux density, F, g
or F,1, is calculated. The o, in Eq. A.1 is the line width while
the Iy in Eq. A.2 is the Full Width at Half Maximum (FWHM)
of the line.

The absorption can be described as exp (—7,) by the radiation
transfer theory. The parameter, optical depth 7,, is approximated
by the Voigt-Hjerting (Voigt for short) function,

e

= Apm.c? X N X H(a, x),
(<

T, (A.3)
where N is the column density, e is the electron charge, m, is
the electron mass, c is the speed of light and f; is the oscil-
lator strength. In this work, we adopt the atomic data from
Cashman et al. (2017) and Kramida et al. (2020). The AAp is
defined as Adp = 1;’/10, where b is the Doppler parameter. H(a, x)
is the Hjerting function in the following definition:

+00 2
exp -y

H(a,x) = gf#dy

) -y +a

—00

(A4)

In this approximation, x = % and the constant a is defined as

AT
4mcAdp’

(AS5)

where ['; is the Lorentzian width. We use the approximation of
H(a, x) in this work adopted from Tepper-Garcia (2006, 2007)
for system whose column density < 10?> cm™2, which has the
form

H(a,x) = Hy— ><(H0><H0><(4x4+7x2+4+Q)—Q—1),

Vrx?
(A.6)

where Hy = exp (—xz) and Q = 1.5x72. The calculated Voigt
profile by the aforementioned equations, 7,, is then combined
with other profiles, which represent different absorbers seen in
one emission line using the radiation transfer equation. Then this
convolves with the line spread function (LSF) of MUSE to match
the observed resolution,

n
IR

CV = e_(f:' ) ®@LSF (1), (A7)

where the CV is the acronym of convolved Voigt and n is the
number of absorbers. The LSF is described by a Gaussian model
with a full width of half maximum (FWHM) of 2.65 A. We note
that the LSF varies with observed wavelength, the location on the

charge-coupled device and many other factors (Weilbacher et al.
2020). We determine the mean FWHM using the intermediate
production in the data reduction process that contains the LSF
profile. This is consistent with the MUSE LSF approximated by
polynomial in other work (e.g., Weilbacher et al. 2018). This is
also the LSF value used in Kolwa et al. (2019), who study the
MUSE observations of another HzZRG in our sample. The fit-
ting procedure is implemented in Python by the package LMFIT.
The convolution is realized through the fast-Fourier transform
method in the package SciPy (Virtanen et al. 2020) following
Krogager (2018). The final fitted function is

F,= (Z F/l,GorL] X CV,

J=1

(A.8)

where m is the number of emission components (Gaussian or
Lorentzian). Both the fits of CIV and Ly need to include an
additional blueshifted emission component (see Sect. 4).

Appendix B: SED fitting

In this appendix, we present the photometric data used for
the SED fitting (Table B.1) and the fitting result (Fig. B.1) of
4C04.11. The listed photometric data are given in flux densities
in this paper. As stated in Parijskij et al. (2014), the BVRI bands
used are closer to the Johnson-Kron-Cousins systems (Bessell
1990) with which we convert the magnitudes to flux densities.
The K band magnitude is calibrated using 2MASS (Two-micron
All-Sky Survey; Skrutskie et al. 2006) sources (Parijskij et al.
2014) using which we convert it to flux density. The IRAC 1
is treated as upper limit in this SED fitting as it is contaminated
by the Ha line. Since the WISE bands 1 and 2 are closer to IRAC
1 and 2, we only use the high S/N IRAC data. X-ray photome-
try from (Snios et al. 2020) is converted using the function pro-
vided with X-CIGALE (Yang et al. 2020). We also include the
detected systemic emission fluxes of Lya, C1v and HeTI in this
work into the X-CIGALE to better constrain the nebular emis-
sion component.

Table B.1. Photometric results used for the SED fitting.

Band S, [mly] Ref.
0.5-7keV  42+0.8x1077 S20
B <64x107 P14

1% <7.6x107* P14

R G+1)x1073 P14

I (3.6+04)x1073  Pl4

K (21+£02)x1072 P14
IRAC 1 <8.67x1072 [1]
IRAC2  (7.71+£0.05) x 1072 [1]
WISE 3 <0.56 2]
WISE 4 3.04+1.16 (2]

Notes. The X-ray 0.5 — 7.0keV photometry is reported in (Snios et al.
2020, S20). The BVRIK and K band photometric results are taken
from (Parijskij et al. 2014, P14). [1] The Spitzer IRAC 1 and 2 data
are from Program ID 70135 (PL: D. Stern, see Wylezalek et al. 2013,
2014, for data reduction and flux measurement). [2] The WISE 3 and
4 are archival ALLWISE data (Wright et al. 2010; Mainzer et al. 2011)
(https://irsa.ipac.caltech.edu/Missions/wise.html).

The fitted SED model and dust, AGN and unattenuated stel-
lar emission components are shown in Fig. B.1. From this fit,
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Fig. B.1. SED fitting model and photometric data. In the upper panel, we show the fitted SED model spectrum from X-CIGALE with a black
curve. In addition, dust and unattenuated stellar and AGN emissions are shown in red, blue dotted, and yellow curves, respectively. The input
observed photometry flux densities are marked in dark magenta boxes and olive triangles (upper limits). The X-ray data are not shown as they do
not constrain the stellar component. The green vertical dashed line is the position of rest frame 1.6 um from which the unattenuated stellar flux is

adopted for Mg, €stimation. In the lower panel, we present the relative residuals, §

flux densities, respectively.

we extract the rest frame 1.6 um flux for stellar mass estimation
(Sect. 3.4). As shown in the figure, the stellar flux is the domi-
nating emission component at this wavelength, that is to say, the
flux at this sweet spot will offer relatively accurate stellar mass
estimation (Seymour et al. 2007). We should, however, bare in
mind that this should be treated as upper limit as (i) the AGN
may contribute more flux and (ii) the photometry data point,
WISE 3, which constrains the flux at this wavelength more, is
an upper limit.

Appendix C: Notes on the master spectra fitting
C.1. Fitting procedure implementation

During the process of implementing the MCMC fitting, we
notice that the numerical approximation of the Voigt profile by
Tepper-Garcia (2006, 2007) may not behave well at the center,
that is, the Voigt function (Eq. A.6) will return a double-peak
feature when x — 0. Hence, we manually set

lir%H(a, x)=1-2a/Vr

(T. Tepper-Garcia, priv. comm.). We also test the possibility
using a more sophisticated function, the Faddeeva function, to
approximate the Voigt function following Bolmer et al. (2019).
It, however, does not perform well to produce the expected
result, probably because the resolution of MUSE does not
allow such a delicate function to work. Hence, we keep the
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v.obs =S vmod

, where S, ops and S, o are the observed and model

Tepper-Garcia (2006, 2007) approximation (Eq. A.6), which has
proven to be successful on MUSE data (Kolwa et al. 2019).

C.2. Ly« fitting notes

In this appendix, we discuss the details and uncertainties run into
during the Ly fitting. For the continuum with relatively low flux
underneath the Ly, we decide to fit it using a first-order poly-
nomial function and let the slope and intercept as free parame-
ters during the further Gaussian+Voigt fitting. We describe how
sensitive the HI absorption fitting results are with respect to dif-
ferent continuum fitting strategies in Appendix D.

As shown in Fig. 3, the Lya line is asymmetric and highly
absorbed. It can be fitted with the systemic redshift determined
from HelI (Sect. 4.2). To fit this complicated line with Gaus-
sian+Voigt profile with many free parameters, it is challenging
without any prior-knowledge (unlike Kolwa et al. 2019, which
has a previous high spectral resolution UV spectrum analysis as
guidance). Since all absorbers identified here are located at the
blue wing (one near the v = 0 km s™!) of the Ly« line, we first use
only the red wing of Lya to constrain the unabsorbed, intrinsic
emission. Then, we add Voigt profiles to model the H1 absorbers
following the procedure described in 3.2. However, it is still
impossible to fit all eight absorbers simultaneously without the
initial values of Ny and b confined to an accurate range. Hence,
we first start with fitting the first four absorbers with the data
input just covering their spectral range and add more absorbers
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Table C.1. Boundary constrains for the parameters of Ly fitting using
MCMC method.

Fit parameters Constraints
Gaussian emission:
Line center, Ay [A] Al=4

Line center (b.1.), Ao, blue [A]“
Line flux, F [ergs™ cm™]
Line width, o [A]?

Voigt absorption:

Ain — 8.93 ~ Ay — 2.23
(90% — 120%)Fip m
(80% — 120%/150%)0 . m

Column density log(Ny/cm™2) 13 -20
Doppler parameter b [kms™'] 40 — 400
Absorber redshift z° Az = 0.004
Absorber redshift z¢ Az = 0.005

Notes. The lower index “in” stands for initial. A;, is the observed Ly«
wavelength calculated using systemic redshift derived from He II fitting
(see Sect. 4.2). The Fiy m and oy, 1, are line flux and width derived from
primary fitting of the emission using only the red wing as input. The
lower index “m” indicates both the systemic and blueshifted compo-
nents have the similar boundary setup. The boundaries of the redshift,
z, of different absorbers are customized according to their sensitivities
to the parameters tested in running the fitting. “The wavelength range
corresponds to —400 ~ —100kms~!. ®120% for the narrow and 150%
for the broad component. “This set of constraints is for absorbers #1-3,
5 and 8. @This set of constraints is for absorbers #4, 6 and 7.

when satisfied with the previous step. There are at least eight H1
absorbers. We decide not to include further ones due to the low
S/N and their large velocity shifts indicating them being outside
the galactic potential well. As discussed in Sect. 3.2, the pri-
mary fit is performed using the least-squares method and is then
changed to MCMC later using the results from least-squares as
initial inputs for accurate results and uncertainties. The boundary
conditions applied to the Ly fitting are shown in Table C.1. We
follow Kolwa et al. (2019) to constrain the HI column density to
be within 10'3 — 10 cm2.

The Lya blueshifted Gaussian component is at
~ —102kms~!, which is the boundary manually set. If no
constraints are applied in the final fit, both Gaussian emission
components would be at ~ Okms™!, which would lead to an
underestimation of the flux on the blue wing. This is probably
due to the red wing being un-absorbed to which the algorithm
gives high weight. We limit the line center (< —100kms™!) of
the broad component to be blueshifted to account for the flux
excess between absorbers #7 and #8 (Fig. 3).

We note that the Doppler parameters of absorbers #4 and #5
have large values exceeding 200 km s~!, which may indicate that
we are observing two or more spectrally unresolved absorbers
with similar velocity shifts. This may be a the similar situation
as observed for MRC 02004015 using low- and high-resolution
spectrographs (van Ojik et al. 1997; Jarvis et al. 2003). We test
this by including two secondary absorbers (#4a and #5a) close
to absorbers #4 and #5 when performing the fitting. There is no
significant improvement and values of the fitted parameters of
absorbers #4, #4a, #5, and #5a are not well constrained, and we
therefore do not further regard this option. This issue may be
revisited in the future using higher spectral resolution data.

C.3. Cv and Heu fitting notes

We describe several strategies used in Sect. 4.2 to fit the CIV and
He11 lines, which have low S/N. In this appendix, we present

Table C.2. MCMC fitting constrains of CIV+Hell and N V.

Fit parameters Constrains
Emission:
C 1V systemic line center /{l‘)& = }C—“
A0Hent Hent
blueshifted doublet line center® ﬁ = %
doublet line width®? -4
doublet line flux? L_4
F f
Voigt absorption:
Redshift 21 =22
Doppler parameter by =by
Column density N =N,

Notes. The systemic CIV emission line centers (both of the doublet
lines), Ao ¢y, are constrained to the line center of He1Il, which is the
Adociv
Ao Hen

systemic redshift, i.e., the fitted line center ratio, is set equal to

the rest frame line ratio ‘;E'V . The lower index “1” and “2” used in this

table indicate the blue and red component of the doublet line, respec-

tively. The blueshifted doublet line center ratio, jﬁ—‘;, is only constrained

to the ratio in rest frame, %, i.e., the velocity shift of blueshifted dou-
blet is leaving free. The line widths of the doublet are set to be equal
to each other in velocity space. Hence, the ratio of the line width in
wavelength space, as the direct fitting parameter in this work, is propor-

tional to the ratio of doublet line center in rest frame, % The line flux

ratio of the doublet, ;—;,
strength, ]% Using data from Cashman et al. (2017), we fix the ;% to
be approximately 2 for both the C1v and N V doublets. The absorption
fit parameters are set to be the same for the doublet. The constrains
here apply to both N'V and C 1v. ®The fitted line width of systemic C IV
component is I' (FWHM) in the Lorentzian model. For others, they are
the o for Gaussian model.

is set to be equal to the ratio of its oscillator

details and reasons for the adjustment and discuss some uncer-
tainties faced in running the fitting. In particular, we adjust the
fitting procedure described in Sect. 3.2 in the following eight
aspects.

First, we fit C1v and Hell simultaneously. Because C1v,
which is also a doublet, suffers from absorption and may con-
tain several kinematic emission components, it is better to fix the
line center of its intrinsic emission with the redshift determined
by the He 11.

Second, we fixed the continuum level underneath these two
lines, which is determined beforehand with emissions lines
masked. Third, we excluded the wavelength ranges from the fit-
ting where the contribution of skylines is significant (marked as
yellow shaded regions in Fig. 4).

Fourth, we removed the potentially blueshifted broad com-
ponent of the CIV intrinsic emission, which is probably heav-
ily absorbed. This could be the same emission component we
included in the Ly fitting (Sect. 4.1).

Fifth, to alleviate the removal of this blueshifted compo-
nent, we adopted a Lorentzian profile instead of a single Gaus-
sian to account for the broad wings of both C1v and HeII. The
Lorentzian may not be the best physical description of the under-
lying emission profile, but it is the best solution given the limited
S/N to allow for absorption fits in the C IV blue side. Sixth, since
the C1V is very broad (Fig. 4), we included an additional set of
Gaussian to account for the extreme (> 1000 km s~!) blueshifted
component.

Seventh, to account for the absorption, we included four C 1v
absorbers that we assumed to be the same ones causing the
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Lya absorption (Sect. 4.1). The reason we only included four
absorbers instead of all eight is that the positions of absorber
#5 and beyond are in the low flux and S/N part of the C1v
lines, which also suffers from skyline contamination and can-
not be robustly fitted. We notice that we allow the redshift of
the absorbers to be free within a limited range (Az = 0.006 for
absorber #1, Az = 0.004 for absorber #4) following Kolwa et al.
(2019) who argues that fixing the redshift of absorption caused
by different species is un-physical given their different ionization
energies.

Finally, we fixed the Doppler parameters and redshifts of
absorbers #2 and #3 to the values derived from H1 absorbers
#2 and #3. We also set the ranges of the column densities to
105 — 102 ecm™! and 10" - 10" cm™! for absorbers #2 and #3,
respectively. These are implemented due to the large overlapping
of these two absorbers (with others), which leads to a failure of
fitting without further constrains.

The initial guess for the redshift (HeII line center), 4.514, is
adopted from Kopylov et al. (2006) and is used only in the least-
squares fitting. After the redshift constrained to a relatively sat-
isfied range, we allow it to vary within +2 A during the MCMC
fitting. The velocity shift of the blueshifted C1v component is
left relatively free with a broad range, —3000 ~ —500kms~'.
The results from ~ —1500kms~! to ~ =900 km s~! will all give
us satisfied overall fit. This is also indicated by the distribution of
Lc v 2, line center of the blueshifted component, seen in Fig. E.4,
which has a long tail toward the lower values. Based on this, we
argue in Sect. 4.3 that the blueshifted component of C1v and
NV likely result from the same gaseous cloud. The boundaries
of the Doppler parameters, b, and column density, Ncy, are set
to 40 — 400kms~! and 10" — 10'6 cm™2, respectively (stricter
settings for absorber #2 and #3 as mentioned above) following
Kolwa et al. (2019). Table C.2 summarizes the constraints used
in the C1v and He 11 fitting. The rules for line center, line width
and line flux of the doublet are presented as well as the con-
straints of the absorption parameters of the doublet.

The major result we interested in from the He II fitting is the
systemic redshift. We test the possibility of using a double Gaus-
sian to fit the He 1. The result is similar (4.5079 + 0.0001 and
4.5077 £ 0.0001) to the Lorentzian fit and shows that the algo-
rithm will fit both of the line centered at Av ~ Okms~'. This
further indicates that the S/N of the line is not enough to fit the
two Gaussian.

We test the possibilities of using (i) only absorbers #1 and
#4 or (i) absorbers #1, #3, and #4 to fit the C IV, which is under
the assumption that absorbers #2 and/or #3 have low metallicity.
Both settings (i) and (ii) have similar results for absorbers #1 and
#4. Hence, we include all four absorbers and avoid the strong
assumption.

C.4. Nv fitting notes

The position of the NV is at the broad wing of Lya. The flux
excess we see on Fig. 3 above the fitted Lye model at around
5000kms™! is due to the contribution of the blueshifted NV
component. In addition, the low flux and highly absorbed sys-
temic emission make N V a non-obvious detection.

As described in Sect. 4.3, we fix the best-fit Lyex model from
Sect. 4.1 and use a constant continuum when fitting the N v. The
reasons we do not apply the same continuum level for Lya and
NV lines are: (i) we test in Appendix D that using a continuum
determined from the red wing and free first-order polynomial
have similar results for the H 1 fitting (Appendix D); (ii) the first-
order polynomial will slightly overestimate the continuum flux
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of Lya red wing whose influence is probably negligible for Lyc,
which is a broad line with high flux. For N v, however, which is
at longer wavelength than Ly« and has extremely low S/N, the
continuum overestimation will affect the fit more. This is indeed
the case when the first-order polynomial continuum is applied
during the NV fitting, which results in poor constraints.

As we see in Fig. E.6, the line center of the blueshifted com-
ponent, Lyxvyp, and Doppler parameter, b;, are not fully con-
strained. For Lyv,, we set the range —1600 ~ —500kms™!
according to C1V blueshifted component. The reason it hits the
lower boundary is due to the influence of Lya red wing. As men-
tioned in Appendix E.2, the velocity shift down to —1500 km s~
will still give satisfying results for the C1V fit. The main param-
eter in this fit, Nnxy, does not change much if we vary the
given boundary of the line center of the blueshifted component.
Besides, we test to leave it relatively free and end up with poor
fit quality (unphysical result). Therefore, we manually set this
lower boundary, which results in a satisfying fit given the low
S/N. More importantly, this velocity shift shows the consistence
between NV and C1v, which agrees with the hypothesis. For
by, which hits the upper boundary, we tested fixing it to the
value obtained from CIV absorber #1, which results in a poor
fit quality as well. This could probably be due to (i) the low
S/N of the N V; (ii) the influence of the unresolved H I redshifted
absorber(s); (iii) the imperfect sky line subtraction. Hence, we
present this fit and remind the readers to be cautious about the
Nnv, which should be considered as a lower limit given the well-
known b — N degeneracy (Silva et al. 2018a).

Appendix D: Lya continuum sensitivity test

The Lye emission of quasars and galaxies at high redshift are
highly absorbed by the intervening hydrogen clouds located
between observer and source. This so-called Ly« forest (e.g.,
Adelberger et al. 2003) heavily affects the blue wing of Ly«
making it difficult for continuum fitting. For our MUSE observa-
tion, the spectral resolution is too low to resolve the narrow inter-
vening absorbers, but we can clearly identify a change between
the continuum of the blue and red side of the Ly, namely the
continuum flux is lower in the blue than the red. Several potential
methods can be used to fit this continuum. Hence, we run a test
to see how significant the change that different continuum fitting
strategies may cause the absorption fitting. We use five different
methods, which are described below.

In the first method, the continuum is fitted using a first-order
polynomial prior to the Gaussian+Voigt fitting and fixed during
the following fitting. The wavelength range used in this method
for the continuum is 6405 — 6986 A (=13000 ~ 13000kms™")
with the emission region masked.

For the second method, the continuum is fitted using a
first-order polynomial together with the Gaussian+Voigt fitting.
The values of slope and intercept from method 1 are used as
initials.

In the third method, the continuum is fitted using a zero order
polynomial of the red wing and fixed during the Gaussian+Voigt
fitting. The wavelength range used in this method for the con-
tinuum is 6880 — 6986 A (8258 ~ 13000 kms~"). We chose the
wavelength range to be at extremely red wing of the Lya to avoid
the contamination of the N Vv (Sect. 4.3 and Appendix C.4).

For the fourth method, the continuum is fitted using a zero
order polynomial of the blue wing and fixed during the Gaus-
sian+Voigt fitting. The wavelength range used in this method for
the continuum is 6405 — 6600 A (-13000 ~ —4300kms™).
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Fig. D.1. MCMC fitted Voigt parameters, Ny and b, of the eight H1
absorbers from five continuum fitting methods. The subscripts 1-8 rep-
resent the indices of the absorbers. The colors represent different param-
eters (the same color is used for the Ny and b of the same absorber),
while the mark styles indicate different continuum fitting methods.

As for the fifth method, the continuum is fitted using a step
function. The wavelength of the step is fitted together with the
Gaussian+Voigt fitting. The left (right) value is set to the one
from blue (red) wing zero order polynomial result and fixed dur-
ing the fit.

The result is shown in Fig. D.1 in which the fitted Voigt
parameters using MCMC method, Ny, and b, of the eight
absorbers from different continuum fitting strategies are pre-
sented. It is intuitive to identify that most of the fitted values from
different continuum methods are consistent, though some have
relatively large scatters (e.g., absorbers #6—8), which is under-
standable given that these absorbers are located at the low S/N
tail. Therefore, we decided that the continuum fitting method
has a minor effect on the absorption parameters, which is our
primary focus in this work. By checking the corner plots pro-
duced from these five methods, we find that fitting the first-order
polynomial continuum together with the Gaussian+Voigt model
(method 2) constrains the probability distribution of the absorp-
tion parameters (z, b, and Ny;) best. Hence, we use the method 2
when doing the Lye fit. Using a first-order polynomial to fit the
continuum is a commonly used method (e.g., Kolwa et al. 2019),

and giving freedom to the slope and intercept will constrain bet-
ter the line features.

As for the spatially resolved Ly analysis, we first fit the
continuum level of the spectra in each spatial bin with emis-
sion part masked. We then keep the continuum fixed to this level
when running the Gaussian+Voigt fitting. Because, for consis-
tence, we use the same model for fitting each of the 64 spectrum
(see Sect. 3.3) and some spectra have lower S/N ratios, which
may affect the fitting if we add more free parameters (for the
continuum).

Appendix E: Auxiliary materials of MCMC fitting
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Fig. E.1. Acceptance fraction of each walker used in the Ly MCMC
fitting.

In this appendix, we present some side products of the MCMC
fitting, which can be used as auxiliary materials to better under-
stand the fitting quality, namely the corner plot and acceptance
fraction plot. The corner plot is a tracer for the probability
distributions of the fitted parameters and correlation between
each parameters; in other words, we can identify the degener-
acy between fitted parameters from the corner plot. The accep-
tance fraction plot is used to check the acceptance fraction of
each walker used in MCMC (see Foreman-Mackey et al. 2013,
for details). This can be used as an easy check of the perfor-
mance of the MCMC run. Although some details are not clear,
the acceptance fraction lies in 0.2—0.5 is thought to be an indi-
cation of a successful run (Foreman-Mackey et al. 2013).

E.1. Lya

The acceptance fraction and corner plot of MCMC fitting of
master Ly are shown in Fig. E.1 and E.2, respectively. In
Fig. E.1, we can see that a number of walkers are rejected with a
mean acceptance fraction of 0.11. This is due to the larger num-
ber (32) of free parameters used in the Lye fitting. In Fig. E.2,
we identify several banana shapes of the correlation distribution
(e.g., between b; and Ny;). This is a well-known degeneracy in
the Voigt fitting (e.g., Silva et al. 2018a) that a combination of
larger N value and smaller b value can the overall similar result
with a combination of smaller b and larger N.

E.2. Cwv and Hel

The acceptance fraction and corner plot of MCMC fitting of
master CIV Hell are shown in Fig. E.3 and E.4, respectively.
In Fig. E.3, we can see that the acceptance fraction of all of the

A88, page 25 of 35



Absorbing neutral CGM hydrogen of a z ~ 4.5 radio-loud AGN

49

A&A 654, A88 (2021)

i
o+

Q0 Ho ot %

00

=

4o 0 ¢b 0+ 200

90 0 &b O =

> 90 06b 01 00120
> 90 [0/6D 01 004"~
) 40 040 0400

©) 46015 0100100+ 0~

@) 149 0/4D 0190130+ 0100
CISRIACI T ACIACICIRICICIRACIC

©) 40 0¢) 0100100

@N%

1]

@
[0]

@) 40 [0[th o/ tB—

¢
o
e el
[o3na=

Fig. E.2. Corner plot derived from the MCMC fitting of the Ly« line (see Sect. 4.1). In this figure we only show the correlation between the
absorption parameters, namely z;, b;, and Ncyy;, which are the fitted redshifts, Doppler parameters (in units of kms™'), and column densities
(logarithmic) of the eight HI absorbers. The black dotted lines in each of the histograms represent 15.8 and 84.2 percentiles, which correspond to
the reported uncertainty ranges. The blue solid lines mark the median and reported fit values, respectively.

walkers are in the range of 0.2 — 0.5 with a mean of 0.26. This
is evidence indicating the success of the fitting. In Fig. E.4, we
see that the probability distributions of Ncyo and Ncys have
tentative peak and un-defined tail to the lower value. This is
more severe for absorber #2 given that the lower boundary we
apply (10'° cm™?) is extremely low. Based on the above, we
decide to treat the column density of absorber #2 and #3 as upper
limit.

E.3. Nv

The acceptance fraction and corner plot of the MCMC fitting of
the master NV are shown in Fig. E.5 and E.6, respectively. In
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Fig. E.5, we can see that all walkers are in the range of 0.2—0.5
with a mean of 0.41, which indicates the MCMC fitting of NV
is successful. We discuss the uncompleted sampled distribution
of Lxvyyp and by in Appendix C.4.

E.4. O]

The acceptance fraction and corner plot of the MCMC fitting
of master O 1II] are shown in Fig. E.7 and E.8§, respectively. We
perform the MCMC fitting for this two-free-parameter model to
be consistent with other fittings. In Fig. E.7, we can see that all
walkers are above 0.5 with a mean of 0.72, which indicates that
the model is probably over-fitted.
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Appendix F: Individual Lya spectra fitting

In this appendix, we present the Ly fitting results from each
individual bins described in Sects. 3.3 and 5.1 in Fig. F.2 to E.5.
The spatial region (bin) from which each of the presented spec-
trum is extracted is shown in Fig. F.1. The spatial bins are num-
bered (and color-coded) and are the same as those marked in
Figs. F.2 to E.5 in order to trace their spatial location. The details
of the tessellation is described in Sect. 3.3.

0 5 10 15 20 25 30 35
pixel

Fig. F.1. Spatial binning results from Sect. 3.3. The colors represents
different bins. The bin numbers correspond to the numbers marked in
Figs. E2-F.5. The black or white colors of the bin number are given to
better distinguish it from the color of the bin.
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Fig. F.2. Spectra extracted from the 64 spatial bins (see Sect. 3.3) and Gaussian+Voigt fitting results. In each panel, the thick dark magenta line
indicates the best fit model. The dot-dash red line and dashed blue line denote the narrow and broad emission components, respectively. The dotted
olive lines are the summation of the two emissions. The y? calculated from each fit is shown as an indicator of the fit quality. We note that each
spectrum is summed from the spatial bin, each of which contains a different number of spaxels. Hence, the fluxes of the spectra shown here are
not to be compared directly.
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Appendix G: Cv spatial mapping

In this appendix we present the parameters derived from the
C1v spatial fitting (see Sect. 5.2). The fittings are done for He It
and C 1V simultaneously with the similar procedure described in
Sects. 3.2 and 5.2. The emission results for both He 1l and C1v
from NE and SW are presented in Table G.1. In Table G.2, we
show the absorption fitting results of the 4 C1v absorbers from
these two regions. For comparison, we also show the emission
and absorption fitting results of the Ly lines from these two
regions in the corresponding tables. Due to the low S/N of the
two C1V spectra and in order to avoid overfitting, we fix the z and
b of the absorbers in the fit and use the derived column densities

as upper limit. The exception is the column density of absorber
#1 of the NE spectrum, which has a well distributed probability
extracted from the corner plot. The distribution is presented in
Fig. G.1 in blue with a well defined peak. We also show the dis-
tribution of the same absorber from the SW spectrum for com-
parison in this figure in orange. We note that the z and b for the
absorbers in both of the NE and SW C1V spectra are fixed to the
corresponding values derived from master Lya during the fitting.
It will cause unsuccessful fitting if we use the fitted values from
NE and SW Lya to fix the corresponding C 1V fits. We argue that
the adopted choice is reasonable because (i) large parts of the
NE and SW regions are covered by the master aperture; (ii) the
master Lya has high S/N.

Table G.1. Best fitted emission results of the 1D aperture-extracted spectrum from the NE and SW regions using the MCMC method.

Ton Line center (rest) Line center (obs.) Line flux Line width
Ao [A] A[A] F 1077 ergs™! cm™2] FWHM [kms™!]

NE

Lya 1215.67 6693.75+0.24 50.51+1.25 1474 21
Lya (b.l.) 1215.67 ~ 6693.20 14.68 £0.91 3669 + 150
Civ 1548.20 8527.65 +£0.46 1.43+0.35 1933 +342
C1v (b.l.) 1548.20 8499.69 +4.29 1.52+0.31 2027 +297
Civ 1550.77 8541.86 +0.46 0.71 +0.17 1930 + 342
C1v (b.l.) 1550.77 8513.85+4.30 0.76 £0.15 2024 +296
Hen 1640.47 9035.94 +0.48 2.39+0.11 651 +43
SW

Lya 1215.67 6693.72 +0.20 38.34 +0.69 1569 + 17
Lya (b.l.) 1215.67 ~ 6693.23 12.58 +0.46 4522 + 122
Civ 1548.20 8526.41 £0.46 1.17£0.50 857 254
Civ (b.l.) 1548.20 8498.50+9.11 1.63+£0.46 2935 +484
Civ 1550.77 8540.62 £ 0.46 0.58+£0.25 856 +253
Civ (b.l.) 1550.77 8512.66 +£9.13 0.82+0.23 2930+ 484
Hen 1640.47 9034.63 +0.49 224 +0.11 646 + 50

Notes. The notations used are the same as in Table 1 (see table notes there).
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Table G.2. Best absorption fitting results of the 1D aperture-extracted spectrum from the NE and SW regions using the MCMC method.

Abs. Ion Redshift Absorber wav. Velocity Column density ~ Doppler
# z 1A Av[kms™']  log(Nfem™2)  b[kms™!]
NE
1 Lya 4.5073+0.0001 6695.08 +0.06 -21+3 14.99 £0.01 199 +£3
Civ - 8526.70 - 14.02+0.17 -
2 Lya 4.5001+0.0001 6686.31+0.07 —414+3 15.1+£0.1 97+10
Civ - 8515.37 - <12.43 -
3 Lya 4.4946+0.0001 6679.64+0.10 -712+4 14.72 £ 0.02 105+ 10
Civ - 8506.86 - <13.04 -
4 Lya 4.4872+0.0001 6670.62+0.15 -1116+7 14.97 +£0.02 284+ 18
Civ - 8495.20 - <14.4 -
5 Lya 4.4750+0.0002 6655.77+0.22 —1781+10 14.81+£0.02 24120
6 Lya 4.4657+0.0002 6644.45+0.21 —2288=+10 <15.81 ~54
7 Lya ~4.4572 ~6634.20 ~ =2747 <15.05 ~158
8 Lya ~4.4457 ~6620.21 ~ —3373 <1491 ~75
SW
1 Lya 4.5075+0.0001 6695.31+0.03 -6+3 14.74£0.01 156 +£2
Civ - 8526.70 - <13.4 -
2 Lya 4.5002+0.0001 6686.47 +0.06 —427+10 15.16 £0.11 89+7
Civ - 8515.37 - <12.4 -
3 Lya 4.4947+0.0001 6679.74+0.08 -750+26 14.70 £0.02 1109
Civ - 8506.86 - < 13.7 -
4 Lya 4.4871+0.0001 6670.60+0.13 —1150+19 14.86 £0.02 260+ 13
Civ - 8495.21 - <13.6 -
5 Lya 4.4747+0.0002 6655.45+0.18 —1790+10 14.76 £0.02 220+ 15
6 Lya ~4.4648 ~6643.34 ~ =2341 <14.59 ~94
7 Lya ~4.4572 ~6634.10 ~ =2754 <15.67 ~103
8 Lya ~4.4462 ~6620.82 ~ =3347 <15.60 ~60

Notes. The notations used are the same as in Table 2 (see table notes there). Due to the low S/N of the CIV spectra extracted from these two
regions, the column density results of CIV absorbers are treated as upper limits with z and b fixed to the fitted HT values, correspondingly. The
exception is the column density of absorber #1 in the NE, which has a well distributed probability (see Fig. G.1).

2.5
1 Naw,1 NE
Nc,1 SW
2.0
1.5
=
£
S
c
1.0
0.5
o.o<—‘_l_,_ —=
13.2 134 136 13.8 14.0 142 144 14.6
log(Ncm~2)

Fig. G.1. Probability distributions of the C IV absorber #1 column density extracted from the corner plots. The blue and orange histograms represent
the results of the NE and SW spectra, respectively.
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ABSTRACT

Lya emission nebulae are ubiquitous around high-redshift galaxies and are tracers of the gaseous environment on scales out to
2100 pkpc (proper kiloparsec). High-redshift radio galaxies (HzRGs, type-2 radio-loud quasars) host large-scale nebulae observed
in the ionised gas differ from those seen in other types of high-redshift quasars. In this work, we exploit MUSE observations of Ly«
nebulae around eight HZRGs (2.92 < z < 4.51). All of the HzZRGs have large-scale Lye emission nebulae with seven of them extended
over 100 pkpc at the observed surface brightness limit (~2—20 x 107! erg s™! cm~2 arcsec™2). Because the emission line profiles are
significantly affected by neutral hydrogen absorbers across the entire nebulae extent, we performed an absorption correction to infer
maps of the intrinsic Ly surface brightness, central velocity, and velocity width, all at the last scattering surface of the observed
Lya photons. We find the following: (i) that the intrinsic surface brightness radial profiles of our sample can be described by an
inner exponential profile and a power law in the low luminosity extended part; (ii) our HZRGs have a higher surface brightness and
more asymmetric nebulae than both radio-loud and radio-quiet type-1 quasars; (iii) intrinsic nebula kinematics of four HZRGs show
evidence of jet-driven outflows but we find no general trends for the whole sample; (iv) a relation between the maximum spatial extent
of the Lya nebula and the projected distance between the active galactic nuclei (AGN) and the centroids of the Lya nebula; and (v)
an alignment between radio jet position angles and the Lya nebula morphology. All of these findings support a scenario in which
the orientation of the AGN has an impact on the observed nebular morphologies and resonant scattering may affect the shape of the
surface brightness profiles, nebular kinematics, and relations between the observed Lya morphologies. Furthermore, we find evidence
showing that the outskirts of the ionised gas nebulaec may be ‘contaminated’ by Ly« photons from nearby emission halos and that
the radio jet affects the morphology and kinematics of the nebulae. Overall, this work provides results that allow us to compare Ly«
nebulae around various classes of quasars at and beyond cosmic noon (z ~ 3).

Key words. galaxies: active — galaxies: evolution — galaxies: high-redshift — galaxies: halos — galaxies: jets

1. Introduction

Being the most abundant element in the Universe, hydro-
gen (especially the cold gas, i.e. neutral hydrogen atoms and
hydrogen molecules, H,) is the building block of the baryonic
Universe. Studying H, directly is difficult due to lack of promi-
nent transition lines. It is often probed using low-J CO transi-
tions as a proxy that unfortunately results in added uncertainties,
for example in the conversion factor (e.g. Bolatto et al. 2013).
In contrast, neutral atomic hydrogen can be easily ionised
(Epo = 13.6eV) and cascade with line emissions being pro-
duced. The HI Ly@11216 (Lya hereafter) line is the most promi-

nent one among them. For high-redshift galaxies, it is a com-
monly targeted emission line that can easily be observed in
the optical to near-infrared bands (e.g. Hu & McMahon 1996;
Cowie & Hu 1998; Shimasaku et al. 2006; Dawson et al. 2007;
Leclercq et al. 2017; Wisotzki et al. 2018; Umehata et al. 2019;
Ono et al. 2021; Ouchi et al. 2020, and reference therein). Lya
emission can be detected on a range of spatial scales, for example
at interstellar medium (ISM) to circumgalactic medium (CGM,
Tumlinson et al. 2017) scales and even beyond the viral radius
of the central object out to intergalactic medium (IGM) scales
(e.g. Cantalupo et al. 2014; Cai et al. 2019; Ouchi et al. 2020).
However, it is non-trivial to identify the origin of Lya emission
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(e.g. due to the resonant nature of Lya emission and various
potential ionising sources acting at once), which is essential
to understanding the physics of the emitting gas observed on
different scales and around various types of objects (Dijkstra
2019; Ouchi et al. 2020). This is further complicated when active
galactic nuclei (AGN) are present.

Active galaxies hosting AGN, especially the ones
with  quasar level activities (bolometric luminosity,
Lyt = 10%ergs™), at a high redshift are known to host
Lya nebulae on scales of a few 100 kpc (e.g. Heckman et al.
1991a; Basu-Zych & Scharf 2004; Weidinger et al. 2004,
2005; Dey etal. 2005; Prescottetal. 2015; Cantalupo et al.
2014; Arrigoni Battaia et al. 2016, 2019; Borisova et al. 2016;
Cai et al. 2019). The central powerful AGN act as a main ion-
ising mechanism for the surrounding gas, which is responsible
for the detection of these extended Lya nebulae (as predicted
by theoretical works, e.g. Costa et al. 2022). In addition, the
diffuse emission from galaxies near the AGN host can also
contribute to the overall profile observed of the central target
(e.g. Byrohletal. 2021). In some of the giant nebulae, it is
natural to find various mechanisms functioning at different
scales and positions (e.g. Vernet et al. 2017). Therefore, despite
leaving internal physics entangled, Ly acts as a simpler tool
for detecting a gaseous environment throughout cosmic time.

Before wide field integral field spectrographs (IFS) became
available, narrow-band imaging and long slit spectroscopy
provided effective methods to detect diffuse Lya nebulae
(e.g. Steidel et al. 2000; Francisetal. 2001; Matsuda et al.
2004; Saito et al. 2006; Yang et al. 2009, 2010; Cantalupo et al.
2012, 2014; Hennawi & Prochaska 2013; Prescott et al. 2015;
Arrigoni Battaia et al. 2016). However, these observations have
been limited by uncertainties in the systemic redshift mea-
surements and limited spatial coverage, respectively. Integral
field unit (IFU) observations — for example with the Multi-
Unit Spectroscopic Explorer (MUSE/VLT) and Keck Cosmic
Web Imager (KCWI/Keck) — allow us to measure the extent
of the nebulae together with the information of their dynam-
ics. Numerous works of Lye nebulae around quasars report
(tens of kiloparsecs to over 100 kpc) extended emission across
a large range of redshifts (z ~ 2 to z ~ 6.3) and quasar types
(e.g. radio-quiet and radio-loud type-1, radio-quiet type-2, and
extremely red quasars, Christensen et al. 2006; Borisova et al.
2016; Arrigoni Battaia et al. 2019; Cai et al. 2019; Farina et al.
2019; den Brok et al. 2020; Fossati et al. 2021; Mackenzie et al.
2021; Lau et al. 2022; Vayner et al. 2023; Zhang et al. 2023).
This diversity in nebula properties suggest a range of driving
mechanisms, dependencies on orientation, and demonstrate that
well-selected samples are needed. Despite the effort that has
been made regarding this topic, a link between the aforemen-
tioned types and type-2 radio-loud quasars on a CGM scale is
missing.

Among the high-redshift quasar population, high-redshift
radio galaxies (HzRGs) are a unique sample despite being
smaller in number (see Miley & De Breuck 2008, as a review).
They host type-2 quasars and have powerful radio jets. They
have been shown to reside in dense protocluster environ-
ments (Venemans et al. 2007; Wylezalek et al. 2013, 2014;
Noirot et al. 2016, 2018), which may evolve to modern galaxy
clusters. HZRGs were among the first sources where giant
Lya nebulae were discovered (~10%ergs™!, 2100kpc, e.g.
Hippelein & Meisenheimer 1993; van Ojik etal. 1996, 1997;
Reuland et al. 2003; Villar-Martin et al. 2006, 2007b) and
observed with the previous generation of IFU instruments (e.g.
Adam et al. 1997). The Lya nebulae of HZRGs have been found
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to have two distinctive parts, namely the high surface brightness
kinematically disturbed inner part and the quiescent low sur-
face brightness extended outer nebula (e.g. Villar-Martin et al.
2002, 2003, 2007a). The spatial separation of these two parts
seem to be consistent with the extent of the radio jets (e.g.
Villar-Martin et al. 2003), suggesting that the jet plays a role
in disturbing the inner part. Specifically, there is evidence that
the Lya nebulae around HzRGs are related to jet-driven out-
flows (Humphrey et al. 2006), while some of the quiescent gas
may be related to infalling material (Humphrey et al. 2007).
AGN photoionisation is likely the main mechanism of exciting
these nebulae (e.g. Villar-Martin et al. 2002, 2003; Morais et al.
2017), but ionisation by fast shocks might also play a role (e.g.
Bicknell et al. 2000; Morais et al. 2017). Polarisation measure-
ments show that some of the Ly emission in HzRGs is scat-
tered (Humphrey et al. 2013). Despite these works, however, a
comparison of the nebulae of HzZRGs and other quasar samples
has yet to be performed, which is the motivation of this work.

The Lya nebulac of HzRGs are known to be par-
tially absorbed by neutral hydrogen (HI1 absorbers, e.g.
Rottgering et al. 1995; van Ojik et al. 1997; Jarvis et al. 2003;
Wilman et al. 2004; Humphrey et al. 2008; Kolwa et al. 2019).
The absorbing gas is found to be extended on galaxy-wides
scales and likely related to outflowing gas from the host galaxy
(e.g. Binette et al. 2000; Swinbank et al. 2015; Silva et al.
2018a; Wang et al. 2021b). The correction of this absorption
is only possible through spectral observation. Without care-
ful treatment, a considerable amount (a factor of >5) of flux
would be missed, and inaccurate conclusions would be drawn.
Alternatively, some absorption trough features might poten-
tially be explained by radiative transfer effects (Dijkstra 2014;
Gronke et al. 2015, 2016; Gronke & Dijkstra 2016). Although it
is interesting to compare the different treatments of the observed
Lya spectra, it is beyond the scope of this work.

There was also clear observational evidence that the mor-
phology of the continuum and line emission regions of
HzRGs are aligned with the jet direction (e.g. Chambers et al.
1987; Pentericci et al. 1999; Miley et al. 2004; Zirm et al. 2005;
Duncan et al. 2023) on a relatively smaller scale (several kilo-
parsecs to tens of kiloparsecs). Molecular gas detected around
HzRGs was reported to be distributed along the jet within and
outside the hot spot, which may suggest several scenarios (e.g.
jet-driven outflow, jet-induced gas cooling, and a jet propagat-
ing into a dense molecular gas medium, Emonts et al. 2014;
Gullberg et al. 2016; Falkendal et al. 2021). On a megaparsec
scale, West (1991) found that the radio jet often points towards
nearby galaxies. Eales (1992) proposed a model explaining the
alignment effect, suggesting that the high-redshift radio emission
is often detected when the jet travels close to the major axis of
surrounding asymmetrically distributed gas. With the advanced
IFS observation and hundreds of kiloparsec gas tracers of Lya,
we were able to probe the intrinsic (i.e. corrected for absorption)
gaseous nebula around HzRGs for this work, test its distribution
with respect to the radio jets, and seek evidence following these
pioneering works.

For this paper, we utilised the power of MUSE IFU to fully
map the Lya emission nebulae of a sample of HzRGs over a
redshift range of 2.92—4.51 and initiated a comparison with
type-1 quasars and study of CGM-scale environments. We intro-
duce our sample of HzRGs, the MUSE observations, and data
reduction in Sect. 2. We present how we measured the maxi-
mum extent of the nebulae in Sect. 3.1 and summarise the spec-
tral fitting procedure in Sect. 3.2. We then present the results
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Table 1. Details of the MUSE observation of the HZRG sample.

HzRG Redshift UT date Program ID Mode Exp. time total ~ Seeing
z® (dd/mm/yyyy) hours arcsec

MRC 0943-242 2.9230 21/02/2014 60.A-9100(A)  WFM-NOAO-E 521 0.65 @
- - 15/12/2015-18/01/2016  096.B-0752(A) - - -
MRC 0316-257 3.1238 15/01-17/01/2015 094.B-0699(A) WFM-NOAO-N 4.24 0.61®
TN J0205+2242  3.5060 03/12-08/12/2015 096.B-0752(B) WFM-NOAO-N 4.24 0.73
TN JO121+1320  3.5190 06/10/2015 096.B-0752(C) WFM-NOAO-N 5.30 0.83

- - 08/08-28/08/2016 097.B-0323(C) - - -
4C+03.24 3.5828 17/06-18/06/2017 60.A-9100(G) WEM-AO-N 1.25 0.63
4C+19.71 3.5892 08/06-02/09/2016 097.B-0323(B) WFM-NOAO-N 5.83 1.03
TN J1338-1942  4.0959 30/04-06/05/2014 60.A-9100(B) WFM-NOAO-N 8.93 0.77 @
- - 30/06/2014 60.A-9318(A) - - -
4C+04.11 4.5077 03-15/12/2015 096.B-0752(F) WFM-NOAO-N 4.24 0.88

Notes. ("The redshifts are determined from the He 1A1640A or [C 1](1-0) emission line (Kolwa et al. 2023). For MRC0316-257 which is not
included in Kolwa et al. (2023), we reported its zyys in this paper based on He I1 fit from our MUSE data (Appendix E). 'The seeing reported here
is determined from the fitted 2D Moffat FWHM (full width at half maximum) of a star in the white-light image (5000—9000 A) produced from
the combined cube. We note that the stars used are red in colour, i.e. the image quality in the Ly wavelength should in general be worse than the
reported seeing (e.g. larger by 10 to 20%). @The seeing is determined from a star in the overlapping region of the two pointings. ®’There is no
available star in the FoV. The seeing is determined from the fit of the most point-like source.

of surface brightness, kinematics, and morphology in Sect. 4
followed by a discussion in Sect. 5. Finally, we conclude in
Sect. 6. In this paper, we assume a flat ACDM cosmology with
Hy = 70kms™' Mpc™! and Q,, = 0.3. Following this cosmology,
1 arcsec ~ 6.6—7.7 pkpc for our sample redshifts. Throughout
the paper, pkpc stands for proper kiloparsec and ckpc represents
comoving kiloparsec, ckpc = (1 + z)pkpc. In this paper, we use
‘intrinsic’ to refer to the absorption-corrected Lya emission.

2. HzRGs sample, observations, and data
processing

2.1. MUSE HzRGs sample
2.1.1. Sample selection

The 8 HzRGs at 2.92 < z < 4.51 (Table 1) that we investi-
gate in this paper were selected to (i) be at z > 2.9 for Ly«
to be covered by MUSE ; (ii) have a known extended bright
Lya (>10"”) emission nebula; and (iii) be at Dec < 25° to be
observable by ground-based telescopes in the southern hemi-
sphere. This sample also has a wealth of high quality support-
ing data obtained by our team, including deep Spitzer/IRAC and
Spitzer/MIPS 24 um imaging, and Herschel/SPIRE detections
(Seymour et al. 2007; De Breuck et al. 2010). ALMA Band 3 or
4 data are also available for the sample targeting dust continuum
and molecular lines (Falkendal et al. 2019; Kolwa et al. 2023).
Being identified as radio galaxies, the radio observations (e.g.
VLA, Carilli et al. 1997) provide information on the jet mor-
phology and polarisation. Based on these supporting data sets,
we have estimates of the total stellar mass of the host galaxies
(several 10'! My, for all targets, De Breuck et al. 2010) and the
star formation rates ranging from uppers limit of <84 Mg yr~! to
constraints of 626 M, yr~! (Falkendal et al. 2019).

2.1.2. AGN bolometric luminosity estimation

To put the HzRGs into context with other quasar species, we
plan to link our Ly nebulae to literature works based on AGN
bolometric luminosity. There are different methods for estimat-

ing the bolometric luminosity of AGN, Ly, acn, for example
through scaling of the far-IR AGN-heated dust luminosity (e.g.
Drouart et al. 2014), scaling the IR flux density (e.g2. f3.45um
which is used for type-1 quasars, Lau et al. 2022) and through
[O 1] emission (which can be affected by star formation and/or
shocks Reyes et al. 2008; Allen et al. 2008). However, there is a
large uncertainty between the values derived through these dif-
ferent methods which makes it non-trivial to directly compare
the Lyl agn Of type-1s and type-2s. For instance, the estimates
for type-2 AGN are affected by obscuration by the dusty torus
assuming the AGN unification model (e.g. Antonucci 1993).
Accounting for this by applying an extinction correction fac-
tor would lead to a large uncertainty (e.g. Drouart et al. 2012)
if we were to use the same method for type-1s to estimate the
Lio1, N for our sample. We report that the Ly, agn estimated for
our sample using those different methods varies from 10%? to
10*5 ergs~!. Given this large uncertainty, we find it is unreason-
able to draw further conclusions from the comparison of Ly, aoN
between type-1s and our HzZRGs. However, it is worthwhile to
report this estimation procedure and the resulted inconsistency
under different assumptions. A systematic study of the Lyo, aoNn
is beyond the scope of this work and may be done more thor-
oughly through multi-wavelength approach.

2.1.3. Jet kinematics

To distinguish between the approaching and receding sides
of the jet, we use the kinematics information from [OmI]
as a proxy which is often used for studying quasar outflow
(e.g. Veilleux et al. 2005; Zakamska et al. 2016; Nesvadba et al.
2017a,b; Vayner et al. 2021). 5 out of 8 of our sample tar-
gets have been observed by SINFONI from which the [O1II]
velocity shifts are available (Nesvadba et al. 2007, 2008, 2017a).
For MRC0943-242 and TN J1338-1942, we use the radio hot
spot polarisation information as indicator where the more depo-
larised indicates the far side (receding) of the jet (Carilli et al.
1997; Pentericci et al. 2000). These are also consistent with the
tentative [O1I] velocity gradient of TN J1338-1942 found in
Nesvadba et al. (2017a; also Hell kinematics in Kolwa et al.
2023) and MRC0943-242 He1111640 A (He 1) kinematics in
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Kolwa et al. (2019). For 4C+04.11, Parijskij et al. (2014) gives
the jet kinematics based on high-resolution radio polarisation.
We note here that the reported approaching and receding direc-
tions based on the current observations should be treated with
caution. The polarisation of the radio lobes could especially be
affected by the intervening ionised structures. We also quantified
the size of the jets by calculating the angular distance between
the jet hot spots on either side to the AGN position (presented in
Appendix D).

2.2. MUSE observations

In this work, we analyse data from MUSE integral field spectro-
graph (Bacon et al. 2010, 2014) mounted on the ESO Very Large
Telescopes (VLT) Yepun (UT4). All observations were carried
out in Wide-Field Mode (WFM) offering a 1 x 1 arcmin? field of
view and spatial sampling of 0.2 arcsec pixel™'. MUSE provides
two sets of wavelength coverage: a nominal range (N, 480-930
nm) and an extended range (E, 465-930nm) without using of
the adaptive optics (AO). For observations carried in AO mode,
the wavelength coverage of 582—597 nm is excluded due to the
Na Notch filter. The MUSE spectrograph has the spectral sam-
pling of 0.125 nm pixel ™! and resolving power of 1750~3750 for
465-930 nm which corresponds to Av ~ 171-90km ™.

The observations of our sample were carried mostly in ser-
vice mode under the program IDs 094.B-0699, 096.B-0752
and 097.B-0323 (PI: J. Vernet). For MRC 0943-242, we also
include the data of MUSE commissioning observation under
the program ID 60.A-9100(A) (e.g. Gullberg et al. 2016). The
extended wavelength coverage was employed for MRC 0943-
242, the lowest redshift sample target, to cover its Ly emission
(Liya,obs = 4769 10\). We use the MUSE commissioning and sci-
ence verification data of TN J1338-1942 under the program IDs
60.A9100(B) and 60.A-9318(A) (e.g. Swinbank et al. 2015). For
4C+03.24, we adopt the data released from the MUSE WFM-
AO commissioning observations under the program ID 60.A-
9100(G). The information of the observations of our sample, in
the order of redshift, is summarised in Table 1. For each object,
observations consist of 1 (4C+03.24) to 6 (TN J 1338-1942)
observing blocks (OBs). Within each OB, the 2 or 3 exposures of
20-30 min were slightly dithered (with a <1’ amplitude pattern)
and rotated by 90 degrees from each other.

2.3. Data processing

The reduction of the raw MUSE data are carried out fol-
lowing the standard procedure using the MUSE pipeline
(Weilbacher et al. 2020, version 2.8.4) executed by EsoRex
(ESO Recipe Execution Tool; ESO CPL Development Team
2015). For studying the extended Ly« nebulae to the faintest
edge, we reduce the data following the optimised procedure
developed in our pilot study of 4C+04.11 (Wang et al. 2021b).
We first reduce each exposure individually with the standard
pipeline doing the sky-line subtraction and then using ZAP
(Zurich Atmosphere Purge, Soto et al. 2016) to remove the sky-
line residuals (see below details regarding the ZAP execution).
We then combine all exposures to the final data cube using
MPDAF Cubelist.combine (MUSE Python Data Analysis
Framework Bacon et al. 2016). We correct the astrometry of the
final combined cubes using star positions from the available
Gaia EDR3 catalogue (Early Data Release 3, Gaia Collaboration
2021). Two sources had no Gaia star within the MUSE field-of-
view (FoV). For TN JO121+1320 we use the SDSS DR16 (16th
Data Release, Ahumada et al. 2020) catalogue instead. For MRC
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0316-257, we use Gaia EDR3 to first correct the astrometry of
the HST/ACS F814W image and then matched the MUSE cube
to the HST image.

Using ZAP directly for sky-line residual removal without
applying masks may remove faint narrow Lya line emission
at the outskirt of our sample. Since the Lya nebulae in our
sample extend much further beyond the continuum emission
regime of the host galaxy and become narrower in line width
(e.g. Villar-Martin et al. 2003; Humphrey et al. 2007) such that
they are mistakenly treated as sky-line residuals and removed.
To alleviate this problem (Soto et al. 2016), for each source, we
(i) generate a first version of the combined data cube without
masks in the ZAP step; (ii) construct a Lya mask that covers
most line-emission region'; (iii) re-run ZAP using this Lya mask
on individual cubes for each exposures; (iv) combine the newly
obtained individual cubes to the final version data cube with
MPDAF.

We also correct for small residual (mostly) negative back-
ground level offsets probably due to a slight over-subtraction of
the sky continuum in previous steps. To do so, we (i) extract
a median spectrum from an r =~ 10” circular aperture around
the radio galaxy masking all continuum sources falling in the
aperture; (ii) mask the Lya line emission wavelength range and
strong sky-lines (>10"ergs™' cm > A~!arcsec™2, Hanuschik
2003) for this median spectrum; (iii) fit a 6th-order polynomial to
this masked spectrum; (iv) subtract this solution from the whole
cube.

Finally, to correct for the known underestimation of the vari-
ance in the standard pipeline reduction (see Weilbacher et al.
2020), variance scaling is implemented as described in
Wang et al. (2021b). Specifically, we scale the variance exten-
sion propagated by the pipeline based on the scale factor calcu-
lated in source-free regions using the variance estimated from
the data extension.

3. Data analysis
3.1. Lya nebulae extent and tessellation

To systematically study the Ly« nebulae of our HZRGs sample,
we first need to determine all the voxels (volume pixel) con-
taining usable Ly-alpha signal (Sect. 3.1.1) and bin the data to
a sufficient signal-to-noise ratio (S/N) using a tessellation tech-
nique (Sect. 3.1.2) before fitting the emission feature described
in Sect. 3.2.

3.1.1. Maximum extent of the nebulae

To select the Lya signal with optimised sensitivity and cap-
ture the very low surface brightness structures of the nebulae,
we used our own version of the adaptive smoothing algorithm
described in Martin et al. (2014; see also Vernet et al. 2017, for
an application to one of the sources in our sample). We first
smooth the data cube in the wavelength direction by averag-
ing n, neighbouring pixels. Then for each wavelength plane,
the algorithm iteratively smoothes spatially with a growing gaus-
sian kernel selecting pixels passing a given S/N threshold (T's/n)
and leaving to the next iterations only spaxels below this S/N
threshold, until a maximum smoothing radius is reached (0 pax)-
The spaxels not selected by the end of the iterative process are

' 'We note that this mask is only used in this process to eliminate the
impact of the Lya signal on ZAP. The detection map for determining
the maximum extent of the Ly nebula is described in Sect. 3.1.1.
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masked out. To further clean the smoothed data cube from spu-
rious noise features and make sure that a proper line fitting
can be made, we mask spatial positions selected by the adap-
tive smoothing algorithm in less than n, consecutive wavelength
bin.

To determine the optimal combination of the four param-
eters (ny, Ts/N, Omax and ng), we explore a range of possi-
ble combinations and select the set that is most sensitive to
the extended low-surface brightness emission while at the same
time minimising the number of detached ‘island-like’ struc-
tures (see Appendix A.1 for details). We note that the max-
imum nebulae extents selected by this method are similar to
the results from previous studies of individual targets by dif-
ferent procedure (TNJ1338-1942 from Swinbank et al. 2015) or
pure manual selection (MRCO0316-257 in Vernet et al. 2017). We
then manually clean up this map for the few remaining isolated
island-like regions with further checking spectra extracted from
these regions. This clean-up is accompanied by signal checking
through spectrum extraction and only affects low S/N regions
(Appendix A.1). Thus, the bulk of the detection map remains
unchanged. This resulting detection map defines the pixels that
we consider as part of the nebula and that we use in the analysis
in this paper (see also Appendix A.1).

3.1.2. Tessellation procedure

In order to increase the S/N to a level that allows fitting of the
Lya line, especially close to the detection limit at the periph-
ery of the nebulae, we tessellate the Lya detection map. To
construct the tessellation map, we firstly use a S/N map based
on a narrow-band image (~15A wide) extracted around the
Lya emission peak. We implement a two-step Voronoi binning
(Cappellari & Copin 2003) procedure which optimises the per-
formance for both high S/N and low S/N regions by tessellating
individually on these two parts. Specifically, the two-step proce-
dure uses different target S/N for inner and outer regions. In this
way, we can avoid large size tiles at the low S/N (outer) regions
which may unnecessarily smear spatial resolution by imposing
too high target S/N. We then combine the tessellated regions
from the two-step process into one map. We emphasise that the
tessellation is a trade-off between spatial resolution and S/N. The
main goal of the work is to study the extend Lya nebulae to
the detection limit. This can only be achieved by sacrificing the
spatial information. The details of this tessellation process are
described in Appendix A.2, and in A.3 we present the resulting
the maps.

3.2. Spectral fitting
3.2.1. Lya absorption modelling

In this work we treat the Ly emission system of HzRGs as an
idealised case where several assumptions have been made prior
to the analysis: (i) the radio galaxies reside in giant reservoirs of
neutral hydrogen (~100s kpc); (ii) the neutral hydrogen is rather
diffuse with large covering factor; (iii) the geometry of the giant
reservoirs is unknown but can be highly asymmetrical due to the
influence of the radio jet. Under these assumptions, it is natu-
ral that we observe absorption effecting the Ly« profiles. Indeed,
such absorption troughs are observed in our Lya spectra (see
Fig. 1) that need to be accounted for when drawing conclusions
about the intrinsic emission line flux and higher moment mea-
surements. Specifically, high resolution spectrocopy using the
UltraViolet and Echelle Spectrograph (UVES) on the VLT exists

for seven out of eight of the targets in our sample (Jarvis et al.
2003; Wilman et al. 2004, Ritter et al., in prep.). These spec-
tra with ~30 higher resolution than MUSE display sharp edges
which is fully consistent with a well-defined absorption pro-
file rather than radiative transfer effects. We note that the term
‘radiative transfer’ used in the paper refers to the process where
Ly« photons are scattered in frequency (wavelength) but are
still captured in the spectrum (i.e. not ‘lost’ in the observer’s
line of sight). In our assumptions, contrary to this, the pho-
tons are ‘lost’ either due to being scattered outside our line of
sight or being absorbed by dust and remitted at longer wave-
length. We therefore adopt the technique used in our pilot study
(Wang et al. 2021b, and equations therein) and fit the spectra
using a combination of Gaussian emission line profiles and Voigt
absorption troughs (e.g. Tepper-Garcia 2006, 2007; Krogager
2018). This procedure has also been implemented successfully
in the literature for fitting the Ly« line emission in HzRGs (e.g.
Swinbank et al. 2015; Silva et al. 2018b; Kolwa et al. 2019).

The known degeneracy between the HI column density and
Doppler parameter in our fits (e.g. Silva et al. 2018a) does not
affect the reconstructed intrinsic emission which is the focus of
this work. We show the ‘Master Lya spectrum’ extracted from
a central 1" aperture in Fig. 1a which presents how the intrin-
sic profile compares to the observed spectrum (see Sect. 4.1 for
details).

We emphasise that the term ‘intrinsic Lya emission’
throughout the work refers to the nebula Lya emission cor-
rected for intervening absorbers. The absorption troughs seen
on the spectra (Fig. la) are due to the Lya emission being
absorbed by these neutral hydrogen gas clouds or shells along
the line of sight. Under the aforementioned assumptions, a natu-
ral consequence is that the absorbers must be distributed across
the whole projected extension of the nebula. The fact that we
mostly observe these features continuously across the extent of
the nebulae in most HzZRGs indeed indicates they are coherent
intergalactic-scale structures. This can be found in Figs. 2—4
where similar absorption features are seen in the selected spec-
tra at larger distance (10s of kpc) away from AGN. Similar
maps of the remaining sources are shown in Appendix C which
are the ones have been previously published (Swinbank et al.
2015; Gullberg et al. 2016; Vernet et al. 2017; Falkendal et al.
2021; Wang et al. 2021b). Our approach is a common interpre-
tation in studies of HzZRGs. Conversely, such absorbers are not
often seen in the Lya nebulae of other quasars. This reinforces
the interpretation that strong (radio-mode) feedback on inter-
galactic scales is needed to create such ‘shells’ of HI mate-
rial. The use of a Gaussian as underlying intrinsic emission
profile is supported both by observational and modelling works
(e.g. Arrigoni Battaia et al. 2019; Chang et al. 2023). This could
be a result of prior radiative transfer effects of Lya (e.g. local
scattering or scattering from the broad line region of the AGN
Verhamme et al. 2006; Gronke & Dijkstra 2016; Gronke et al.
2016; Li et al. 2022). The radiative transfer modelling requires
assumptions about the composition and geometry (and kinemat-
ics) of the gas near the AGN which is not the focus of this paper.
Hence, we just assume the Gaussian shape of the Lya (which
could be due to the radiative transfer effects) and correct for
the absorption along the line of sight to reconstruct the intrinsic
emission on CGM scales. Incorporating radiative transfer calcu-
lations into the study of HZRGs Lya nebulae is beyond the scope
of this current work. Further developments of theoretical works
are required (e.g. adding jet and resolving shells in simulations),
and our dataset would be well suited for such studies. We there-
fore stress that the presented results are only valid for the stated
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Fig. 1. Mapping results of our MUSE HzRGs sample. (a) Master Ly« spectrum (blue shaded histogram) extracted from a » = 0.5 arcsec aperture at
the AGN position with best fit (solid dark magenta line). Red dashed curve shows the intrinsic Ly« from fitting, i.e. corrected for absorption. The
vertical black bars above the emission line mark the positions of the HT absorbers. The yellow shaded region (if any) indicates the 5 wavelength
pixel range excluded in the fitting due to the contamination from the 5577 A sky-line. The flux density unit, F,, is 102 ergs™' cm™2 A~'. We
also show the scaled He 1111640 A spectrum extracted from the same position in green histogram. We scale the peak flux density of Hell to
0.3-0.7 (varied for different targets) of the maximum peak flux density of observed Lya spectrum in —1000 to 1000 kms~'. The Av = Okm s
is the systemic redshift based on He Il or [C1] (Table 1, Kolwa et al. 2023). (b) Intrinsic Ly surface brightness map. The flux in each tile is the
integrated flux of the line emission corrected for absorption, i.e. total flux of the one or two Gaussians, see Sect. 3.2. The light blue circle shows
the aperture where the Master spectrum is extracted from. Green triangles mark the positions of the radio lobes. We place a green bar linking the
triangles on TN J0121+1320 to indicate the unresolved state of its radio emission. The length of the bar represents the linear size of the 30~ contour
along the east-west direction. The white hatched regions are the ones where the flux uncertainty is higher than 50% of the fitted intrinsic flux.
The white bar indicates the 50 pkpc at the redshift of the radio galaxy. The unit of the surface brightness is 107'¢ erg s™! cm=2 arcsec™2. We apply
the same colour scale for all targets. (c) vso map of the intrinsic Ly nebula. The zero velocity used for each target is determined by the systemic
redshift (Table 1). Green contours show the morphology of the radio jet in arbitrary values. The green cross mark the AGN position (Table 2).
(d) Wgo map of the intrinsic Lya nebula. The black hatched regions on (c, d) are the same as (b). The purple hatched regions (in 4C+03.24 and
TN J1338-1942) are manually excluded due to contamination from either foreground star or known companion (Arrow galaxy in the filed of
MRCO0316-257, see Vernet et al. 2017). We note that the colour scales for panels ¢ and d are customised. The purple hatched area (if any) indicates
the manually excluded region affected by foreground star or known Ly« emitter.

assumptions that absorption rather than radiative transfer is pri-
marily responsible for the line profiles. We discuss the limitation
of this treatment in Sect. 5.1.

We note that the OV]141213.8,1218.2 (O V]) line under-
neath the Lya can affect the obtained flux especially in the

lines (e.g. NvA11238, 1243 which is found to be related with
O V]) and high resolution spectra are analysed.

3.2.2. Fitting procedure

nuclear region where the ionisation parameter (and metallic-
ity) is higher (Humphrey 2019). In our pilot study (Wang et al.
2021b) of 4C+04.11, we found the contribution from O V] is
negligible. Hence, we do not further include O V] in our line fit-
ting. We leave the inspection to future work when data of metal
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To reconstruct the intrinsic Lya emission across the nebula, we
fit each spectrum in each tessellation bin (see Sect. 3.1.2) follow-
ing the procedure described in Sect. 3.2.1. We take into account
the physical connection between neighbouring tiles by using the
fit results of a previous connected bin as the starting parameters
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Fig. 1. continued.

for the next bin (see Appendix A for details on the ordering). We
determine the number of absorbers based on the Master spec-
trum where the S/N is the highest (Fig. 1a). We then use that
same number of absorbers across the nebula, where the cen-
troid, column density and Doppler parameter of absorbers are
fitted in a given range (Appendix B). This assumption is sup-
ported by the profile shapes at the largest spatial extents (see
Figs. 2—4 and also Appendix C). We note that the number of
absorbers selected here may be incomplete but this has minor
effects on the results of this paper: (i) the absorbers that impact
most the intrinsic flux (i.e. spatially extended ~10” and hav-
ing higher column density and/or larger Doppler parameter) are
included; (ii) absorbers that seem to be ‘superfluous’ at the wings
have only minor effects on the reconstructed flux where S/N
is low (Fig. 2-4). Future work using high spectral resolution
data will address these issues also taking into account that some
of these absorbers have counterparts in metal lines covered by
the MUSE data (e.g. NVA11238,1243 and C1vA41548, 1551
Kolwa et al. 2019; Wang et al. 2021b). We perform the fit in each
bin using both one and two Gaussian emission line components
and we choose the solution that minimises the reduced y?. The
fit is done using a least-squares method followed by a Markov
chain Monte Carlo (MCMC, using the python package emcee,
Foreman-Mackey et al. 2013) sampling. The uncertainties we
report are either the direct output of the 1o error by the MCMC
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or the propagated 1o error. A detailed description of the fitting
procedure is provided in Appendix B. We reiterate that we do not
report any further parameters on the absorption features which
will be analysed in future work in combination with higher spec-
tral resolution data (e.g. Jarvis et al. 2003; Wilman et al. 2004;
Kolwa et al. 2019, Ritter et al., in prep.). We present the results
of this procedure for all of our sources in Fig. 1.

4. Results
4.1. Intrinsic mapping

In this section, we present the intrinsic maps (i.e. corrected
for absorption) constructed following the fitting procedure
described in Sect. 3.2. For each sources we show the Mas-
ter spectrum together with its best fit in Fig. la as an exam-
ple (Sect. 3.2.1). We also show the non-resonant He IT spectrum
extracted in the same aperture (green histogram, not continuum
subtracted) which is used for systemic redshift (Av = Okms™,
Table 1) determination. We note that there is no HeII detected
at the AGN position for 4C+03.24 (Sect. 4.2.4). In addition, to
illustrate how fitting procedure works spatially (Sect. 3.2.2), the
selected exemplar individual fits are shown in Figs. 2—4 (also see
Appendix C).

The intrinsic Lya surface brightness maps are shown in
Fig. 1b on the same flux scale. Regions with larger fitting
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Fig. 2. Example for the intrinsic mapping of the Ly nebula of TNJ0205+2242. The central panel shows the intrinsic surface brightness map of
TNJ0205+2242 which is the same as Fig. 1b. The green cross and triangles mark the position of the AGN and jet lobes, respectively. In each of
the side panel, we show the spectrum (blue shade histogram in normalised flux unit) extracted from the individual spatial bin whose number is
labelled at the top left, and the best fit (dark magenta curve) and recovered intrinsic Lya (dashed red line). The black vertical bars indicate the

positions of the HI absorbers.

uncertainties (= 50%) that should be treated with caution are
indicated by the overlaid hatched tiles. We report the total intrin-
sic Lya luminosities (Liyq,ine) Of the nebulae in Table 2 and their
maximum linear extent, dp,x, in Table 3. Down to the surface
brightness limit (Table 2), seven of our nebulae are extended
over 100 pkpc with the largest being ~347 pkpc (MRC0316-
257). TNJO121+1320 is the only target with nebula < 100 pkpc
(~72 pkpc). The total intrinsic surface brightness (L yq,ine) of the
nebulae ranges from 2 to 29 x 10* ergs™!.

To characterise the kinematic information of the intrinsic
nebulae that are fitted with one or two Gaussians, we use a set of
non-parametric emission line measurements (see e.g. Liu et al.
2013) derived from the cumulative line flux as a function of
velocity ®(v) defined as:

(I)(v)zf FOHdY (D

where f(1') is the flux density at v'. The often used vsg is the
velocity where the cumulative flux reaches 50% of the total inte-

grated value, ®(vsg) = 0.5®(c0). The vgs, vig, Voo and vgs are
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defined similarly. The line width measurement, Wg, defined in
this context is Wgo = v9p—vo. In case of single Gaussian fits, Wsg
is directly related to the FWHM and vs is the Gaussian centroid.

The non-parametric velocity shift (vsp) and line width (W)
of the nebulae are shown respectively in panels ¢ and d of Fig. 1.
The vso maps do not show clear trend on larger scale (i.e. beyond
the jet hot spots) for the whole sample. This is foreseeable given
that (i) Ly« is a resonant line which is sensitive to scattering (i.e.
it will not necessarily show the bulk velocity of the gas), and
we only observe the last scattering surface; (ii) the size of the
tile far from the centre is larger which could smear out potential
velocity structures; (iii) the line emissions on several 10s of pkpc
could trace the inflowing gas (or other gas components not gov-
erned by the host galaxy and/or kinematically related to the quasar
outflow, e.g. Vernet et al. 2017). Within the extent of the radio
jets, 3 targets (MRC0943-242, MRC0316-257 and TN J1338-
1942) show tentative velocity gradients consistent with the jet
kinematics (Sect. 2.1.3). For the line width maps, Wso, 3 targets
(4C+03.24, 4C+19.71 and TN J1338-1942) show a trend with
the line being broader near the centre and becoming narrower
outwards. There are some tiles on the periphery of the nebulae,
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Fig. 3. Similar to Fig. 2, but for TNJ0121+1320.

for example the south-west tile of 4C+04.11, displaying larger
Wso values (22500 km s™2). Except 4C+19.71, all targets show a
line width of ~800—2500 km s~!. For 4C+19.71, due to the strong
5577A sky-line located close with the observed Ly peak wave-
length, its line width should be treated as lower limit (*600km s~ D)
especially for the tiles in the outskirts of the nebula.

We note that the non-parametric measurements used in this
mapping are based on intrinsic (= absorption-corrected) line
profiles which are determined through model fitting, same as
Wang et al. (2021b). In Appendix C, we present the maps of
observed surface brightness and flux ratio as supplementary
material.

4.2. Radial profiles

4.2.1. Circularly averaged surface brightness radial profiles

In this section, we present the surface brightness radial profile of
the eight Lya nebulae. In order to compare our HzZRGs to other
quasar samples, we extract the surface brightness profile centred
around the AGN in circular annuli. The annuli over which the
profiles extracted are shown in Fig. D.1. We compute the surface
brightness in each annulus as the mean of the surface bright-
ness of each contributing spaxel weighted by the fraction of the
spaxel area covered by the annulus. Table D.2 lists the extracted
intrinsic profile values.

—2600 0 2000

Av[kms™1]

Figure 5 shows the radial profiles after correction for cos-
mological dimming and in comoving units for observed (upper
panel) and intrinsic (lower panel, corrected for absorption) maps.
The dashed lines in the upper panel represent the comparison
quasar samples or single targets (an extremly red quasar and
2 radio-loud quasars from Lau et al. 2022; Vayner et al. 2023,
respectively). The selected quasars are all observed by advanced
IFU instruments (MUSE or KCWI) and cover a large range
of redshift and physical properties. They are luminous radio-
quiet quasars at z ~ 3.2 quasar from Borisova et al. (2016;
profiles from Marino et al. 2019), luminous type-1 quasars at
7z ~ 3.17 from Arrigoni Battaia et al. (2019), luminous quasars at
z ~ 2.3 from Cai et al. (2019), high redshift quasars at z ~ 6.28
from Farina et al. (2019) and luminous quasars at z ~ 3.8 from
Fossati et al. (2021). The quasar nebulae do not show so many
absorption features as in our HzZRGs and the studies were pre-
formed without absorption corrections (Sect. 5.1). Neverthe-
less, since the comparison quasar samples are not corrected
for absorption, we do not show them all again in our intrin-
sic profile (lower) panel. The two exceptions are Farina et al.
(2019, hereafter F19) and Vayner et al. (2023; 7C 1354+2552,
V22 7C). Those two are on the higher surface brightness end
of the comparison samples, and we examine them quantitatively
along with both the intrinsic and observed HzRGs profiles. We
note that Vayner et al. (2023) fitted the Ly absorbers from the
spatially integrated 1D spectrum and found ~10'33cm™2 for
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Fig. 4. Similar to Fig. 2, but for 4C+03.24. The red box marks the secondary southern K-band continuum emission peak (van Breugel et al. 1998,
Sect. 4.2.4). The yellow shaded regions show the wavelength range excluded due to the 5577 A sky-line.

Table 2. HZRGs MUSE sample properties.

HzRG RA (J2000) @ Dec (J2000) ©  SBlimit™®  Liyoin ®  Liya,obs ¥

hh:mm:ss dd:mm:ss 107 cgs  10%ergs™!  10%ergs™!
MRC 0943-242  09:45:32.73 —24:28:49.65 @ 17.0 4.7+0.1 2.39+0.03
MRC 0316-257  03:18:12.07 —-25:35:10.22 ® 2.62 7.3+1.2 1.04+0.04
TN J0205+2242  02:05:10.69  +22:42:50.4 @-© 13.3 8.3+0.4 3.82+0.06
TN J0121+1320  01:21:42.73 +13:20:58.0 @ 5.64 2.0+0.1 0.55+0.01
4C+03.24 12:45:38.37 +03:23:21.0 @ 11.5 28.8+0.8  5.43+0.20
4C+19.71 21:44:07.56 +19:29:14.6 @ 4.77 4.3+0.3 1.48+0.22
TN J1338-1942  13:38:26.10 —-19:42:31.1 © 4.34 12.3+0.3  5.89+0.10
4C+04.11 03:11:47.97  +05:08:03.74 9.84 20.0+0.7  2.89+0.07

Notes. (PPosition of the AGN and/or host galaxy. " The surface brightness limit is the 20~ limit extracted from continuum-source- and Lya-free
regions in a narrow band image. The narrow band image is collapsed from vys to vos (see Sect. 4.1). The cgs unit is erg s~' cm™2 arcsec™2. ®Intrinsic
Lya luminosity (i.e. corrected for absorption) of the nebula. It is integrated over the entire area selected in Sect. 3.1 and multiplied with the lumi-
nosity distance using the cosmological parameters (Sect. 1). ®Observed Lya luminosity of the nebula integrated over the entire area from vos to
vos (see text).

References. “Spitzer (Seymour et al. 2007; De Breuck et al. 2010). ¥’ Chandra Obs. ID 5734 (PL:Pentericci). Chandra Source Catalogue
(Evans et al. 2010). “Radio (De Breuck et al. 2002). “Radio (van Ojik et al. 1996). “Radio (De Breuck et al. 1999). ¢"Radio (Parijskij et al.
2014).
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Table 3. HzRGs nebulae properties.

HzRG €weight M €weight, obs L Cunweight M [6w. — PAagiol © [Bunw. — PAradiol © AdAGN-neb ® Ainax ®
deg deg pkpc pkpc
MRC 0943-242  0.73+0.01 0.76 0.62 4.7+1.8 7.2 3.4+0.1 164
MRC 0316-257  0.28+0.38 0.96 0.87 28+54 20.8 13.5+0.2 347
TN J0205+2242 0.91+0.01 0.79 0.75 2.1+£2.3 8.6 9.0+0.1 170
TN JO121+1320 0.66+0.05 0.74 0.48 10.5+8.7 72.1 3.1+0.1 72
4C+03.24 0.79+0.01 0.72 0.82 8.1+£1.2 2.0 9.9+0.1 248
4C+19.71 0.85+0.02 0.83 0.51 20.1+9.1 29.3 6.7+0.1 143
TN J1338-1942  0.94+0.01 0.87 0.90 1.3x1.4 1.2 15.3+0.1 265
4C+04.11 0.76+0.01 0.20 0.59 81.4+1.3 45.3 5.7+0.1 163

Notes. VIntrinsic flux-weighted (eweignt)> observed flux-weighted (eyeigh,obs) and unweighted elliptical asymmetric measurements. The flux-
weighted ellipticity is sensitive to the morphology of the high surface brightness part of the nebula. The unweighted ellipticity quantifies the
morphology of the whole nebula. We note that for e — 0, the nebula is closer to round shape and vice versa.  Absolute difference between flux-
weighted (unweighted) nebula position angle, Oycighi (Bunweight)> and radio axis position angle, PA ;gio- ®Offset between the intrinsic flux-weighted
centroid of Lya nebula and AGN position. ®Maximum linear extent spanned by the Lya nebula.

the column densities. For F19, there is not much evidence of
absorption. Therefore, the comparison is legitimate. The best
fit profiles to the observed Lya nebulae of radio loud quasars
in Arrigoni Battaia et al. (2019) are included in both panels of
Fig. 5 which can be used as a reference between the two panels.

Except for the extremely red quasar from Lau et al. (2022;
which is also highly obscured), type-1 radial profiles are domi-
nated by direct emission from bright AGN point source in the
inner regions (~50 ckpc or ~10 pkpc). Hence, due to point
spread function (PSF) subtraction, the inner-most radius covered
in the comparison samples is limited to ~50 ckpc in most cases
(except Vayner et al. 2023). At larger radii, the contamination by
the PSF should be negligible. Of the three single target profiles,
V22 7C (7C 135442552 from Vayner et al. 2023) has the high-
est surface brightness. At a radius of ~50 ckpc, the intrinsic sur-
face brightness of our HzZRG sample has a factor of 0.5-7 com-
pared with V22 7C (7 of our targets are brighter). This source
then shows a faster drop off compared with HzZRGs. At the faint
end corresponding to ~300 ckpc (except TN J0121+1320), the
HzRGs have a factor of 7-100 higher surface brightness than
V22 7C. The profile of Farina et al. (2019) shows the highest
surface brightness among the comparison samples. At ~50 ckpc,
the intrinsic HzZRG profiles are still a factor of 1.1 —15 (or 4 —40
at ~400 ckpc, except TN JO121+1320) brighter than the 75th
percentile of Farina et al. (2019). These indicate that our eight
observed HZRG have some of the brightest known Lya nebu-
lae (Sect. 2.1). We note that the jet compression is also known
to result in high Lya nebula luminosity (e.g. Heckman et al.
1991a,b). Compared to quasars with similarly deep observa-
tions (i.e. avoiding the surface brightness detection limit), our
HzRG sample generally maintains a high surface brightness out
to larger radii (5 out of 8 >500 ckpc). We note again that the
detected extent of our nebulae will have similar range even if
adopting other detection methods than the ones in this paper
(Sect. 3.1). For example, Gullberg et al. (2016) reported the sim-
ilar extend Lye nebula in MRC0943-242 with less exposure
time. Vernet et al. (2017) detected the nebula of MRC0316-257
>700 ckpc based on visual detection. Swinbank et al. (2015)
found the > > 500 ckpc nebula of TN J1338-1942 with (or even
without) a simpler binning algorithm. Hence, we are sure that
the detection of the 2500 ckpc nebulae in our sample based on
our method is robust. However, we do caution that this sample
is not representative since they are selected to have bright and
extended Lya emission. The profiles of MRC0943-242, MRC

0316-257 and TN J1338-1942 show a flattening at ragn > 200
ckpc. For the comparison samples, their profiles drop off mono-
tonically and drop below detection limit at radii smaller than our
HzRGs. The lowest surface brightness of HzZRG intrinsic profiles
is ~1x1071 erg s™! cm™2 arcsec™> (MRC0316-257, corrected for
cosmological dimming) which is higher than the faint end of
the quasar samples by a factor of 5 — 40 (not at similar comov-
ing distances). These indicate that we are observing some of the
most extend Lya nebulae, in two cases (MRC0316-257 and TN
J1338-1942) even extending beyond the field of view of MUSE.
By simply comparing our intrinsic profiles to the exponential
and power law fits of Arrigoni Battaia et al. (2019), we find that
the inner part of HzZRGs profiles are exponential-like (especially
MRC0943-242 and TN J1338-1942) while extended parts show
power law decline. We note, however, that the exponential part
is affected by seeing smearing.

If we do not correct for the Ly« absorption and instead mea-
sure at the observed radial profiles (Fig. 5 upper panel), 5 of the
HzRGs are still brighter than the comparison samples, but by a
lower factor of ~2—4 (~2-6) at radii of ~400 (~50) ckpc com-
pared to the 75th percentile of Farina et al. (2019). Comparing
the results from intrinsic and observed profiles, this suggest that
the quasar samples may miss a non-negligible amount of flux
(25) due to uncorrected for absorption.

The radial surface brightness profiles of the comparison
samples are extracted from a fixed velocity or wavelength
range, for example +2000kms™' in Cai et al. (2019), 30A in
Arrigoni Battaia et al. (2019) and +500kms~! in Farina et al.
(2019). Considering the redshift difference between these sam-
ples, the integration range adopted are consistent. For our study,
particularly for the observed radial profile, our extraction is
based on the vys and vys5 which are determined based on intrinsic
fitting (Sect. 4.1). In this way, we can minimise the uncertain-
ties coming from the observed line width difference, for exam-
ple between the emission lines in the vicinity of the host and out-
skirts of the nebula. Our velocity range (vos and vgs) used is basi-
cally the value of Wy, which has the range of ~800—-2700km s~!
for all tiles of all targets. Nevertheless, we conduct a check by
extracting observed circular radial profiles through integration of
30 A around the systemic redshift of our targets for comparison.
The results vary by ~ + 10% in each annulus to the profiles in
Fig. 5 (from vys and vgs), especially for emissions at >50 ckpc
where the line width is narrower comparing to the centre. The
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Fig. 5. Radial profiles of the Ly nebulae extracted in circular annuli (Fig. D.1). For better comparison, we show the radial profile in comoving
kpe (ckpc) and take the cosmological dimming into account by a factor of (1 +z)*, where z is the redshift of the target. The black dot-dashed curve
and grey dotted line in both panels are the best fitted exponential and power law profiles of the Arrigoni Battaia et al. (2019) radio loud sample,
respectively. The two vertical dotted lines mark the 50 and 300 ckpc, respectively. Upper panel: Radial profile of observed surface brightness map
in thicker solid lines. In this panel, we also include the radial profiles of other quasar samples (dashed lines) for comparison: B16 — Borisova et al.
(2016), AB19 — Arrigoni Battaia et al. (2019), C19 — Cai et al. (2019), Farinal9 — Farina et al. (2019), Fossati21 — Fossati et al. (2021), L22 —
Lau et al. (2022) and V22 — Vayner et al. (2023; two sources, 4C09.17 and 7C 1354+2552). When it is available, we show the range spanned by
the 25th and 75th of the comparison sample radial profile as the shaded region around median profile in the same colour. The horizontal bars at the
right-most indicate the observed surface brightness limits (scaled by area from Table 2) for each target in the same colour. Lower panel: Intrinsic
radial profile in thicker solid lines. The shaded regions around each profiles indicates the uncertainty range of the surface brightness from fitting.
In this panel, we show again the same profiles of F19 and V22 7C as in the upper panel for comparison. Our HzZRGs are extended further with
higher surface brightnesses (or flattening in some sources) at larger radii (~300 ckpc) compared to other samples.
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Fig. 6. Surface brightness radial profiles for approaching (blue squares) and receding (red circles) directions along the jet axis. The dotted curves
in corresponding colours show the exponential+power law fits for the two directional profiles. We also include the fits for the circularly averaged
profile in solid magenta lines. In each panel, the magenta shaded region mark again the same uncertainty range for the intrinsic surface brightness
profile as Fig. 5. The solid green curve is the normalised radial profile of a star extracted up to 2" (the one in the FoV of MRC0316-257 is extracted
from a round galaxy due to no available star) showing the PSF (Table 1). The vertical dashed lines indicate the distances of the jet hot spots in
corresponding colours. The profile along the receding side of the jet is brighter than along approaching side for most sources within the extent
of the jets except 4C+03.24 and 4C+04.11. This may indicate different gas density distribution (see Sect. 4.2.2). We also identify flatting of the
profile at > 100 ckpc for MRC0943-242, MRC0316-257 and TNJ1338-1942 which may related to nearby companions (see Sect. 5.4).

30 A extracted profile could be 40% less than the vos —vos extrac-
tion in the centre regions (wider line width) for high-redshift
targets where the fixed wavelength range in observed frame cor-
responds to a narrower rest frame range. Hence, to alleviate this
problem brought by the difference in line width and redshift
range spanned by our sample, we keep the vps-to-vgs extraction.
As for the intrinsic radial profile, it is redundant to integrate from
a narrower range when we can have the direct fit results for the
integrated Ly line. We show the flux ratio between the intrinsic
and observed maps in the same velocity range in Appendix C
which can be used as a proxy for scaling between the two pro-
files. Therefore, the different wavelength (velocity) ranges used
when extracting radial profiles for our study and comparison
quasar samples will not bring additional discrepancy besides the
relatively large surface brightness value in our sample.

4.2.2. Directional surface brightness profiles

Since the shapes of our Lya nebulae are asymmetric (Sect. 4.3),
the radial profiles extracted in Sect. 4.2.1 smear out direction-
dependent features. For instance, several HZRG Ly« nebulae dis-
play features aligned with their radio jets, such as having higher
line width and elongated morphology along the jet axis (e.g.
van Ojik et al. 1997; Villar-Martin et al. 2003; Miley et al. 2004;
Zirm et al. 2005; Humphrey et al. 2007; Morais et al. 2017).
Hence, in this section, we study the radial profile of the intrinsic
Lya emission along the direction of the radio jet which could
exert a kinematical and/or electromagnetic influence on the sur-
rounding gas. Due to the limited S/N, we split our nebulae into
two half parts (approaching and receding, Appendix D) along
the jet direction and extract the surface brightness profile in each
direction using the same annuli as Sect. 4.2.1. Figure 6 shows
these directional profiles. We also show the position of the jet

hot spot for the receding (red) and approaching (blue) side with
vertical dashed lines®. Qualitatively speaking, the surface bright-
ness on the receding side is higher than on the approaching
side within the radio jet extent for most of our sources (except
4C+03.24 and 4C+04.11). In three sources, the receding jet hot
spot is closer to the AGN: MRC0316-257, TN J0205+2242 and
TN J1338-1942. This result was first reported by McCarthy et al.
(1991) where the authors found that the line emission is brighter
in HzGRs on the side with shorter radio jet. They interpreted this
as a large-scale asymmetry in the density of gas on either side
of the nucleus: the denser gas absorbs more ionising radiation
resulting in brighter emission lines, while the radio jet is more
contained as it travels more slowly through the denser medium.

4.2.3. Fitting the surface brightness profiles

To quantify the shape of the profiles, we fit the circularly aver-
aged intrinsic profile and two directional intrinsic profiles with
a piecewise function split into an exponential for the inner part
and power law for the outer part. This can be mathematically
represented by

r<rnr
r>rnm

Ceexp(=r/m)

oo : @

SB(r) = {
where ry is the scale length of the exponential profile, ry, is the
distance at which the inner and outer profiles separate and C.
and Cj, are normalisation parameters for exponential and power
law profiles, respectively (Cp = Ceexp(—tp/rn)/ry)- The determi-
nation of the piecewise function is motivated by previous studies

2 We note that the radio emission of TN J0121+1320 is unresolved.
The ‘jet size’ represented by the vertical lines are linear size of the 3o
contour along the east-west elongation of the radio map.
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of quasar Ly« nebula (e.g. Arrigoni Battaia et al. 2019; Cai et al.
2019; den Brok et al. 2020) which fit the profile by either power
law or exponential. We also test to fit our profiles use only
one of the two functions. The single profile, however, cannot fit
some targets well. For example, the reduced y? are high (>20)
for MRC0943-242, MRC0316-257 and TN J1338-1942 with the
single-function fit. We therefore fit all of the profiles with the
piecewise function for consistency. Figure 6 shows the fits and
Table D.3 presents the fitted parameters.

For most of our targets, the two directional surface bright-
ness profiles are similar to the circularly averaged profile. One
exception is the approaching side of MRC0316-257 which has
~1 dex lower than the receding side. This could be an extreme
case of uneven Lya emitting which may trace the different gas
distribution. In Fig. 6, we also show the distance of the jet
hot spots on both directions (Appendix D). There is no cor-
relation between the distance of the jet hot spot and r, (nor
). As Sect. 4.2.1 described, our HzZRGs are high in surface
brightness (large C.); the reasons for this include (i) our sam-
ple is composed of HzZRGs with bright Ly emission, (ii) our
profiles are absorption corrected, (iii) the quasar surface bright-
ness is extracted from a fixed wavelength range (Sect. 4.2.1).
The exponential shape is also seen in other quasar samples,
for example Arrigoni Battaia et al. (2019), Farina et al. (2019),
den Brok et al. (2020) and Lauetal. (2022). The r, values
derived for our sample are mostly <20 pkpc (Table D.3) which
is consistent with the quasars. This suggests a similarity between
the central (high surface brightness) part of HzZRGs to other
quasars (type-1 radio-loud and radio-quiet, type-2 radio-quiet),
despite the high surface brightness in our sample. We note that
the PSF-subtraction of quasar samples and resolution effects will
impact the inner part to the profile. We further discuss the power
law declining (flattening) part of our nebula in Sect. 5 combining
the information from nebular morphology (Sect. 4.3).

4.2.4. Radial profiles of kinematic tracers

It is of interest to study how the nebula kinematics changes radi-
ally which may offer evidence of outflow and/or inflow (e.g.
Humphrey et al. 2007; Swinbank et al. 2015; Vernet et al. 2017).
We stress that it is beyond the scope of this work to separate
different Lya kinematics emission components (e.g. systemic
and outflow) which will be inspected through high resolution
spectroscopic data. Hence, we adopt the vsy and Wgo parame-
ters to measure the overall kinematics of the line emitting gas
(Sect. 4.1). We caution that the kinematics derived in this way
may be biased, for example if there are several gas components
with different kinematics but on similar flux levels.

InFig. 7, we show the directional radial profiles of vs (Fig. 1c)
and Wy (Fig. 1d), respectively. The profiles are extracted in a sim-
ilar way as the directional surface brightness in Sect. 4.2.2 by split-
ting the map into two halves (approaching and receding). The vsg
(Wgo) value shown at each radius is averaged in the correspond-
ing annulus. Within the extent of the radio jet hot spots (vertical
dashed lines), MRC0943-242, MRC0316-257, TN J0205+2242
and TN J1338+1942 show evidence of jet-driven outflows (e.g.
Nesvadba et al. 2008, 2017a) if we ignore the absolute vsy value
but focus on the relative gradient. That is to say the velocity shift
at the approaching side is higher than the receding side. For these
four targets, we overplot a solid green line to show the fit of the
velocity radial profile within the radio jet extent in Fig. 7. The
same velocity gradient is also identified in He 11 for MRC(0943-
242 (Kolwa et al. 2019), MRC0316-257 (Appendix E) and TN
J1338+1942 (Swinbank et al. 2015). There is no other evidence
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from the vsy of ordered gas bulk motion for the overall sample.
This further suggests that Ly is an unreliable tracer of kine-
matics at least on 10s to 100s pkpc scale in HzZRGs. We note
that the tessellation implemented, especially for tiles with larger
size (~5 arcsec?) which are usually located in the low S/N region
away from the host galaxy, may smear out potential kinematic
features. One possible consequence of combining different kine-
matic components is broadening of the line width. This may be
the case for the receding side of MRC0316-257 and both sides
of TNJO121+1320 and 4C+04.11. In general, the Wy, does not
show an increasing trend towards larger ragn. However, if the line
width decreases intrinsically away from the AGN, this will coun-
teract the broadening which makes it difficult to check the impact
of smearing. Therefore, we mark the regions with ragn > 5” on
the kinematic radial profile using grey shade to flag the possible
high uncertainty in Fig. 7.

If we assume that the bulk of the gas resides in the potential
well of the radio galaxy, we expect to see the Lya emission gas
centred around systemic velocity, at least in the vicinity of the
AGN. Offsets of the vsy levels at ragny ~ O ckpe from O kms™!
(based on systemic redshift, Table 1) are identified for most of
our targets which may be due to the aforementioned bias from
different kinematic components and scattering of Ly« photons.
The most noticeable case is 4C+03.24 which has an offset of
~900km s~!. We note that its systemic redshift (Table 1) is based
on [CT1](1-0) emission (Kolwa et al. 2023) due to lack of Helr
from the AGN position in the MUSE data (Fig. 1a). This offset
can be eased if we use the redshift of HB, zyg ~ 3.566, reported
by Nesvadba et al. (2017b) as zero velocity. It is marked in black
dashed horizontal line in the vsy panel of 4C+03.24 in Fig. 7.
This corresponds to —1100kms™" with respective to the sys-
temic velocity shift used in this paper. We caution that, however,
the HB was not exclusively extracted at the AGN position (radio
core). There is also a known jet-gas interaction in the south of
the AGN (see bend of the radio jet contours in Fig. 1b and also
van Ojik et al. 1996). From the K-band image (van Breugel et al.
1998), we can find a second continuum emission peak in the
south. The position of this emission peak is marked by the red
square in Fig. 4. Given these pieces of evidence, we propose that
there is a companion galaxy at zyg =~ 3.566 in the south of our
radio galaxy (z = 3.5828). If there is (or was) an interaction
between these two galaxies, the companion may have deprived
gas from the AGN resulting in a gas poor AGN host (no detection
of Hell and less molecular gas detected at the AGN position,
Kolwa et al. 2023). The companion then becomes sufficiently
massive and gas-rich to deflect the jet. Therefore, the Ly neb-
ula of 4C+03.24 may trace the CGM of the companion galaxy.
Scheduled JWST data (Wang et al. 2021a) will offer a clearer
view of this particular situation.

For the Wy radial profiles in Fig. 7, we can first identify
that most of the HzRGs have high Wgy even at larger radii
(~1500kms~!). The exception is 4C+19.71 whose measurement
is affected by sky-line residuals (Sect. 4.1). The Wg, reported
here is similar to FWHM (especially at large radii, >100 ckpc or
222 pkpc) where most of our fit are done with a single Gaussian
(Sect. 3.2). In4C+03.24, 4C+19.71 and TN J1338-1942, we can
see a clear radial decrease of Wgo along both directions. This
may be related to results found in Villar-Martin et al. (2003) who
observed a Ly FWHM drop off at distance beyond the extent
of the radio jets in a sample of HzZRGs (including MRC0943-
242) using deep Keck long slit spectroscopy. In our study, how-
ever, we firstly do not find such a decrease in all targets. The
grey shaded regions (ragn > 5”’) should be treated with cau-
tion. We note that the FWHM in Villar-Martin et al. (2003) was
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Fig. 7. Directional vs, and Wy profiles for approaching (blue squares) and receding (red circles) sides along the jet axis extracted from the intrinsic
maps (i.e. corrected for absorption, Fig. 1cd). The vertical dashed lines indicate the distances of the jet hot spots (blue for approaching, red for
receding, Appendix D). We note that the radio emission of TN JO121+1320 is unresolved. The grey shaded regions are >5 arcsec from the host
galaxy. The data points in the shaded regions should be treated with caution given the large tile size may smear kinematic structures. The horizontal
black dotted line in the vso panel marks the 0 kms~! derived from systemic redshift. The dashed horizontal black line in the vsy panel of 4C+03.24
indicates the velocity shift of HB redshift (zys ~ 3.566, —1100 kms™' with respect to the systemic redshift; Nesvadba et al. 2017b) with respect to
its systemic used in this paper (Table 1, see text). We note that the range of the x-axis is customised for each target and that the Wy, is shown in
logarithmic scale. We show a zoom-in view of the central part of the vsy profiles of MRC 0316-257 and TN J1338-1942 in the insets. For MRC
0943-242, MRC 0316-257, TN J0205+2242 and TN J1338-1942, we mark the fit to the vs, profiles within the jet hot spots (vertical lines) in green
lines to guide the eye of the evidence of nebula velocity gradient following jet kinematics. In general, there is no clear evidence of a trend in
bulk motion identified for the whole sample. For some targets (4C+03.24, 4C+19.71 and TN J1338-1942), Wy, decreases with increasing radial
distance which may indicate that the jet is disturbing the gas.

derived without correction for absorption. Since we see a high
spatial coverage of absorbers (Figs. 2—4), the correction indeed
helps with recovering the close-to-intrinsic gas kinematics at
large radii. In Fig. D.2, we show the position-velocity diagram
extracted based on our observed and intrinsic surface bright-
ness maps along the jet as a direct comparison with the long

slit spectroscopic study. Although it resembles the detection of
Villar-Martin et al. (2003) at first glance, we note that this is due
to the tessellation and the contrast between high surface bright-
ness and low surface brightness part.

By considering both the radial profiles from vsy and Wy,
we can generally find that the profiles within the jet extents
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have behave differently compared to the profiles outside the
jet extent. This again suggests the jet is disturbing or entrain-
ing the Ly emitting gas. There are unclear signs of kinematics
other than outflows or inflows seen mostly at larger radial dis-
tance ~300 ckpc. For example, MRC(0943-242 stays relatively
flat (for both vsy and Wgg), while MRC0316-257 has a decrease
in Wy followed by an increase beyond the jet extent on the
receding side. We reiterate that in this analysis we do not dis-
tinguish between (potential) different kinematics components by
using vso and Wy to quantify the overall velocity shift and line
width. This may bring bias of the measured values. Addition-
ally, the measured kinematics farther from the AGN are averaged
from larger annulus (e.g. projected area of ~4 x 10* pkpc? at
~60 pkpc or ~300 ckpc) which will bring another bias. We point
out again that we use grey shade to mark the data >5" from the
centre which has larger tile size. Nevertheless, we note that the
detected Wgo of ~10° kms™! (and abrupt velocity shift) at large
radii (~300 ckpc) in some of the profiles could be caused by the
fact that the detected Lya emission is dominated by emission
halos of nearby companions (e.g. Byrohl et al. 2021).

4.3. Morphology of the nebulae

The nebula morphology is related to the ionising sources,
gas dynamics and galaxy environment (Byrohletal. 2021;
Costa et al. 2022; Nelson et al. 2016). Especially when the Lya
nebulae (in our sample) can probe the CGM gas beyond
100 pkpc. By visual inspection, we observe that the shape of
our Lya nebulae are asymmetric (e.g. Fig. 1). In this section, we
study quantitatively the nebula morphology. We first focus on
the whole nebula by introducing the morphology quantification
measurements (ellipticity, nebula orientation and offset between
nebula centroid and AGN position) in Sect. 4.3.1 and compare
with other samples in Sect. 4.3.2. Then, in Sect. 4.3.3, we study
how the nebula asymmetry changes with radial distance for indi-
vidual targets. We also report the detected morphology correla-
tions between different measurements (i.e. offset between AGN
and nebula centroid position, nebula ellipticity and nebula linear
size) in Sect. 4.3.4. These shed light on how the central quasar
and nearby companions can affect the observed nebula morphol-
ogy. Finally, in Sect. 4.3.5, we show the non-random oration of
jet axis and its relation with the elongated direction of nebula
which hints at the CGM gas distribution.

4.3.1. Morphology quantification measurements

To quantify the asymmetry, we introduce a set of morphology
measurements. Arrigoni Battaia et al. (2019) used flux-weighted
asymmetry measurements for the Lya nebulae which is sen-
sitive to the high surface brightness part. In other works (e.g.
den Brok et al. 2020), an unweighted asymmetry measurement
was adopted for better studying the extended structure of the
nebulae (sensitive to the morphology of the whole nebula). To
better characterise the morphology of our HZRGs and perform
comparison with other samples, we analyse the asymmetry with
both the flux-weighted and flux-unweighted methods.

First, we follow Arrigoni Battaia et al. (2019) and calculate
the flux-weighted asymmetry, @yeign (s€€ Arrigoni Battaia et al.
2019, for the definition). This quantifies the asymmetry of the
nebula in two perpendicular directions. Together with the asym-
metry measurement, we also obtain the flux-weighted position
angle Oyejgni, Which we use as an indicator for the elongation
direction of the nebula after converting it to the same refer-
ence system as the radio jet axis (i.e. angle measured east from
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north). The flux-weighted nebula centroid (centre of the neb-
ula) is also computed. We note that the intrinsic flux and its
uncertainty are used as weight to measure these three param-
eters and to calculate the corresponding uncertainties, respec-
tively. We also derive the asymmetry measurement weighted by
observed flux for comparison. Second, to compare with flux-
unweighted asymmetry reported for other quasar samples (e.g.
Borisova et al. 2016; den Brok et al. 2020), we calculate the
Qunweight Tollowing den Brok et al. (2020). In this context, we
also derive Oypyeighe (flux-unweighted position angle) to exam-
ine the jet-nebula relation with respect to the entire nebula.
Figure 8 visualises the weighted (nebula centroids and yeignt)
and unweighted (Bunweight) parameters on the eight nebulae.

In Lau et al. (2022), the authors compared morphology of
different quasar samples. Following their comparison, we con-
vert the aforementioned asymmetry measurement (for both flux-
weighted and unweighted), «, to an intuitive elliptical asymme-
try measurement (or ellipticity) e = V1 — a?2. For eyeight — 0,
the nebula is closer to round shape and vice versa. Table 3 reports
the morphological parameters of our sample. Since the abso-
lute flux-weighted centroid position and Byeighe (and Gunweight)
are irrelevant, we report the projected distance between the
nebula centroid and the AGN position (dagN-neb) and the dif-
ference in angles between Gyeight (and Gunweight) and the jet posi-
tion angle (Igweigh{ - PAradio| and |0unweighl - PAradiu|)7 respectively.
The jet position angle (PAagio) is shown in Fig. 8 and listed in
Appendix D.

4.3.2. Comparison of nebula asymmetry with other quasar
samples

Figure 9 presents the ellipticity measurements as a func-
tion of their nebula Lya luminosity for our targets and
other quasars (Borisova et al. 2016; Arrigoni Battaia et al. 2019;
Cai et al. 2019; Mackenzie et al. 2021; den Brok et al. 2020;
Sanderson et al. 2021; Lau et al. 2022). We note that the Ly,
for comparison samples are not corrected for absorption. Part
of the comparison samples are also used in Sect. 4.2.1 for sur-
face brightness radial profile analysis. We point out the newly
included ones here: faint z ~ 3.0 type-1 from Mackenzie et al.
(2021) and type-2 AGN at z ~ 3.4 from den Brok et al. (2020)
and z ~ 3.2 from Sanderson et al. (2021). The reason why they
are not included in radial profile analysis is that they do not add
new information.

The HzRGs from our sample are measured to be asymmet-
ric for their high surface brightness emission region (median
eyeight ~ 0.78). Compared to the Arrigoni Battaia et al. (2019)
and Cai et al. (2019) samples, our HZRGs are consistent in asym-
metry measurements and on the higher end of their distribution
(type-1 median eyeign ~ 0.72, dashed horizontal in Fig. 9a). The
eyeight Of radio-loud type-1s from (Arrigoni Battaia et al. 2019)
have a median of 0.69 which is even lower than the value of
all type-1 targets (Arrigoni Battaia et al. 2019; Cai et al. 2019).
This indicates that the radio emission in type-1 does not dis-
turb the gaseous nebula as in our HzZRGs at least along the
plane of the sky. This further suggests that orientation is a crit-
ical factor (Sect. 5.3). By comparing the intrinsic flux-weighted
and observed flux-weighted elliptical asymmetry measurements,
we find the eyeigne can vary significantly (e.g. MRC 0316-257
and 4C+04.11). For MRC0316-257, we can already identify
its asymmetric morphology through visual checking (Fig. 1).
There is also a large error bar associated with the intrinsic
flux-weighted ellipticity. Hence, the morphology of MRC0316-
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Fig. 8. Zoom-in intrinsic surface brightness maps (Fig. 1b) of the HzZRGs sample to 15 x 15 arcsec? (or ~110 x 110 pkpc?) around the central AGN
(blue cross). In each panel, the blue+red and green solid lines indicate the direction of, and perpendicular to, the radio jet. The blue (red) colour
represents the direction of the approaching (receding) jet. The white dashed line shows the flux-weighted position angle of the nebula (Gycight)-
The white dotted line shows the unweighted position angle of the nebula (6unweight)- The white star indicates the intrinsic flux-weighted centroid of
the Lya nebula. The flux weighted measurement is sensitive to the morphology of the high surface brightness part of the nebula. The unweighted
measurement quantifies the morphology of the whole nebula. We find that nebula is elongated along the jet axis for most of HzZRGs.

257 is more towards the asymmetric end. The large difference
between its intrinsic and observed eyeign: could be due to the
absorption correction elevates the flux difference between the
high and low S/N regions thus gives more weight to the cen-
tral nebula. As for 4C+04.11, this could be due to the potential
over-correction of the absorption in the low S/N regions given we
use nine absorbers across the nebula (Sect. 3.2, 5.1). However,
we point again that the absorption is necessary to reconstruct the
intrinsic flux given that the absorption features across the nebula
were observed (e.g. Swinbank et al. 2015; Wang et al. 2021b).
Our HzRGs have a median eypweige =~ 0.70 which
is lower than the measurement of type-2s and relatively
consistent with the type-1s (median eypweighe ~ 0.80 and
~0.69, respectively, Borisova et al. 2016; den Brok et al. 2020;
Sanderson et al. 2021; Mackenzie et al. 2021). The ellipicity of
the comparison type-2s is calculated from five sources which
may not be representative. We note that there is a large scat-
ter in the eyaweignt measured for our sample with four clustered
around the type-2s and other four below the median eynyeight Of
type-1s. This result could be biased by the implemented anal-
ysis methods (i.e. detection map and tessellation, Sect. 3.1): (i)
the construction of the detection map may smooth out the nebula
asymmetry at larger radii (lower S/N); (ii) the tessellation results
in lager bin sizes along the direction perpendicular to the radio
jet (lower surface brightness and S/N, Sect. 5.5) which shapes the
nebula morphology to be more round. This brings more effects
of the quantification of the entire nebula. Hence, the HZRGs neb-
ulae will likely have larger euyweight (i.€. more asymmetric) than
the quantified value. In spite of that, we can conclude that at
least half of our sample, together with the type-2s, distribute at
the most asymmetric end in terms of the whole nebula. The rest
has the possibility to be skewed to higher eypyeigni. Our HZRGs
have diverse properties and are not necessarily representative for

the entire HZRGs population. Inspection for individual targets is
required.

As for the Ly y,, our HZRGs host the most luminous Lya neb-
ula compared with other quasar types. This is due to the fol-
lowing: (i) sample selection’; (ii) absorption correction; and (iii)
quasar PSF subtraction of comparison samples (Sect 4.2.3).

We further compare our HzZRGs to the ERQ from Lau et al.
(2022). In Fig. 9, both the eyignt (0.44) and eynyeign: (0.69) of L22
are lower than the measurements from HzRGs. Its Ly, is also
lower than our HZRGs by ~2 orders of magnitude. This confirms
that the nebula of this EQR is type-1 like but highly obscured
(e.g. Lau et al. 2022). Since it is the only source of this type, we
do not further discuss it.

4.3.3. Asymmetry radial profile

To further quantify the morphology of individual nebula as a
function of distance from the AGN, we follow den Brok et al.
(2020) and decompose our HzRGs intrinsic surface brightness
using Fourier coefficients, a;(r) and by(r):

SBiya(r,0) = > [ax(r) - cos(kd) + by(r) - sin(ko)] 3)
k=0

where SBy (7, 0) is the surface brightness at given polar coordi-

nate (r, 6). The coefficients a;(r) and by (r) are defined as:

1 21
ar(r) = — f SBlya(r, 6) - cos(k6)do
271' 0

2
bi(r) = % fo SBlya(r, 0) - sin(k6)dé. )

3 We can see that even the absorption uncorrected observed Liya,
smaller symbols in Fig. 9, is on the higher end (Sect. 2.1.1).
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Fig. 9. Relation between Lya nebula luminosity and asymmetry mea-
surement. (a) Flux-weighted Lya nebula elliptical asymmetry mea-
surement versus nebula luminosity, Liy,. We show the intrinsic flux-
weighted ellipticity (eweign) in larger open symbols for our targets versus
their intrinsic Lye luminosity. We also show the observed flux-weighted
ellipticity eyeigni,ons fOr our targets versus their observed Lya luminos-
ity in smaller filler symbols. The small grey symbols are data of com-
parison targets (AB19 — Arrigoni Battaia et al. 2019, C19 — Cai et al.
2019 and L22 — Lau et al. 2022). We mark the median flux-weighted
(not corrected for absorption) ellipticity, 0.72, of type-1s with the hor-
izontal dashed line. We also show the median ey.igy, 0.69, of radio-
loud type-1 quasars from Arrigoni Battaia et al. (2019) in red horizontal
dash-dotted line. (b) Flux-unweighted Ly nebula elliptical asymmetry
measurement versus Lyy,. The larger symbol are measurements for our
HzRGs while the grey symbols are comparison targets (type-1s: B16 —
Borisova et al. 2016, L22 — Lau et al. 2022 and M21 — Mackenzie et al.
2021; type-2s: dB20 — den Brok et al. 2020 and S21 — Sanderson et al.
2021). We mark the median eynyeign for type-1s (0.69) and type-2s
(0.80) in solid and dashed horizontal lines, separately. The eyeigh is
sensitive to the morphology of the high surface brightness part of the
nebula while the e pweign: quantifies the morphology of the whole neb-
ula. We note that for ¢ — 0, the nebula is closer to round shape and
vice versa. At the bottom right, we show the median uncertainty of the
intrinsic Lyy, for our sample in logarithmic scale, 0.04. The ellipticity
for our sample are higher compared to the other quasars for both high
surface brightness part and whole nebula. There is no clear evidence
that the nebula ellipticity correlates with luminosity.

The detailed description can be found in den Brok et al. (2020).
Then we combine ay(r) and by (r):

cx(r) = Nar(r) + bi(r)*. &)
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We measure the radial dependence of the asymmetry (i.e. how
much it deviate from a circular shape) of the nebulae by using
the ratio between kth and Oth modes, c(r)/co(r). In practise,
only the first three modes are used since the higher mode
coefficients are much smaller (den Brok et al. 2020). Figure 10
shows the radial profiles of this asymmetry measurement (rep-
resented by (c1/c)? + (ca/co)? on the y-axis) for our HzRGs.
The larger the value, the more asymmetric the morphology shift
from circular shape at a given radial distance. We also include
type-2 measurements from den Brok et al. (2020; 4 quasars)
and Sanderson et al. (2021) as comparison. The type-1 sample
from Borisova et al. (2016; which is quantified in den Brok et al.
2020) is also shown. Our HzRGs generally show an increase
of the asymmetry as a function of radial distance (some have a
smaller secondary peak at < 50 ckpc) and a steep rise to >1.5
(7 out of 8) at ~250 ckpc. The most noticeable exception is
MRC0316-257 which has a secondary peak (~0.8) at ~50 ckpc
(~14 pkpc). This flux-weighted measurement confirms the large
difference we observed in the high surface brightness part of the
directional profiles of MRC0316-257 in Fig. 6. As we already
stated in Sect. 4.2, the detected extent of our HzRGs (=400
ckpc) are larger than the comparison quasars (~300 ckpc). If we
limit the comparison to the largest extent (~250 ckpc) reached
by the type-1s from (Borisova et al. 2016), we find that our
HzRGs are similar in radial asymmetry measurements. Specif-
ically, both have a relatively flat profile to ~200 ckpc which
followed by a shallow rise to the value of ~0.5. However, in
Sect. 4.3.2 (Fig. 9) we find that the HzRGs ellipticity is larger
than type-1s. Together with the radial asymmetry profile in this
section, we can conclude that the asymmetry of the nebulae asso-
ciated with HzRGs and type-1s are different due to structures
at larger radial distance (>250 ckpc) from AGN. This is also
suggested by den Brok et al. (2020). Although we caution the
large Wy at large distance in Sect. 4.2.4 and mark the region
with r > 5 arcsec in grey in Fig. 7, we can still find that most
targets have at least Wyy ~ 10° kms™'. This may indicate that
these structures are likely disturbed and not ‘quiescent’ gas in
the Cosmic Web (Sect. 5). From the comparison with type-2s
(den Brok et al. 2020; Sanderson et al. 2021, which also have a
steep rise), we find that the radial asymmetry of our HzRGs rises
at larger radial distance (2250 ckpc) and reaches higher asym-
metry value (>1.5 compared with ~1.4 of type-2s). At least one
of the radial asymmetry measurement (Cdfs 15, with the furthest
extent ragn ~ 300 ckpc) from den Brok et al. (2020) shows an
indication of continuous rising up to the detection limit (1 hour
integration with MUSE); we cannot rule out the possibility that
this target may show a similar trend as the HzZRGs with deeper
observations.

4.3.4. Morphological correlations

In Fig. 11, we compare the eyeione (ellipticity that is sensitive
to high surface brightness nebula) and dp,x (maximum neb-
ula extent) against dagn-nep (Offset between AGN and nebula
flux-weighted centroid). For a consistent comparison for the
unweighted measurements, we should use the unweighted offset
(centroid) and the unweighted ellipticity. We note that the calcu-
lation of unweighted ellipticities, eyaweight, assumes that the cen-
tre of nebula corresponds to the AGN position (den Brok et al.
2020). It would involve large uncertainties if we calculated the
flux-unweighted nebula centroids (i.e. the geometric centre of
the nebula) which are entirely depended on the spaxel distribu-
tion from our detection maps (Sect. 3.1.1). Hence, we report only
the correlation between flux-weighted ellipticity and offset, and
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Fig. 10. Radial profiles of the surface brightness Fourier decomposition (asymmetry measurement). The ¢, ¢; and ¢, are the Oth, 1st and 2nd
modes Fourier decomposition coefficients of the surface brightness radial profile, respectively (see den Brok et al. 2020, for definition). The
(c1/co)? + (c2/co)? is a measurement of nebula asymmetry along the radial distance from the AGN. Our HzRGs are shown in solid colour lines.
ragn is the radial distance measured from the central AGN. For comparison, we include the same measurements for the 4 nebulae of type-2
quasars from den Brok et al. (2020; grey dashed lines) and the type-2 from Sanderson et al. (2021; grey dot-dashed line). We also include the type-
1 measurements from Borisova et al. (2016; dotted line represents the median and shaded region marks the 25th and 75th percentile, quantified by
den Brok et al. 2020). The vertical shaded region is the 0.75 arcsec (~25 ckpc) range affected by median seeing of our sample (the radial distance
where the type-1 PSF is affected is ~50 ckpc, see den Brok et al. 2020). The morphologies for most of the HZRGs nebulae are round (symmetric)
<100 ckpe and become asymmetric at larger radial distances ~100 ckpc (see text).

AB19 (RQ, RL) TNJ0205+2242 4C+19.71
@ MRC0943-242 TNJO0121+1320 TNJ1338-1942
v MRC0316-257 . _4C+03.24 @ 4C+04.11
(@) (D)
14] r*=0.897 . 1[ r=0.88 \V;
p*=0.007 [ p=0.004

=
N
—
I
T
I

dacN - neb [pkpc]
=
Qo _©

)]
T
|
T

N

:—IO-dAGN—neb @ ] — O
00 02 04 06 08 10 100 200 300
eweight (high SB) dmax [Pkpc]

Fig. 11. (a) Intrinsic flux-weighted ellipticity (sensitive to the morphology of the high surface brightness part of the nebula), ey.ign, versus distance
offset between nebular centroid and AGN position, dagNn-neb- The typical uncertainty of daGN-neb (Tdzgn_ney, = 0-4 PKpC, Table 3) is shown at bottom
left. (b) Maximum Ly« nebula linear extent, dy,y, versus dagn-neb- In both panels, we give the Spearman correlation measurements for our sample
at the top left (the star superscript indicates the correlation is calculated excluding MRC 0316-257 in panel a). We also include the data from
Arrigoni Battaia et al. (2019) in both panels in grey (radio quiet) and pink (radio loud) dots. We note that the Arrigoni Battaia et al. (2019) sample
shown in this figure is incomplete to concentrate on the relation for our targets. There are positive correlations detected for eyejgn—dagN-neb and
d, max _dAGaneb .
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Fig. 12. Distribution of the angle difference between nebular posi-
tion angle and radio jet position angle, |6 — PA,.g0l- The blue his-
togram shows the number distribution of flux-weighted angle differ-
ence, |Oyeighe — PAragiol (sensitive to high surface brightness nebula
morphology). The magenta histogram represents the unweighted mea-
surements, |Bunweight — PAradiol (quantifying the morphology of the whole
nebula). The values are presented in Table 3. We mark the obvious out-
liers in the two distributions in corresponding colours. This shows that
most of our HZRGs have their Lya nebula elongated along the jet axis.

use it as a proxy of the nebula even though they are more sensi-
tive to the high surface brightness part.

The (r-value, p-value) of Spearman’s correlation coeflicients
are (0.89, 0.007) and (0.88, 0.004) for the eyeight VErsus daGN-neb
and dp,x versus dagn-neb relations. We note that due to the large
uncertainties of eyeighy for MRC0316-257, we exclude it from
the correlation measurement. From the r-values and p-values,
we can conclude that eyeighe and dmax are both correlated with
daGN-neb- This suggests that the more asymmetric and more
extended nebulae have larger offsets between AGN position
and nebular centroid. We also include the Arrigoni Battaia et al.
(2019) sample for comparison. The (r-values, p-values) of
the eyeight — daGN-nev relation for the Arrigoni Battaia et al.
(2019) whole sample and radio-loud targets are (0.3, 0.02) and
(0.3, 0.4), respectively, implying no strong correlations. The
(r-values, p-values) of the dpnax — dagN-neb relation for the
Arrigoni Battaia et al. (2019) sample and the radio-loud targets
are (0.4, 0.003) and (0.4, 0.1), respectively, suggesting a moder-
ate correlation in their whole sample but not in their radio-loud
target. This indicates that the radio-loud type-1s are different
from our radio-loud type-2s HzRGs. We revisit these correla-
tions in Sect. 5.

4.3.5. Jet-nebula position angle distribution

We present the distribution of the |6 —PA ,4i0| (Sect. 4.3.1, Table 3)
in Fig. 12. Both the flux-weighted and unweighted measurements
are shown which are sensitive to high-surface brightness parts
and the entire nebulae, respectively. Figure 12 shows that most
HzRGs have |6 — PA,4i0| < 30°. A similar result was reported by
Heckman et al. (1991b). This observation is consistent with the
scenario proposed by Heckman et al. (1991b,a) that the compres-
sion of the gas by the radio jet results in brighter emission along
the jet. We discuss the indications behind the alignments further
in Sect. 5.5. The exception is 4C+04.11 which has both large
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Fig. 13. Distribution of fiyo fuirov/Efiyaien: for our HzZRGs. The
Siyafunrov is the intrinsic Ly flux resulted from fitting the spectrum
summed over the entire FOV. The Zfjq e is the summation of the
intrinsic Ly flux in each tessellation bin (Fig. 1b). The smaller the
value, the more likely the Lya photon is being double-counted when
correcting for absorption. 4C+04.11 is the one with the smallest ratio
which may also indicate over-correction (Appendix B).

|9weight - PAradiol (8140) and |9unweight - PAradiol (4530), indicat-
ing different conditions that in the other targets (such as inflows,
Sect. 5.6). In TN JO121+1320 we find a flux-unweighted angle
difference of 72.1°. Given its round Ly nebula morphology and
compact radio emission, there is a large uncertainty in angle dif-
ference measurement and we do not discuss this source separately.
If we assume the observed angle difference is equally distributed
from 0—90°, the probability for us to find 7 (or 6) targets in a sam-
ple of 8 with |§ —PA 40| < 30°is only 0.2% (1.7%) using bimodal
distribution.

5. Discussion
5.1. Absorption correction and radiative transfer

We stress that the analysis of our sampled Ly« nebulae in this
paper is under the idealised assumptions stated in Sect. 3.2.1.
Specifically, we interpret the trough features in the Lya spectra
as absorption features by the neutral hydrogen gas surrounding
the radio galaxy. In this section, we discuss the limitations and
possible caveats of this treatment for reconstructing the intrin-
sic Ly flux along with the possible effects brought by radiative
transfer.

Under our assumptions, the absorbing gas is located in
between the observer and the last scattering surface of Ly« pho-
tons along the line of sight. The intrinsic Ly flux reconstructed
under our treatment is thus assumed to be the one after radiative
transfer processes have shaped the Lya nebula, and is approx-
imated by a Gaussian profile. We also assume the absorbed
Lya photons in the absorbers to be ‘lost’ rather than continu-
ing their resonant scattering path within the nebula; this may
happen when photons are absorbed by dust and re-emitted as
infrared thermal emission, or preferentially scattered away from
the line of sight due to a particular geometry (see Sect. 3.2.1).
The latter may occur because photons originating from the back-
side of the galaxy have a higher chance to be absorbed by
dust when transiting the host galaxy (Liu et al. 2013). These
absorbers can be interpreted as intervening low column density
gaseous shells (e.g. van Ojik et al. 1997; Swinbank et al. 2015;
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Kolwa et al. 2019). The fact that most of the absorbers are
located in the blue wing of the Lya profile as well as the fact
the trough of the main absorber is often seen across several tens
of kpc scales supports this idea (see Fig. 1a, and TNJ0205+2242
in Fig. 2, see also TNJ1338-1942 in Fig. C.4 and e.g. Wang et al.
2021b).

The situation may be different when we encounter embed-
ded absorbers which are supposed to be closer to the source
of Lya photons (i.e. central AGN in our case). This leaves
the trough (or ‘main absorber’) at around the systemic red-
shift of the AGN as predicted by radiative transfer studies (e.g.
Verhamme et al. 2006). Even though the scales probed in those
simulations are different (CGM scale versus sub-kpc), this might
be the case in some of our targets, for example MRC0943-
242 and TNJO121+1320 (Figs. 3 and C.1). Therefore, one con-
sequence of our absorption treatment (with ‘lost’ photons) is
that we may double-count Ly« photons that are resonantly scat-
tered to the wing and/or other directions by redundantly adding
more when correcting for absorption. We implemented a sim-
ple test for checking the double-counting effect, which takes
advantage of the IFU nature where slit or spaxel loss effects are
compensated by photons resonantly scattered in the neighbour-
ing spaxels. Specifically, we summed all individual spectra into
one and reconstruct the intrinsic flux for this single spectrum
(fLya,futFov); this value removes the IFU information, but should
be a good measure of the total value emanating from the nebula
in the observer’s direction. This is then compared to the sum
of individually constructed intrinsic flux in each tile (Fig. 1b,
2 fiyaiilefit)- Figure 13 shows the result, where a value of 1.0 is
expected if our treatment is fully accurate. Instead, we observe a
median value of 0.71 for our sample, indicating that there may be
double-counting of photons. However, several effects may also
contribute to this. First, our assumption of a Gaussian shape for
the intrinsic profile may not be accurate, as prior radiative trans-
fer effects may have created troughs and boosted the line wings
(Verhamme et al. 2006). A future paper presenting high spectral
resolution UVES observations of our sample will help to better
model the profiles (Ritter et al., in prep.). Second, the assump-
tion that all absorbers extend across the entire nebula may also
be oversimplified. While many absorbers are indeed seen on
10s (or 100s) of kpc scales for our targets (Figs. 2—4 and also
Appendix C), there may be exceptions.

The Lya nebula properties of the type-1 (and radio-quiet
type-2) sources in the comparison samples are derived with-
out correcting for absorption. They are still good comparison
samples given that not many absorption features are detected
in them (e.g. Arrigoni Battaia et al. 2019). This fact alone is
already an indication that there may be an environmental differ-
ences between the nebulae of HzZRGs and other quasars. Alterna-
tively, this difference may related to intrinsic differences between
different AGN types.

Overall, it is likely that both the absorption and radiative
transfer effect are working together shaping the Lya profile. Our
analysis assumes that the absorption correction is the dominant
factor.

5.2. Lya nebula and AGN unification model

The unification model of AGN (e.g. Antonucci 1993) proposed
that the fundamental difference between type-1 and type-2 is due
to the different orientation of the obscuring dusty torus (ionisa-
tion cone). Specifically, the ionisation cone of type-1s is more
aligned with the observed line of sight than in type-2s.

Within this unification model, we assume that the power of
AGN is on a similar level for type-1s and type-2s and that their
gaseous nebulae therefore have similar distributions and masses.
If we further assume that the ionising photons are primarily pro-
duced by the AGN, then the nebulae should have similar mor-
phologies and luminosities. In this picture, the Lye nebulae are
elongated along the direction of the ionisation cone and have
a ‘rugby-ball’ shape. For type-1s, the ionisation cone would
be pointing towards the observer resulting in a rounder neb-
ula morphology. For type-2s, the ionisation cone would aligned
along the plane of the sky resulting in the observed elliptical
morphology. Evidence for such a scenario was indeed reported
in He et al. (2018) using ionised gas nebulae but for local AGN
and on small scales (sub-kiloparsec to kiloparsec).

Using both the ey.ign (sensitive to the high surface brightness
nebula) and eyyweight (Whole nebula) quantifying the ellipticity of
the nebula, we find that the HzZRGs (and other radio quiet type-
2s) are more asymmetric than the type-1s in Sect. 4.3.1. This
observation agrees with the AGN orientation unification model.
The orientation of type-1s probably still vary in a range which
causes the large range of the ellipticities. The AGN luminosity
and dark matter halo mass (gas distribution) can also play an
important role in shaping the observed morphology (Fig. 9).

With the jet axis indicating the direction of the ionisation
cone (Drouart etal. 2012) and the alignment between the jet
axis and the Lya nebula (at least in the high surface bright-
ness part where the photons of AGN are presumably dominating
the ionisation, Sect. 4.3.5 and Fig. 12), we argue that the AGN
orientation between type-1s and type-2s (HzZRGs) can explain
the observed morphological difference. The evidence for this
claim comes mostly from the observed ellipticity distribution
(Fig. 9): the eyeigh: (median 0.69, Sect. 4.3.2) for radio-loud
type-1s (Arrigoni Battaia et al. 2019) are lower than our HzZRGs
(median 0.78), which is consistent with the jet (ionisation cone)
pointing more towards observers in type-1s. By checking the
available radio maps of these radio-loud type-1s (e.g. Fig. B1 in
Arrigoni Battaia et al. 2019), we indeed find that they have com-
pact radio morphology (i.e. not the two-side jet like HZRGs) sug-
gesting that the jets are aligned more perpendicular to the plane
of the sky. We note that TNJO121+1320 also has a compact radio
morphology (i.e. not having two-side jet) and the lowest eyeignt
(0.66) and eypweight (0.48) in our sample (more consistent with
type-1 results, see Fig. 1 and 9) which again fits the unification
model.

A similar explanation was also suggested by den Brok et al.
(2020) based on Lya nebula studies of type-2 quasars (also
included as comparison sample in this paper). den Brok et al.
(2020) suggested that the orientation difference based on unifica-
tion model can explain the nebula morphology at radial distance
2 40 pkpc. Using the same radial asymmetry measurement in
Fig. 10 (Sect. 4.3.3), we also find large nebula asymmetries at
240 pkpc (~200 ckpc) in our HzRGs following den Brok et al.
(2020) type-2s. den Brok et al. (2020) found more symmetrical
morphologies for their type-2s at small radial distances <30 pkpc
that are more similar to type-1s. den Brok et al. (2020) suggested
that additional ionising sources other than the AGN (e.g. star
forming processes) may contribute to this observation and smear
out the differences between type-1 and type-2 at such small radii.
As for our HzRGs, the jet-gas interaction at < 20 — 30 pkpc
(~100 ckpc) could be a reason for the observed high eyeign
shown in Fig. 9a (compared to type-1s) and the reason of the
small rise (showing higher asymmetry compared to type-2s) in
the radial asymmetry measurement at ~60 ckpc in Fig. 10.
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5.3. The role of Lya resonant scattering

As presented in Sect. 4.1 and 4.3, Ly nebulae around our
HzRGs are extended in size (3150 pkpc) and are asymmet-
ric in shape. Interestingly, there is a correlation between the
maximum nebula extent dpmax (eweigni: €llipticity measurement
that is sensitive to high surface brightness nebula) and the off-
set between AGN position and nebulae’s flux-weighted centroid
dAGN-neb (Sect. 4.3.4). This correlation may also reflect our find-
ings regarding the surface brightness and kinematic radial pro-
files in Sect. 4.2.1 and 4.2.2, such as the exponential shape of the
surface brightness in the inner nebula and high Wy, value. The
resonant nature of Lya photons may be related to this observa-
tion.

Villar-Martin et al. (1996) first proposed the idea of resonant
scattering being related to the observed extended nebula emis-
sion around HzRGs. In simulations, Costa et al. (2022) found
that the scattering of Lya photons, regardless of the powering
source, could result in an offset between the luminosity centroid
of the nebula and the quasar position (dagN-neb)- This offset can
vary depending on the line of sight and can reach ~15 pkpc.
Such offsets are consistent with what we find (Table 3). The
authors also found that scattering can shape the nebula into a
more asymmetric morphology (eweighe — 1). This depends on
the gas distribution of neutral hydrogen and observed line of
sight as described in Costa et al. (2022). Given the common case
that gas density is the highest on galaxy scales, and that we tar-
get type-2 AGN, we expect the Lya photons to scatter out to
larger projected distances rather than travelling directly towards
the observer. Such a scenario may explain our observed correla-
tion in Fig. 11 between ey.cight and dagN-neb- Specifically, when
the scattering is more efficient, we may observe the nebula to be
more asymmetric and more extended, at least in the high surface
brightness regime.

Resonant scattering has the potential to shape the observed
inner parts of the radial profiles (surface brightness and kine-
matics) and the morphology correlations. The inner part (lumi-
nous) of the surface brightness radial profiles have an exponen-
tial shape (Sect. 4.2.1). This gradual change in surface brightness
and profile slope at smaller radii is suggested to be due to scat-
tering (Costa et al. 2022). The high Wgq values out to radius of
~50 pkpc (or ~230 ckpc, Sect. 4.2.4) could also be related with
efficient scattering (Fig. B1 in Costa et al. 2022). The velocity
shift of the nebulae can also be complicated due to scattering at
the similar radial distance (Fig. B1 in Costa et al. 2022) which
is the case of our vso (Fig. lc, Sect. 4.1). As shown by the stel-
lar radial profiles (Fig. 6), the impact of seeing cannot be fully
responsible for the exponential shape at smaller radii. For the
observed kinematics, the jet (which is not included in the simu-
lations) may also play a role here. We overlay the jet hot spot dis-
tances on the radial profiles (Figs. 6 and 7). Qualitatively, the vsg
and Wgo show different behaviours within and outside the extent
of the jet hot spots at least for some targets (e.g. MRC0316-257).
We note that the distances marked by the vertical lines are mea-
sured from the brightest radio emission positions, that is, the full
extent of jet is even larger (Appendix D). The decrease of Wgg at
large radii (100 pkpc) observed in some targets (e.g. TN J1338-
1942) is, beyond the scope of the Costa et al. (2022) simulations
but could be related to the (unvirialised) cosmic web.

In the framework where scattering significantly impacting
the observed Lya properties, Costa et al. (2022) furthermore pre-
dicts that Lya nebulae of edge-on AGN should have lower sur-
face brightness, larger dagN-neb, more asymmetric shape and
flatter surface brightness profiles in the centre. Most of the pre-
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dictions agree with our observations except for lower surface
brightnesses, which could be due to our selection criteria and/or
jet impact. We note that the analysis of Costa et al. (2022) has
been done without correcting for absorption which is reason of
the discrepancy.

The orientation (Sect. 5.2) may be the reason for the
moderate dyax — dagN-neb relation seen in the sample of
(Arrigoni Battaia et al. 2019; i.e. the orientation spans a large
range within the sample). The larger the viewing angle (i.e. the
more edge-on we are observing the AGN, assuming unifica-
tion model, Antonucci 1993), the more extended the nebula is
expected to be, because both sides of the nebula will be observed.
The nebula is expected to become more asymmetric and have
larger dagn-neb as Costa et al. (2022) predicted. The study of
type-2 quasars (e.g. den Brok et al. 2020; Sanderson et al. 2021)
also found that the difference in nebula morphology when com-
paring to type-1s is related to AGN orientation. Interestingly, for
our HzZRGs, we do find a relatively strong correlation between
dmax and dagn-nep despite the expectation that most HzZRG are
observed under similar, large viewing angles, (i.e. close to edge-
on). All of our targets have clear two-sided radio lobe morphol-
ogy (except TN J0121+1320) and none of them shows clear
signs of broad-line emission or significant contamination by a
bright point-like source in the centre (see also Drouart et al.
2012, and Sect. 2.1.3).

5.4. Large-scale environment: Nearby Lya emission halos

Byrohl et al. (2021) studied Lya emission halos and their rela-
tion with environmental factors using TNG50 simulation. They
found a flattening in the Lya halo surface brightness radial pro-
file at large radial distances (2 30 pkpc). The authors attributed
this to the contribution of scattered photons from nearby halos
(companions). In Sect. 4.2 (and 4.2.3), we show that the pro-
files of three of our targets (MRC0943-242, MRC0316-257 and
TN J1338-1942) also have an obvious flattening at large radii
(Fig. 6). Coincidentally, these targets are known to live in dense
environments (on Mpc scale, e.g. Venemans et al. 2007). All of
this indicates that our nebulae are ‘contaminated’ by Lya halos
associated with nearby companions (e.g. Gullberg et al. 2016).
In addition, the observed surface brightness radial profile of
MRC0316-257 (Fig. 5) at large radii, shows a decline followed
of a rise, and is a factor of five brighter than the 20~ surface
brightness limit (16 for the intrinsic) which indicate an extra
source of Lya photons. The filamentary Lya emitting comic
structures are observed on Mpc scales (e.g. Umehata et al. 2019;
Bacon et al. 2021). Bacon et al. (2021) discussed the possibil-
ity that the diffuse Ly-alpha emission is powered by low mass
galaxies not directly detectable in the deep (140 hours) MUSE
observation.

These results provide additional evidence that the detected
nebula connects with the emission halo of companions. If this
is the case, we should revisit the dy.x — dagN_neb In Sect. 4.3.4.
When a quasar resides in a dense environment, its apparent size
will likely be impacted by neighbouring Lya nebulae. This ‘con-
tamination’ from nearby companions will likely be more related
to the large-scale structure and independent of the orientation
of the central (quasar) halo. In other words, the hidden parame-
ters behind the dmax - dAGN—neb (eweigh[ - dAGN—neb, Sect. 434,
Fig. 11) relations may be related to the distribution of the com-
panion emission halos. Contamination from neighbouring halos
will result in the centroid of the nebula being offset from the
AGN position and cause a more asymmetric nebula morphology.
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The nearby companions can be the disturbing sources resulting
in the ~1000 km, s~! line width seen at ~100 pkpc (Wgo, Fig. 7).

The radial asymmetry profiles of our targets have a larger
value than type-1s and type-2s (Fig. 10) at larger radii, which is
unlikely to be entirely due to the AGN orientation (Sect. 4.3.3).
This can now be explained by the impact and contamination of
nearby companions at 100s of pkcp. We point out that the type-2
from Sanderson et al. (2021) has a projected size of 173 pkpc, a
nebula centre offsets from the AGN of ~17 pkpc and high ellip-
ticity (0.8). This source is also found to have nearby compan-
ions (~60 pkpc). The difference of the radial asymmetry profiles
(Fig. 10) and surface brightness profiles between this source and
our HZRGs may be related to the jet (or large-scale gas distribu-
tion, Sect. 5.5).

The stellar masses of the galaxies studied in Byrohl et al.
(2021) are in the range of 8.5 < log;o(M./Ms) < 10 which
is approximately 1 — 2 orders of magnitude lower than the stel-
lar masses of our HzRGs, implying lower dark matter halo
masses, as well. Such lower masses may explain the differ-
ence in the level of Lya surface brightness where the flattening
of the profiles is observed: in the simulations by Byrohl et al.
(2021) the flattening happens at a surface brightness level of
~10"2 erg s~ em~2 arcsec™? (e.g. their Fig. 7) while we observe
it to happen at a level of ~107'8 erg s™! cm™2 arcsec™2). The dark
matter halo mass difference can also explain the different radial
distance at which the companion emission dominates (~30 pkpc
in Byrohl et al. 2021, versus ~40 pkpc, Table D.3). We note that
we use the ry, the radius at which surface brightness radial pro-
file changes from exponential to power law (Sect. 4.2.3), as the
distance where nearby halos start to significantly impact the sur-
face brightness.

The 2100 pkpc extents of the Lya and the dense environ-
ments of HZRGs (Wylezalek et al. 2013) suggest that nearby
halos may contribute to our observations (Byrohl et al. 2021).
However, this also suggests that our CGM study is ‘contami-
nated’ by sources other than the radio galaxy. For this paper, we
exclude obvious emission of clearly detected companions (e.g.
‘Arrow galaxy’ Vernet et al. 2017). A systematic census of the
companion galaxies in the MUSE HzRG fields will be reported
in a future paper.

5.5. Gas distribution on large scales

So far, we have focussed our discussion on morphological mea-
surements sensitive to the high-surface brightness part of the
Lya nebulae and plausible explanation of environmental effect
on ~100 pkpc scales. It is likely that the jet shapes the nebula
in the vicinity of the quasar to align with the jet axis (skewed
distribution of |@yeight — PAradiol towards values <30°, Fig. 12)
through interaction with the gaseous medium. Beyond the extent
of the jets, we use |Gunweight — PAradiol (Which is equally sensitive
to the whole nebula) to inspect the relation between the jet axis
and halo asymmetry.

While it is unlikely that the jet plays a major role shaping the
morphology of the large-scale halo, Eales (1992) suggested that
the observed direction of the radio jet is the result of an inho-
mogeneous gas density. When a jet is launched along the direc-
tion of higher gas density (e.g. ng ~ 1072 cm™3), the jet ‘work-
ing surface’ (hot spots) will leading to brighter radio emission.
Such a scenario would introduce a bias in observing jets prefer-
ably along directions of higher densities in flux-limited samples
and we might expect a correlation between the morphology of a
large-scale halo and radio jet axis. Our observations presented in
Figs. 11 and 12 is in agreement with such a scenario.

The detection of molecular gas in HzZRGs along the jet axis
but beyond hot spots provides further evidence (<20°, which
suggests the jet runs into filament of cold gas Emonts et al.
2014). If this direction indeed traces a filament of the cos-
mic web (e.g. West 1991; Umehata et al. 2019; Bacon et al.
2021) with a higher density of companion galaxies, then this
is also in agreement with the discussion presented in Sect. 5.4.
Humphrey et al. (2007) found evidence of infalling CGM gas on
to the HzZRGs which bridges the radio galaxy and to the large-
scale (IGM) gas. If the CGM gas is being accreted onto the cen-
tral HzRGs through these higher density distributions, it would
reflect the scenario proposed by Humphrey et al. (2007).

5.6. Evidence of capturing inflow from the cosmic web

The relatively large |6 — PA.4i0| (81.4° and 45.3° for weighted
and un-weighted, respectively) detected in 4C+04.11 is incon-
sistent with other targets (see Fig. 12). This suggests that the
nebula of 4C+04.11 is elongated in the east-west direction on
both small (<20 pkpc, scope of jet) and large scales (> 20 pkpc,
Sect. 4.3.1 and 5.4). The tile with the largest distance from AGN
position (# 74, Fig. A.9) has a filamentary like structure. There
is no known evidence that 4C+04.11 resides at the centre of a
dense cluster-like environment (e.g. Kikuta et al. 2017) which
makes it unlikely that the asymmetry is caused by contamina-
tion of nearby halos as discussed in Sect. 5.4.

High velocity shocks (2100kms™!, Allen et al. 2008) can
heat the gas which will then cool by radiating UV photons.
Shocks could be caused by inflows and power the observed Lya
emission. We estimated the dark matter halo of 4C+04.11 is of
the order of Mpy ~ 103 M, from it stellar mass, M, ~ 10'! M,
with an empirical M, — Mpy relation (Wang et al. 2021b). The
surface brightness measured in the farthest tile #74 is ~1.2 X
1077 erg s™! cm~2 arcsec™? which is similar to (or slightly higher
than) the simulated value from Rosdahl & Blaizot (2012). We
converted our measurement to z = 3 which is redshift reported
in the simulation. Our measurement and the simulation are con-
sistent given that dark matter halo of 4C+04.11 is likely more
massive than the one in the simulation (Mpy ~ 10'2 My).

Given the estimated dark matter halo mass, the virial radius
and virial velocity can then be calculated as ry;; ~ 100 kpc and
wir = 580km s~!. From the centre of the tile #74, we can derive
its distance to the central AGN as ~60 kpc. We note that this is
the projected distance averaged for spaxels in the tile. The actual
distance of the filament could be farther. Even though it is closer,
Nelson et al. (2016) simulated gas accretion into 10'> M, halos
at z = 2 and found that the accretion flow structure can remain
filamentary within ry; (~0.5ryi;). The projected vsg (velocity off-
set) of tile #74 is —536 km s~! which is consistent with vy;,. Thus,
our measurements for the projected distance of the tile and its
velocity offset are consistent with a scenario where the Lya
emission in tile #74 may be tracing shock driven by inflows.
If the distance we observe is indeed <r;, then the post-virial
accretion could be more complicated with multi gas phase com-
ponents and fragmentation involved (e.g. Cornuault et al. 2018).
The broad line width of 4C+04.11 at large radii (Fig. 7) may
indicate the disturbed nature of the presumed accretion flow.

The discussion in this section based on the |6 — PA 40| and
morphology of bin #74 of 4C+04.11. While the angle difference
is a clear outlier in the sample, the tile shape may depend on
the implemented method for nebula extent (Sect. 3.1.1). How-
ever, we checked the Ly narrow band image (6690 Ato6707 A)
directly collapsed from the data cube and confirm the indication
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of emission from this region. As for the nearby potential emis-
sion (north to bin #74, Fig. A.9), we confirm by spectral extrac-
tion that there is no S/N> 3 detection. Even if the Lya emis-
sion is detected in this additional region, it would still be consis-
tent with the accretion scenario. Complex filamentary structures
are seen in simulations (see Rosdahl & Blaizot 2012, and their
Fig. 7) for accretion in higher mass dark matter halo. Neverthe-
less, we caution that this analysis only considers one possibility.
As the data are near the detection limit, deeper observation are
needed before more conclusive results can be derived.

6. Conclusions

In this paper, we study the intrinsic Ly nebulae around a sample
of eight high-redshift radio galaxies using optical IFU observa-
tions obtained with MUSE. We link our observations to results
from the literature for other quasars (mainly type-1 quasars) at
similar redshifts.

We have developed a new method to measure the max-
imum extent of the nebulae with an improved sensitivity to
low surface brightness emission. We have also developed a
new method to tessellate the Lya maps (Sect. 3.1). We have
detected the Lya emission at scales >100 pkpc from the cen-
tral AGN, down to an observed surface brightness of ~2-20 X
107 ergs™' cm™2 arcsec ™.

We summarise our results as follows: The Ly« emission line
profiles of all sources are affected by multiple and deep absorp-
tion troughs out to the edge of the nebulae. We have corrected
for this HI absorption (Sect. 3.2) and constructed maps of the
intrinsic Lya (Sect. 4.1) emission and also measured the kine-
matic properties of the spatially resolved Ly« emission.

We first investigated radial dependencies of the surface
brightness, velocity shift, and velocity width of our sample.
We found that circularly averaged profiles of the intrinsic
(absorption-corrected) Lya surface brightness are brighter and
more extended than type-1 quasar samples (Sect. 4.2.1). We did
not find major differences when we investigated the radial pro-
files along the approaching and receding direction of the radio
jets, respectively (Sect. 4.2.2). The surface brightness radial pro-
files can generally be described by an exponential drop-off for
the inner high surface brightness part and a power law for the
more extended part (Sect. 4.2.3). We did not find evidence of
ordered gas bulk motion from the vs( radial profile (Sect. 4.2.4).
For four targets, the vso profiles at radii within the jet hot-spot
range show a similar gradient as the jet-driven outflow (Fig. 7).
The Wgg profiles show relatively large values (21500kms™!,
Fig. 7, Sect. 4.2.4) at all radii and three targets show that a
decrease beyond the distance of jet hot spots is indicative of jet-
gas interactions.

We quantitatively studied the morphology of the HzZRG neb-
ulae (for both observed and intrinsic emission) and compared
our results to other quasar samples (uncorrected for absorption,
Sect. 4.3). We found that our nebulae are, in general, more asym-
metric than nebulae of type-1 quasars and that they are more
similar to type-2 quasars (Sect. 4.3.2), although, our sampled
sources differ in their measure of asymmetry as a function of the
radius (Sect. 4.3.3). Furthermore, we found that the more asym-
metric and larger the nebulae are, the greater the offset between
the centroid of the nebulae and AGN positions (dmax — dAGN-neb
and ey.cight — dAGN-neb in Sect. 4.3.4, Fig. 11).

Lya is a complicated emission line that can be heavily
affected by absorption and resonant scattering which, as we
demonstrated, needs to be accounted for. Assuming type-1 and
type-2 quasars have similar intrinsic shapes for their nebulae,
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the difference of the nebulae asymmetry morphology between
our sample and other quasars can be explained using the AGN
unification model where the orientation of the ionisation cone
is the fundamental parameter (Sect. 5.2). Resonant scattering of
the Lya emission can result in the observed dp,x — dAGN-neb and
yeight — dAGN-neb relation in our sample and partially explain the
shape of the radial profile and the kinematic profiles (Sect. 5.3).
We also found evidence in our HzZRGs that the extended neb-
ulae are affected by Lye emissions from nearby companions
(Sect. 5.4) and that CGM gas has a higher density distribution
along a specific direction, which is coincident with the direction
of the radio jet (Sect. 5.5). There is also a possibility that, in
our observations, we captured inflows from the cosmic web
(Sect. 5.6).

In this paper we have shown that measurements of Ly«
nebulae around high-redshift AGN can act as a probe of the
environment of AGN and their host galaxies. We have found
fundamental differences between the extended ionised nebulae
of different types of quasars at cosmic noon and beyond. Due
to its resonant nature, it is a challenge to use Ly« as a tracer of
gas kinematics especially out to the ~100 pkpc scales. Neverthe-
less, Lya line observations offer some insight into the state of
CGM gas at a time when it is simultaneously being impacted by
more than one physical mechanism (e.g. quasar outflow, jet-gas
interaction, and cosmic inflow). These kinds of observations will
be particularly useful for future simulation works. The MUSE
data only reveal the tip of the iceberg. In upcoming papers, the
H1 absorbers will be reported together with the high-resolution
spectroscopy data. In addition, all of the UV emission lines cov-
ered by MUSE will be studied in detail and this will provide
crucial information on the ionisation, metallicity, and AGN feed-
back in the quasar nebulae. Furthermore, scheduled JWST obser-
vations will be available for four HZRGs in our sample and this
will provide unprecedented details of the AGN and host galaxy
connection on scales of <1 kpc (~0.05").
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Appendix A: Detection map and tessellation
procedures

A.1. Procedure of detection map for nebulae extent

Table A.1. Optimal detection map parameters combination.

HzRG TS/N ny 2.3550'[“”TL ne
MRC 0943-242 3.5 4 25 2
MRC 0316-257 35 5 30 3
TN J0205+2242 3.5 5 25 2
TN JO121+1320 2.5 3 35 4

4C+03.24 35 5 20 2
4C+19.71 35 2 30 3
TN J1338-1942 35 2 30 2
4C+04.11 3.5 4 25 2

Notes. "Maximum Gaussian kernel scale in FWHM. The unit is in pixel
unit.

The basic idea for detection map is to use the 3D information of
the MUSE data cube to determine the maximum spatial extent of
the Lya emission. Smoothing technique is the key process in this
procedure to guarantee the faint structures are captured. To assist
with conveying the procedure, the process is shown schemati-
cally in Fig. A.1. In this procedure, we can select the faint end
of the emission nebula to the surface brightness detection limit.

Before the generation of detection map, we do a step of
continuum subtraction for each spectra spatially centred around
the AGN and spectrally around their Lye wavelength range
(=5000 — 5000kms~! or —6000 — 6000kms~! for 4C+03.24
which has broader line width) with the emission line masked.
If there are sky-lines, emission or absorption features from fore-
ground targets in the unmasked range, we do further masking.
Continuum from the host galaxy, central AGN and foreground
objects need to be subtracted to minimise their contamination.
In this way, we exclusively focus on the line-emission nebula.
The choice of flat or linear continuum do not have significant
impact on the Ly fitting (Wang et al. 2021b). Hence to better
account for the slope from foreground stars, we subtract a first-
order polynomial from the cube.

The 3D adaptive smoothing follows the Martin et al. (2014)
procedure with adaptation (e.g. Vernet et al. 2017). As described
in Sect. 3.1.1, it smooths each of the image planes of the
continuum-subtracted cube adaptively with a Gaussian kernel
over a wavelength range of ~ 15A around the Lya emission.
For the image slice at each wavelength, the algorithm first takes
average of adjacent n, number of slices around this image slice
along the wavelength dimension (Fig. A.la). Then it adaptively
smooths the averaged image with a Gaussian kernel starting from
the smallest kernel size, oo = 3/2.355 pix, until the maximum,
O max, 18 reached (Fig. A.1b). Specifically at each step, the algo-
rithm smooths the spaxels that are not passing the pre-set S/N
threshold, Ts,n. In the end, the algorithm set the voxels, after
being maximally smoothed, that not pass the Ts)x to O as no-
signal containing (i.e. the voxels that potentially contain Ly«
signals have positive value). In this way, we preliminarily detect
where we have Lye in the cube (Fig. A.1c).

To generate a detection map working on the spatial dimen-
sions and guarantee line fitting, we perform a further check along
the wavelength dimension for the smoothed cube. Specifically, if
the smoothed spectrum at one spatial location (x, y) has n, num-
bers of consecutive wavelength pixels preserved (i.e. have pos-

itive values), then we flag this spatial location (x, y) as signal-
contained (see Fig. A.1d as an example). The others that do not
pass this check are discarded. In this way, we can construct the
detection map (Fig. A.le).

The question left is to find a combination of the four parame-
ters (T's)N, 11, Omax and n) which returns an optimised detection
map. For this, we generate a series of detection maps for each
targets with different combination of the four parameters. Then
we choose the one that optimises the spatial selection (i.e. cap-
tures large-scale extent while avoid island-like structures). The
best combination of the four parameters for each targets are pre-
sented in Table A.1. We check the detection maps constructed
using different sets of parameters around our optimal combina-
tion (Table A.1) and find that the bulk (~ 80%) of the selected
spaxels remains the same. If using a stricter set of parameters
(e.g. higher TN and/or n,), we would miss the low S/N part
of the nebula by comparing with previous individual target stud-
ies (Swinbank et al. 2015; Vernet et al. 2017). If using a more
relaxed set, the peripheral regions, mostly disconnected to the
bulk of the nebula, with pure noise (after checking spectrum)
would likely be selected. Thus, we are assured that the con-
structed detection map represented the observation to the detec-
tion limit and the method is robust against objectiveness. After
constructing the map with the best parameter combination, we
perform a final manual selection to exclude island-like regions
(2 1 arcsec? in size) which are detached from the main nebu-
lae (> 1”) and could be due to noise or companion. A further
check of the spectra extracted from these regions is also con-
ducted. Around 50% of the island regions only contain noise.
The ones with potential Ly signal detected are presented in
Appendix A.3 (Fig. A.3 and A.4). Since these are detached from
the extended nebula around the quasar, we do not include them
in this analysis but point out they may trace companion emis-
sions. We note that we refer to the smoothed cube obtained in
this way (using Ts/y, ) and omax in Table A.1) as ’optimally
smoothed cube’. The smoothed cube are only used in construct-
ing the detection map and not being further used in other analy-
sis. In Appendix A.3 (Fig. A.2-A.9a), we present the smoothed
nebula image extracted from the optimally smoothed cube.

A.2. Tessellation procedure

The Lya nebulae are irregular in morphology (e.g.
Swinbank et al. 2015; Vernet et al. 2017), affected by absorption
and having high S/N gradient from centre to outskirt and
multiple dynamical components. Hence, neither the simple
adoption of Voronoi tessellation (Cappellari & Copin 2003) nor
the tessellation method from Swinbank et al. (2015) (which was
invented for studying TN J1338-1942 and has also been applied
to 4C+04.11 but only works for the central part, see Wang et al.
2021b) can be adopted without adaptation. We describe here the
tessellation used in this work.

The Swinbank et al. (2015) tessellation is not optimal for
some of our target with significantly irregular nebula shape (e.g.
MRC0316-257) since it works with rectangular binning. Hence,
we decide to adopt the Voronoi binning (Cappellari & Copin
2003), which is a sophisticate adaptive spatial binning algo-
rithm implemented by various studies of IFU data, for this work.
Directly performing Voronoi binning on the image will return
detached regions (i.e. regions of spaxels belong to the same
tile but are physically separated), as the images are S/N lim-
ited for the outer nebulae. The solution could be (i) turning off
Weighted Voronoi Tessellation or Centroidal Voronoi Tessella-
tion (see Cappellari & Copin 2003, for details); or (ii) perform-
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Fig. A.1. Schematic presentation of the detection map construction. (a) Average n, number of images around each of the image slices (cyan)
from the continuum-subtracted cube (dark green cube). (b) Spatially smooth each of the averaged image with Gaussian kernel. The algorithm will
increase the kernel size (0p < o) to smooth the spaxels that not passing the T's/y, S/N threshold, at each steps until the maximum, o ., has been
reached. (c) Combine the adaptively smoothed images into the smoothed cube (lighter green cube). (d) Check the smoothed spectrum (long black
rectangular box) at location (x, y). The position is preserved when there are n. consecutive number of pixels selected with signal detection (red

’S’) in previous steps. (f) Construct the detection map.

ing a twofold Voronoi binning by using a S/N cut for doing sep-
arate binning for high and low S/N parts (M. Cappellari private
communication). Solution (i) will return wedge shape tiles which
is a known result (Cappellari & Copin 2003). It is, however, not
desirable for our case since it smears out the radial structures
which is one of the key interest of this work. Therefore, we adapt
solution (ii); the twofold Voronoi binning for our sample.

Firstly, we apply the detection map (Sect. 3.1.1 and
Appendix A.1) to the continuum-subtracted un-smoothed cube
to preserve only the Lya signal detected spaxels for tessella-
tion. To avoid complication and keep consistency for the whole
sample, we perform the tessellation on a single narrow band
image for each target. Since the Lya spectra may have differ-
ent observed peaks at different spatial locations, we choose the
wavelength range, over which the narrow band image for tessel-
lation will be produced (averaged by the number of wavelength
pixels), to enclose as much of line emissions as possible and
avoid adding pure noise. This range is ~ 10A wide. We note
that for 4C+19.71, we select two wavelength ranges at both the
blue and red sides of 5577 A(sky-line), which is at roughly the
systemic redshift of Lya. In this way, we construct the S/N map
from the narrow band image.

Secondly, a Gaussian smooth is performed to the S/N map
to minimise the impact of randomly located spaxels dominated
by noise (i.e. further avoid detached region problem). We use a
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Gaussian kernel with o = 3 in pixel unit. Then, we apply a S/N
cut of 3 to the S/N map to select the high S/N regions for the first
Voronoi binning.

Thirdly, for the selected S/N > 3 part, we reassign spaxels
with S/N>6 to S/N=6 and perform the Voronoi binning with a
target (S/N)yorbin,1st = 15 (12 for 4C+03.24, see later). The reason
for the S/N reassignment is to control the minimum size of the
tiles to avoid single spaxel tile and account for the seeing effect.
Because the Lya nebulae studied here have high S/N gradient
from centre to outskirt, performing Voronoi binning with a high
S/N threshold (avoid single spaxel bin in the high S/N region)
will result in tiles with large size for the low S/N part which is
an overkill for the fitting and smears out resolution information.
After reassigning S/N>6 spaxel and using (S/N)yorbin,1st =15, the
minimum number of spaxels for one tile is 6 (= 3x2 pix? or 0.6X
0.4 arcsec?) which is roughly half of the seeing disc. This is a
compromise for being consistency for the whole sample and also
physically connects the neighbour tiles which is useful for the
implemented fitting procedure (Sec. 3). As for 4C+03.24 which
was observed in the AO mode, we lower its (S/N)yorbin,1st =12 to
have a minimum number of spaxels for one tile is 4 (= 2 X 2 pix?
or 0.4 x 0.4 arcsec?).

Finally, for the S/N<3 spaxels left in the first step, we apply
a Voronoi binning with (S/N)yorbin2na =8 (11 for 4C+19.71 due
to the impact of sky-line).
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Fig. A.2. Smoothed nebula image (a) and tessellation map (b) of MRC0943-242. (a) The purple, yellow and blue colours represent median
pseudo-narrow band Ly« images collapsed arbitrarily from red part, middle and blue part, respectively, of the smoothed cubes.
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Fig. A.3. Smoothed nebula image (a) and tessellation map (b) of MRCO0316-257. The inset spectrum is extracted from the detached regions
(hatched) which is selected having Lya emissions but left out from the analysis following Sect. 3.1.1. (a) The colour-composed image is created

in a manner similar to that of Figure A.2a.

In this way, we obtain the tessellation maps where each tile
has S/N> 5. We note that the S/N stated here is calculated based
on the narrow band image (see above) collapsed ~ 14 wave-
length elements (may vary for different targets) and averaged by
the number of wavelength elements. This narrow band image
is chosen to enclose as much of the Lya emission as possible
which is a compensation for the different emission peak due to
kinematics. Hence, a S/N> 5 in each tile selected in this way
is feasible for further fitting as there will be other signal con-
tained wavelength pixels outside the range given the broadness
of the emission line. For targets where the extent of the nebula
is overlapped with bright foreground stars (TN J1338-1942 and
4C+03.24), we manually assign a d = 1 arcsec circular mask at

the position of the star to minimise its impact. For MRC0316-
257, we mask the region where a known Lya emitting galaxies
at the similar redshift overlaps in spatial location with the nebula
(see Vernet et al. 2017, Arrow galaxy). These manually masked
regions are marked by purple hatches in Fig. 1bcd. The tessella-
tion maps are shown in Appendix A.3. Through the tessellation,
we reach ~ 20 surface brightness limit (as reported in Table 2)
in the faintest tile.

For the convenience of the spatial fitting (Sect. 3.2.2 and
Appendix B), we run an automatic re-numbering algorithm to
make physically attached tiles to be as consecutive in number
as possible. In each tile, the spatial spectra from every spaxel are
then extracted and summed according to the tessellation from the
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Fig. A.4. Smoothed nebula image (a) and tessellation map (b) of TN J0205+2242. The inset spectrum is extracted from the detached region
(hatched) which is selected having Lya emissions but left out from the analysis following Sect. 3.1.1. (a) The colour-composed image is created

in a manner similar to that of Figure A.2a.
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Fig. A.5. Smoothed nebula image (a) and tessellation map (b) of TN J0121+1320. (a) The colour-composed image is created in a manner similar

to that of Figure A.2a.

original cube (i.e. the one produced by the reduction, Sect. 2.3,
without further continuum subtraction).

A.3. Smooth nebula images and tessellation maps

In this Appendix, we present the smoothed nebula images (pro-
duced based on the optimally smoothed cube, Fig. A.2—-A.9a)
and the tessellation maps (Fig. A.2—A.9b) constructed following
Appendix A.l (Sect. 3.1.1) and A.2 (Sect. 3.1.2), respectively.
The false-colour smooth images are generated using multi-
colourfits (Cigan 2019). Each colour represents a pseudo-narrow
band Lya image constructed from the optimally smoothed cube
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(Appendix A.l) in arbitrary wavelength range with the goal to
show different kinematic structures. Blue, yellow and red are
relatively from blue wing, middle and red wing of the Ly emis-
sion, respectively. We note that the smoothed nebula images are
only used as representation and demonstration of how the algo-
rithm in Appendix A.1 works. They are not included in the anal-
ysis of this work. For MRCO0316-257 and TN J0205+2242, we
detected line emissions around their Ly wavelength at isolated
regions from the main nebula. We did not include these regions
in to account due to its possible origin from companion galax-
ies, but show the spectra and region where they are extracted in
Figs. A.3 and A 4.
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Fig. A.6. Smoothed nebula image (a) and tessellation map (b) of 4C+03.24. (a) The colour-composed image is created in a manner similar to that

of Figure A.2a.

| (a) 4C+19.71

19°29'20.00" &

15.00"

pos.eq.dec

10.00"

05.00"

00.00"

P TP P T o
21H 44' 08.00" 07.50" 07.00"

pos.eq.ra

pixel

120

80

60

40

60
pixel

Fig. A.7. Smoothed nebula image (a) and tessellation map (b) of 4C+19.71. (a) The colour-composed image is created in a manner similar to that

of Figure A.2a.

A70, page 31 of 44



Lya nebulae of za3-5 radio galaxies 91

Wang, W, et al.: A&A 680, A70 (2023)

' (a) TNJ1338-1942

-19°42'10.00" &

20.00"

pos.eq.dec

30.00" &

40.00" &

PO PN S | ST PRIPet: NP
13H 38' 27.00" 26.50" 26.00" 25.50"

80 100
pos.eq.ra pixel

Fig. A.8. Smoothed nebula image (a) and tessellation map (b) of TN J1338-1942. (a) The colour-composed image is created in a manner similar
to that of Figure A.2a.
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Fig. A.9. Smoothed nebula image (a) and tessellation map (b) of 4C+04.11. (a) The colour-composed image is created in a manner similar to that
of Figure A.2a.
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Appendix B: Fitting procedure

To minimise the uncertainties introduced by fitting the spectra in
neighbour bin independently, and impact from foreground tar-
gets and the UV continuum, we have developed the following
spatial fitting procedure after extracting spectra from the tes-
sellation in Appendix A.2. In this way, we can link the fitting
between adjacent bins to avoid un-physical jump in parameters:

To estimate the UV continuum , we firstly extract a nar-
row band image between the rest-frame NvA1240 and OT +
Si1A1305 from the data cube leaving a rest-frame 10 A buffer at
each end of the central wavelength of the emission line to avoid
line emission contamination. This step is implemented to select
which tessellated bins are affected by the continuum such that
we can model it in the fitting. Hence, this wavelength range is
chosen because it is a line-free region closet to Lya which could
be a relatively accurate estimation of the UV continuum emis-
sion of the radio galaxy: since the blue wing of Ly« is suffered
from absorption. We use this continuum image and the tessella-
tion map (Sect. 3.1.2) to determine which tiles have continuum
emissions.

To determine the initial value of the spatial fitting, we sec-
ondly extract the 1D Lya master spectrum from a d = 1 arcsec
(25 spaxels) at the position of the AGN centre (Table 2) and fit
it with Gaussian + Voigt model (Sect. 3.2.1, Fig.1a). In this way,
the initial information of the absorbers (number, column density
and positions) are determined. We note that for this fit a Oth-
order polynomial for continuum and two Gaussian for both the
systemic emission and broad (or blueshifted or redshifted) com-
ponents are used.

To minimise the impact of undesired features, we thridly
mask the strong 5577 A sky-line, which affects 4C+03.24 and
4C+19.71 most, by 5 spectral resolution units. We also mask
the foreground or background objects line emission wavelength
range (none of them overlapped with the Ly« of the radio galaxy
to our current knowledge) and replace with the noise from the
cube variance extension (for example of the reported objects in
the vincity of Ly nebula see, e.g. Falkendal et al. 2021).

To get a the first spatial fit, we fourthly fit the spatial spectra
from each tiles in the order determined in Appendix A.2 with
the Least-square method. In the fitting, we pass the results from
the previous tile fit to the next as initials to minimise the poten-
tial randomness introduced by fitting each spectra freely without
any constrain. We note that (i) the constrains from the previous
fit may be relaxed more if the ratio of the integrated observed
fluxes between the tiles are significant (~ 50%) and/or the dis-
tance ratio is large (>1.1)* and/or the area of the tile is large
(> 9r arcsec?); (ii) the Doppler parameter, b, (Tepper-Garcia
2006) is set to a broad range (Kolwa et al. 2019; Wang et al.
2021b, 40 < b < 400kms™') because of the b — N degen-
eracy (e.g. Silva et al. 2018b). We only constrain the range of
column density, Ny;. The continuum model is included in the
fitting with a Oth-order-polynomial for tiles overlapped with con-
tinuum detected region determined in first step. A fixed step
function with the step at the wavelength of the systemic Ly« is
used for the highest redshift target, 4C+04.11, due to the heavily
absorbed continuum on the blue-side which may be due to Lya
forest, e.g. Rauch (1998).

Due to the scattering nature of Lya and presence of broad
(outflow) components, it is important to select which region

ry+r
dip?

of the two tiles (estimated by r = VA/xr, where A is the area of the tile)
and the distance between the geometric centre of the two tiles, d, ,.

4 Distance ratio, is the ratio between the sum of the radii, r| + r»,

contains more than one emission component to better study the
broader wing. We fit the set of spatial spectra two times: (i) first
using 1-Gaussian only for the emission and (ii) then using 2-
Gaussian for all spectra. In this way, we can do a simple y ratio
selection between the 2-Gaussian versus the 1-Gaussian fitting
results and select the tiles favour 2-Gaussian fit with a threshold
of ~ 0.80 —0.98 (depends on different targets). We point that the
x? value is not a robust measurement of the fitting quality (e.g.
Andrae et al. 2010). For a quick test in our case, however, it is
good enough to the first order. We note that for 4C+03.24, we
stay with the 1-Gaussian fit for all tiles due to the complicated
spatial variance of spectral shapes. We note that this selection
is not crucial in this work since we do not distinguish and sep-
arately interpret different velocity components in the analysis.
The purpose for this step is to consistently ensure that the non-
single-Gaussian line shape is considered without missing flux.

Fifthly, we fit the spatial spectra with 2-Gaussian models for
the tiles determined in the last step and 1-Gaussian for the oth-
ers. The results from the previous steps are passed to the next as
initial guesses. To keep consistence, we choose to use the same
number of absorbers for the whole map due to the difficulties
in determining where one absorber disappears. This is a good
assumption to first order given that we observe most absorbers
on large extent. For example in Fig. 4, we see the tiles at the neb-
ula edge are also affected by absorbers. The column density of
the absorbers is a free parameter during the fit. Given the degen-
eracy between the column density and Doppler parameter, b
(Silva et al. 2018a), we leave the constraint of b to a broad range
following Kolwa et al. (2019) (40 to 400kms~"). The centroid
(redshift) of the absorbers are also allowed to vary (Az ~ +0.001)
except for 4C+04.115. For spectra extracted from inner tiles (<
10”, with high S/N), we constrain their column densities to vary
within a ~ 2 dex range from the initial input. We ease the column
density constrain for the absorbers from outer tiles with distance
to AGN > 10” such that they can be given low column density
(~ 10" cm™2). In this way, the absorbers at low S/N regions can
have negligible impact (< 0.1 %) on the reconstructed flux. We
use the same number of absorbers reported in previous works
for some of our targets (MRC 0943-242, TN JO121+1320, TN
J1338-1942 Wilman et al. 2004; Swinbank et al. 2015). Other-
wise, we use the number determined in the first step of 1D spec-
tra fitting. For TN J0121+1320, we use 3 absorbers instead of
2 as in Wilman et al. (2004). For 4C+04.11, we use 9 absorbers
(instead of 7 as in Wang et al. (2021b)) with 7 of them fixed to
the redshifts determined in 1D spectra fit.

Finally, we run MCMC sampling (Foreman-Mackey et al.
2013) using the results from last step as initials and with larger
boundaries to probe the probability distribution of the fitted
parameters and uncertainties.

We point out one caveat that the low S/N (especially for the
tiles at the edge) will affect the reconstructed intrinsic Ly« flux.
We implemented a test where we artificially decrease the S/N
of the master spectrum and do the absorption correction fit. It
shows that the reconstructed intrinsic flux can vary by a factor
of ~ 2 when the S/N decreases by one dex (e.g. ~ 100 to ~ 10).
This result is based on the fact that we have a relatively good ini-
tial guess for the fit. We note that in the aforementioned fitting
procedure the fitting parameters are constrained by the neigh-
bouring tiles to have them physically linked. There may still be
the chance that the low S/N will affect the fitted flux leading to

3> For this case, we follow the procedure in Wang et al. (2021b) and fix
the positions of five absorbers on the blue low S/N wing to the value
determined from the Master spectrum.
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over-correction. This may be the case for 4C+04.11 (Fig. 13).
We present the flux ratio maps between intrinsic and observed in
Appendix C which indicate this possibility (~ 50 for the tiles at
the edge).

Appendix C: Supplementary maps

We show the intrinsic Lya maps with selected spectra for
MRC0943-242, MRC0316-257, 4C+19.71, TNJ1338-1942 and
4C+04.11 in Fig. C.1, C.2, C.3, C4 and C.5, respectively.
The spatial study of the Lya nebulae for these sources with
MUSE were published previously (e.g. Gullberg et al. 2016;
Vernet et al. 2017; Falkendal et al. 2021; Swinbank et al. 2015;
Wang et al. 2021b). In this paper, we performed a consistent
analysis for the full sample with the new method of correct-
ing for absorption. With the individual spectra mostly showing
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Fig. C.1. Similar to Fig. 2—4, but for MRC(0943-242.
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the tiles at larger distance away from the AGN, we can find
that the absorption features are observed nearly across the entire
nebula.

To better show the difference before and after absorption cor-
rection, we present the observed surface brightness maps and
flux ratio maps between the intrinsic flux and observed flux. For
the observed flux in each tiles, we use the flux integrated from
vos to vgs and show in Fig. C.6a for each target. For consistency,
the vos (and vos) is determined based on the intrinsic line since
the vgs (and vgs) of the observed lines in low S/N regions are
affected by noise more. To ensure the intrinsic and observed sur-
face brightness are comparable as in Fig. C.6b, we take the ratio
between the intrinsic and observed flux all integrated between
vos and vgs. Generally, the tiles at the outskirt of the nebulae hav-
ing larger ratios (> 10). The observed nebular properties derived
in the main text are based on the vgs—v9s observed maps obtained
here.
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Fig. C.3. Similar to Fig. 2—4, but for 4C+19.71.
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Appendix D: Supplements of nebula radial profile
and morphology analysis

Table D.1. Position angle and hot spot distance of the radio jet.

HzRG PAradioT Tapp. * Tree."
deg arcsec arcsec
MRC 0943-242 74 1.79 1.76
MRC 0316-257 53 5.56 1.15
TN J0205+2242 150 1.47 1.24
TN JO121+1320 90 0.82¢ 0.82¢
4C+03.24 146 2.00° 1.75%
4C+19.71 176 3.82 4.58
TN J1338-1942 150 3.78 1.18
4C+04.11 158 1.15¢ 1.70¢

Notes. fJet position angle. This is measured east from north. We note
that we do not quantify the uncertainties which could be +1 deg.
“Distance between the hot spot and the AGN position. 7y, and ry, are
distance for approaching and receding hot spot, respectively. “The radio
emission of TN JO121+1320 is spatially unresolved. The ‘hot spot” dis-
tance is represented by the distance from the host galaxy position to the
either side of 30 contour of the radio image along the east-west direc-
tion. ® Approaching hot spot is Al and receding hot spot is B1 (named
after van Qjik et al. 1996). ¢ Approaching hot spot is knot8 and receding
hot spot is knot1 (named after Parijskij et al. 2014).

In this appendix, we show the supplementary information
accompanied with studying nebulae radial profiles and morphol-
ogy.
We present the annuli used in Sect. 4.2.1 in Fig. D.1. For
each targets, the smallest one aperture has the radius equals to
0.75 of its seeing. The radii are in logarithmic steps from centre
to outskirt, and the values extract from the annuli are presented
in Table D.2.

For the directional radial surface brightness profile analysed
in Sect. 4.2.2, it is extracted in half annuli along approaching and
receding directions (Fig. 8) with the same step as Fig. D.1.
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The position angle of the radio axis is obtained from the
two jet hot-spot positions (e.g. van Ojik et al. 1996; Carilli et al.
1997; Pentericci et al. 2000; Parijskij et al. 2014, and unpub-
lished radio maps) and presented in Table D.1. For TN
JO121+1320 which has a compact radio emission, we assign
an east-west jet position angle to it. We also present the dis-
tance of the radio hot spot from the AGN position in Table
D.1. This is the value shown in Fig. 6 and 7 (after converted
to ckpc). The hot spot is determined to be located at position
of the brightest radio emission. 4C+03.24 and 4C+04.11 show
multiple radio flux peaks in their radio data. We calculate the jet
position angle and hot spot distance based on Al and B1 knots
for 4C+03.24 (named after van Ojik et al. 1996) and knots 1 and
8 for 4C+04.11 (named after Parijskij et al. 2014). We note that
the radio jet of TN JO121+1320 is unresolved. Hence, we use the
farthest distance reached by the jet (i.e. 30~ contour of the radio
image) along the jet direction as a proxy.

We show the exponential and power law fitted parameters
(Sect. 4.2.3) of the circularly averaged and directional surface
brightness profiles in Table D.3. In Fig. D.2, we show the
position-velocity diagram of the observed and intrinsic cubes
along the jet direction. This can be used as a direct comparison
with Villar-Martin et al. (2003). On each target, we also mark
the largest extent of the radio lobes in both directions in hor-
izontal dashed lines. This is determined as the distance from
the AGN position along the direction of the jet position angle
to the farthest position reached by the 3sigma radio flux con-
tour. We note that the broader line width observed visually is
due to the contrast between the high and low surface bright-
ness parts. We find in some cases (e.g. 4C+04.11 and TN J1338-
1942) that there is a sharp surface brightness drop at the distance
of the radio jet boundary. A discontinuity in the line width and
surface brightness of the Lya nebulae across the extent of the
radio source has been previously reported in Villar-Martin et al.
(2003). The changes is not as sharp as shown in D.2. The sharp-
ness seen in the intrinsic panels is due to tessellation as it is the
transition from high to low surface brightness part. Hence, we
assure that these are not all artificial effect due to our analysis
methods.
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Fig. D.1. Circular apertures for radial profile (Sect. 4.2.1) extraction on top of intrinsic surface brightness maps (Fig. 1a) of the HzZRGs sample.
In each panel, the blue concentric annuli show the apertures where the radial profile is extracted. The annuli are centred around the host galaxy
(central AGN) position (Table 2). The radii of the annuli in each panel are the same in the unit of arcsec for consistence except the smallest radius
which is set to be 0.75% seeing for each target. The black bar at the bottom left corner of each panel indicate the 10 arcsec scale.

Table D.2. Intrinsic surface brightness from circular aperture

R MRC0943-242  MRCO0316-257 TN J0205+2242  TNJO121+1320  4C+03.24  4C+19.71  TNJ1338-1942  4C+04.11
[arcsec] (1+2)*SB[10710 ergs™! cm 2 arcsec 2]
0.0-r" 2621.4 1534.1 1886.6 1452.9 2955.1 261.9 51779 6464.6
r"-1.0 1792.0 833.8 1764.7 889.7 2102.8 224.9 3617.2 4686.2
1.0-1.8 623.3 390.1 953.4 250.2 1884.4 195.4 1829.5 2659.6
1.8-3.3 95.3 60.9 2324 48.5 1020.3 130.1 385.0 950.4
3345 24.6 36.4 120.3 38.6 465.3 105.4 106.4 367.7
4.5-6.0 15.2 315 972 254 2274 68.3 584 229.6
6.0-7.3 14.7 322 87.1 0.0 194.8 51.3 29.2 168.9
7.3-8.9 13.1 359 45.0 0.0 142.9 43.0 25.0 97.6
8.9-10.8 11.9 385 233 0.0 117.3 25.1 26.3 65.5
10.8-13.2 13.0 37.2 233 0.0 82.8 20.7 339 58.3
13.2-16.0 0.0 383 233 0.0 65.0 0.0 339 312
16.0-19.5 0.0 33.0 0.0 0.0 455 0.0 17.0 0.0
19.5-23.8 0.0 14.5 0.0 0.0 0.0 0.0 29.2 0.0
23.8-28.9 0.0 12.3 0.0 0.0 0.0 0.0 36.6 0.0

Notes. T, = 0.75x seeing which is specified for each target Table 1. The median seeing is 0.75 arcsec. Intrinsic surface brightness values extracted
from circular annuli following Fig. D.1. To be consistent, the first column gives the radii of each annulus in the unit of arcsec instead of ckpc. The
reported surface brightness values are corrected for cosmological dimming.
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Fig. D.2. Lya position-velocity diagrams (i.e. 2D spectra) of our sample targets extracted along the radio jet axis. For each target, the left panel
shows the diagram constructed from tessellated observed cube (not continuum-subtracted for the host galaxy) and the right panel shows the
diagram from absorption-corrected intrinsic cube. The zero offset is set to the position of the central AGN (Table 2). The direction of approaching
and receding sides of the jet (see Sect. 2.1.3) are marked in the left panel by the blue and red arrows, respectively. The white horizontal dashed
lines represent the furthest extent of the jet. The dotted green contours are given in arbitrary steps which are used to guide the eye for the high
brightness part. The vertical black shaded regions in the observed position-velocity diagrams of 4C+03.24 and 4C+19.71 indicate the wavelength

ranges affected by the 5577 A sky-line.
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Table D.3. Fit parameters of surface brightness profiles.

HzRG N C.* rp* b
pkpc 10716 cgs pkpc

MRC 0943-242 6.9+0.2 20.7£1.0  39.8+1.5 -0.24+0.18

" " app. 5.6+0.2 18.4+1.1 32.0+1.3  -0.13%0.15

" " rec. 7.5£0.2 25.8+1.0 429+13 -0.15+0.19
MRC 0316-257 7.0+0.6 8.9+1.2 27.3+£32 -0.62+0.24
" " app. 1.3+0.3  69.0£70.0 7.7+1.0  -0.46+0.07

" " rec. 7.5+3.3 142157 31.6+144 -0.01+0.49

TN J0205+2242 48.9+304  5.7+0.4 10.9+£21.4  -1.90+0.58
" " app. 8.8+2.0 6.2+0.7 13.4+£10.8 -1.52+0.26

" " rec. 10.8+3.1 8.3+0.3 48.7+0.7  -0.97+0.14

TN J0121+1320  9.8+1.9 5.6+1.2 6.2+10.0 -2.05+0.71
" " app. 4.4+1.0 8.9+2.3 19.6£6.6  -0.67+0.76

" " rec. 5.1£1.3 10.2+2.1 109493  -2.16+0.75
4C+03.24 17.6x1.8 7.9+0.6  20.0+£14.9 -1.64+0.21

" " app. 11.2+0.9 10.3+0.9  38.5+4.2 -0.87+0.18

" " rec. 27.7+2.0 6.5£04  234+10.8 -1.67+0.18
4C+19.71 29.5+7.2 0.8+0.1 23.1£9.7  -1.20+0.16

" " app. 63.6+20.3  0.4+0.1 38.1+£7.8  -1.88+0.37

" " rec. 23.3+24.5 1.0£0.2  15.1£153 -1.24+0.35

TN J1338-1942 7.3+£0.3 13.6+0.7  41.0+£2.7 -0.12+0.26
" " app. 3.6+7.0 20.7+8.8 7.5+1.7  -2.10+0.07

" " rec. 7.3£8.0 19.0+£5.1  40.0+14.7 -0.52+0.77
4C+04.11 8.2+1.5 11.8+1.3  15.2+11.7 -2.04+0.24

" " app. 9.9+1.0 11.0£0.9  389+12.0 -1.77+0.37

" " rec. 7.5+1.6 11.6+1.6 16.0+£8.3  -2.14+0.28

Notes. See Section 4.2.3 for the fitting equations (Eq. 2): Scale length of the exponential profile. *Normalisation parameter of the exponential
profile. The cgs unit is erg s~' cm~2 arcsec™2. *Distance where inner exponential profile changes to power law profile. YPower law index.
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Appendix E: MRC0316-257 systemic redshift

For MRC0316-257, two velocity components of the He IT emis-
sion are detected in our MUSE observation which are also sep-
arated spatially. The one detected at the position of the X-ray
emission peak from Chandra observation (Table 2) is believed
to be the systemic one while the one at north-west position that
is coincident with UV continuum emission peak may trace jet-
gas interaction. We show the UV continuum map of MRC0316-
257 and the fits of the two Hell spectra in Fig. E.1. We note
that the UV continuum map is constructed from the MUSE
cube using the wavelength in observed frame between N v41240
and O1+SilIA1305 which is a emission-line-free region of
HzRGs (McCarthy 1993). The bright continuum emission object
east of the central AGN position peak is a foreground galaxy
(Vernet et al. 2017). We report here that the systemic redshift
detected is zgys = 3.1238 +£0.0002 and the redshift of the compo-
nent at the UV continuum peak is z;eq = 3.1323+0.0002 which is

Continuum peak
() Central AGN, X-ray

-25°35'05"

DEC (J2000)

(a);Continaum map: Nv--Ol
1225 12.0°
RA (J2000)

3n18M12.65 12.4°

N e
11.8°

redshifted of v = 620km s~ from the systemic one. The veloc-
ity gradient of the HelIl agrees with the Lya vso (Fig. 1c) and
[0 111]45007 (Nesvadba et al. 2008) within the scope of the jet.
The UV continuum at this position may suggest the younger stel-
lar population distribution. Combine with the jet kinematics, we
may seeing jet induced star forming activities. However, there
is also the possibility that the UV continuum could be produced
by the inverse Compton processes. The redshifted He II near the
west radio lobe could then be due to the ionisation emission from
the shock region exerting on the un-shocked gas. This is sup-
ported by the relatively narrow with of the redshift He 11 (FWHM
~ 600kms™" < 1000 km s~") which could indicate that is has not
been impacted by shocks (Best et al. 2000; Allen et al. 2008).
We note that a detailed verification for this scenario is beyond
the scope of this paper which involves spectral ageing inspec-
tion of the radio jet hot-spot (e.g. Harwood et al. 2013). Hence,
we simply point these possibilities and leave them to future study
with multi-wavelength observations combined.
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Fig. E.1. UV continuum map around MRC0316-257 (a) and He Il spectra from the X-ray position (central AGN, b) and UV continuum peak
position (c). The UV continuum map is collapsed between the observed wavelength of N V41240 and O 1+Si1141305. The green contours show
the radio jet in the same format as Fig. 1cd. The black contours in the step of [30-, 5o, 70, ...] trace the UV continuum emission, where o is the
background standard deviation. Blue and red circular regions indicate the » = 0.5 arcsec apertures where the systemic and redshifted He IT spectra
are extract, respectively. The right panels (b, c) show the He I spectra (histogram) along with their best Gaussian fitting (dark magenta line) results.
The velocity zero (vertical black dotted line) in both panels is the systemic redshift. In the panel(c), we also mark the velocity shift (vertical red
dotted line) of the redshifted He Il emission with respect to the systemic one.
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ABSTRACT

We present the first results from a JWST program studying the role played by powerful radio jets in the evolution of the most massive
galaxies at the onset of cosmic noon. Using NIRSpec integral field spectroscopy, we detected 24 rest-frame optical emission lines
from the z = 3.5892 radio galaxy 4C+19.71, which contains one of the most energetic radio jets known, making it perfect for testing
radio mode feedback on the interstellar medium (ISM) of a M, ~ 10'! M, galaxy. The rich spectrum enables line ratio diagnostics,
showing that the radiation from the active galactic nucleus (AGN) dominates the ionization of the entire ISM out to at least 25 kpc, the
edge of the detection. Subkiloparsec resolution reveals filamentary structures and emission blobs in the warm ionized ISM distributed
on scales of ~5 to ~20kpc. A large fraction of the extended gaseous nebula is located near the systemic velocity. This nebula thus
may be the patchy ISM that is illuminated by the AGN after the passage of the jet. A radiative-driven outflow was observed within
~5kpc from the nucleus. The inefficient coupling (<10~*) between this outflow and the quasar and the lack of extreme gas motions
on galactic scales are inconsistent with other high-z powerful quasars. Combining our data with ground-based studies, we conclude

that only a minor fraction of the feedback processes is happening on <25 kpc scales.

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: ISM — galaxies: jets — quasars: emission lines —

quasars: individual: 4C+19.71

1. Introduction

Active galactic nucleus (AGN) feedback can be categorized
into either quasar mode, where the output from the supermas-
sive black hole (SMBH) is coupled radiatively to the gas, or
radio mode, where the feedback is due to the kinetic energy
of the jet (e.g., Fabian 2012; Harrison 2017). The quasar mode
is known to be prevalent (e.g., Harrison et al. 2014). The radio
mode also plays an important role in AGN-gas interactions,
leading to quenching. This is especially true in massive galaxies
in the early Universe, as shown by both numerical simulations
and observations (e.g., Heckman & Best 2014; Mukherjee et al.
2018; Kondapally et al. 2023). Despite the relatively short life-
time of a powerful jet (~107 yr), observations do indeed indi-
cate that it can still significantly impact the host galaxy (e.g.,
total energy output by the jet 210% erg, Nesvadba et al. 2006;
Miley & De Breuck 2008). Relativistic jets trigger shocks and
drive outflows through an expanding overpressured bubble
(e.g., Begelman & Cioffi 1989). While hydrodynamic simula-
tions demonstrated that jets have the ability to interact with

the interstellar medium (ISM) out to several kiloparsecs (e.g.,
creating turbulence, driving outflows, and compressing the gas,
Dugan et al. 2017; Mukherjee et al. 2021), observations paint a
more complicated picture. Specially, jet—ISM interactions are
found to be different between AGN with intermediate radio
power (Li4gu, = 1022 WHz™!, e.g., Mullaney et al. 2013)
and those with a higher power (e.g., Mukherjee et al. 2016).
Moreover, it is difficult to study the feedback mechanisms of the
most powerful jetted AGN due to observational limitations and
the simultaneous presence of energetic, quasar mode feedback.
High-redshift radio galaxies (HzRGs) are the best targets
to test AGN feedback in massive host galaxies (~10'! M,
De Breuck et al. 2010) because the gas, dust, and stellar popu-
lations in their host galaxies can be observed without contam-
ination from the bright, point-like quasar light. In contrast to
low-z, where radio mode AGN are believed to have low black
hole accretion rates with inefficient radiative luminosity, HZRGs
are observed to have both a vigorous radio mode and quasar
mode energy output (e.g., Vernetetal. 2001; Nesvadba et al.
2007, 2017a,b). There are numerous studies focused on the
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outflows on scales from several to tens of kiloparsecs for
both low- and high-redshift radio galaxies, which find evi-
dence of them being jet driven (Tadhunter et al. 2001, 2007;
Nesvadba et al. 2006, 2007). A closer look (scales of tens
of parsecs) at the feedback in the vicinity of radio AGN is
possible at low-z (e.g., Tadhunter et al. 2003). However, spot-
ting the warm, ionized quasar outflow around cosmic noon
(Madau & Dickinson 2014) down to subkiloparsec scales is
challenging. Therefore, it is still unclear how energetic jet mode
and quasar mode feedback couple with the ISM, how efficient
these mechanisms are in driving outflows, and on which scales
the different feedback mechanisms dominate. All of these are
critical issues to be addressed before we can achieve a deeper
understanding of the quenching of star formation in these mas-
sive host galaxies (Falkendal et al. 2019).

We can now finally take a step forward thanks to the
Near Infrared Spectrograph (NIRSpec; Jakobsen et al. 2022) on
board JWST, which provides an order of magnitude improve-
ment in sensitivity. At least for HzZRGs, there is evidence that
the morphology and/or kinematics of the ionized ISM and
even circumgalactic medium (CGM) gas are impacted by jets
(Nesvadba et al. 2008, 2017a; Falkendal et al. 2021; Wang et al.
2023), which may indicate their role in feedback. However,
the situation may be different when using deeper observations
(e.g., Wylezalek et al. 2017). For example, how does the ISM
of HzRGs look in the vicinity of and inside the host galaxies
(e.g., ~10 to 20kpc). NIRSpec integral field unit (IFU) observa-
tions of powerful quasars at cosmic noon have already revealed
the detailed ionization mechanisms and quantified the outflow
rates on galactic scales (e.g., Wylezalek et al. 2022; Vayner et al.
2023, 2024). NIRSpec will revolutionize our view of the inner
ISM of HzRGs where the detailed physics are still unclear. A
resolution-matched comparison can finally be done for high- and
low-z radio AGN. NIRSpec IFU will also enable observational
tests of simulated jet feedback (e.g., Mukherjee et al. 2016) in
the early Universe.

In this work, we present the first JWST view of the ion-
ized ISM of a z ~ 3.5 radio-loud AGN. In Sect. 2, we
describe the observations and data processing. We then show in
Sect. 3 the morphology of the warm ionized gas and identifica-
tion of the observed optical emission lines from the extracted
spectra. Finally, we discuss the impact of the jet on the ISM
using line-ratio diagnostics and summarize in Sect. 4. Through-
out this paper, we assume a flat A cosmology with Hy =
70kms~Mpc™' and Q, = 0.3. Following this cosmology,
1 arcsec = 7.25 kpc at the redshift of 4C+19.71. Throughout this
work, we use z = 3.5892 + 0.0004 as determined from atomic
carbon, [CI](1-0) (veese = 492.16 GHz), as the systemic red-
shift (Falkendal et al. 2021; Kolwa et al. 2023). Due to the rela-
tively large synthesized beam (1.8” x1.9”, Falkendal et al. 2021)
of the Atacama Large Millimeter/submillimeter Array (ALMA)
[C1](1-0) observation, it is uncertain whether the molecular
gas is located in the host galaxy (Appendix D). Though JWST
observes in a vacuum, we label the emission lines with their
air wavelengths in A following the convention, for example
[0 1m]5007.

2. 4C+19.71, observation, and data processing

4C+19.71 (MG 2144+1928) is the first target observed as part
of the JWST Cycle 1 General Observers program (ID 1970, PI:
W. Wang) “Zooming into the monster’s mouth: tracing feedback
from their hosts to circumgalactic medium in z = 3.5 radio-loud
AGN?”. The program includes four HzZRGs with a diversity of star
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formation rates and radio jet morphologies (van Ojik et al. 1996;
Carilli et al. 1997; Nesvadba et al. 2007; Falkendal et al. 2019).
We selected them to have similar redshifts (z =~ 3.5) to maximize
the number of emission lines in a single observational setting.
4C+19.71 has a FR II-type radio jet with a double-sided lobe
extending over 260kpc (Fanaroff & Riley 1974; Carilli et al.
1997). Besides the radio data, there are multiwavelength
studies available for 4C+19.71 (e.g., Pentericcietal. 1999;
Maxfield et al. 2002; Seymour et al. 2007; De Breuck et al.
2010). The HzRG is surrounded by an X-ray halo and
[O1]5007 nebula with similar extension. Both are elongated
in the same direction as the jet (~60kpc; Armus et al. 1998;
Smail et al. 2012; Nesvadba et al. 2017b). A more extended,
~100kpc Lya nebula is also detected around the radio AGN.
It also shows an elongated morphology along the jet axis, even
beyond the radio lobes (Falkendal et al. 2021; Wang et al. 2023).
The stellar mass of the host galaxy of 4C+19.71 is
constrained to be <10'"!' M. It forms stars at the rate of
~84 Mg yr~! (Falkendal et al. 2019). Finally, there is significant
molecular gas in the host (2.5 x 10'° My, Kolwa et al. 2023).
The observation of 4C+19.71 was conducted on UT 2022
October 30 with NIRSpec in IFU mode (Boker etal. 2022;
Jakobsen et al. 2022). We selected G235H/F170LP as the dis-
perser and filter setup, which covers 1.70-3.15um in the
observed frame or ~3700~7620 A in the rest frame. The com-
bination of filter and grating offers the spectral resolution of
85—150km s~!. This ensures major optical emission lines seen in
type-2 AGN ([0 11]3726, 3729 to He, including [S 1116716, 6731)
can be observed at once (e.g., Zakamskaetal. 2003). We
adopted a 9-point dither pattern and the improved reference
sampling and subtraction (IRS?) read-out pattern. The total on-
source exposure time was 3.7 h. We designed the leakage expo-
sure, 0.4 h, to identify light leaking through the failed open shut-
ters on the microshutter array (MSA) at the first dither position.
We downloaded the raw data from the Mikulski Archive
for Space Telescopes (MAST). The data were processed
with the JWST Science Calibration pipeline! (v1.9.4) with
the Calibration Reference Data System (CRDS) context file
jwst_1041.pmap. Our procedure is similar to Vayner et al.
(2023), executing the standard first and second stages of
the pipeline with one modification. Specifically, we used the
“emsm” method instead of “drizzle” during the data cube con-
struction step to reduce the low-frequency ripples due to under-
sampling. The third and final stage of the processing is to
combine cubes from different exposures into the final cube. We
instead used the script from Vayner et al. (2023), who applied
the Python package reproject because the third stage of the
pipeline falsely rejects the bright emission peak while keeping
some noise spikes. During this step, sigma clipping (207) was
also included to reject outliers. The data cube was resampled to
have a pixel scale of 0.05”. We processed the raw NIRSpec IFU
data of the standard star TYC 4433-1800-1 (PID 1128) for flux
calibration. Finally, we performed an additional background sub-
traction to the flux-calibrated science data cube to alleviate nega-
tive background continuum seen in source-free regions. The size
of the point spread function (PSF) of the NIRSpec IFU depends
on wavelength and spatial position. We mark the full width at
half maximum (FWHM) of the PSF constructed in Vayner et al.
(2024) in Fig. la.
Several works based on NIRSpec IFU observations report a
World Coordinate System (WCS) offset in the final data cube
(e.g., Wylezalek et al. 2022; Perna et al. 2023). We aligned the

' https://github.com/spacetelescope/jwst
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Fig. 1. NIRSpec [O 111] color composite and example spectra of [O1II] doublet. (a) Three-color composite image of narrowband [O 1I]5007. We
overlay the VLA 4.7 GHz jet hot spots in dark purple contours. Blue dots indicate the position of foreground galaxies (see text). FWHM of the
PSF is marked at the left corner. (b) “Monochrome” narrowband images of [O II]5007 collapsed at blue wing (b1), systemic redshift (b2), and
red wing (b3), respectively. Yellow contours show dust continuum emission from the ALMA data. (c) Example spectra of continuum-subtracted
[0 111]4959, 5007 extracted at four different spatial locations normalized to their peak flux density. We fit the spectra using q3dfit with up to
three kinematic components. The light purple curve indicates the overall fit. The individual components are shown in blue, green, and red with a
negative offset from the zero level. (d) Zoom-in view of the central 0.5 x 0.5” region of the narrowband image (gray box in panel a). Dark purple
plus + sign marks the position of the continuum emission of the radio galaxy determined from the NIRSpec cube while the yellow triple-spike
triangle shows peak position of the ALMA 400.3 GHz dust. The sizes of the markers represent the position uncertainty, 1.2” and 0.04” for radio
galaxy and ALMA dust respectively. Black box in the insert shows the aperture where the 1D spectrum (Fig. 2) is extracted.

continuum emission position of the west foreground galaxy
in our NIRSpec cube to the Hubble Space Telescope (HST)
WFPC2 image and used this new WCS in the following analy-
sis (see Fig. 1a and Pentericci et al. 1999). The astrometry of the
HST image was corrected by cross-matching with Gaia DR3 tar-
gets (Gaia Collaboration 2023). Our final WCS solution resulted
in a shift of ARA =0.43” and ADec =—-0.22” compared to the
pipeline output WCS. We discuss the astrometry correction in
Appendix A.

We also present the ALMA Band 8 observation of
4C+19.71. This observation was carried out under program
ID 2021.1.00576.S (PI: W. Wang) on UT 2022 June 17.
In this work, we use only the archived image at vops =
400.3GHz to show the position of the cold dust emission.
A detailed analysis of the ALMA observations is beyond the
scope of this paper and will be presented in a forthcoming

paper.

3. Results

In this paper, we inspect both the 2D morphology and 1D spec-
trum of the warm ionized gas. Given the signal-to-noise ratio
(S/N) of the optical emission lines covered in our setting, we
choose the [O 11]5007 ([O 1] hereafter if not specified) as the
proxy for the morphology. It is extensively used in the stud-
ies of AGN narrow line regions (e.g., Husemann et al. 2013;
Harrison et al. 2014; Wylezalek et al. 2016). This is the first time
that the distribution of ionized gas around a z > 3.5 radio loud
AGN is seen with 51 kpc resolution.

3.1. Morphology of the extended ionized nebula

Armus et al. (1998) observed the [O111] emission of 4C+19.71
with Keck narrowband imaging. They reported the central [O III]
(i.e., a similar region as observed in the field of view of the
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NIRSpec IFU) has an elongated morphology along the north-
south direction with two distinctive parts. We show the first
zoom-in view of the [O 1] nebula of 4C+19.71 in Fig. 1. We
produce three pseudonarrowband images and show their com-
posite in Fig. 1a. The individual images are shown in Figs. 1b1-
b3 for the blue wing ([-700, —500] kms™'), systemic redshift
([-100, 1001 kms™"), and red wing ([500,700] kms™'), respec-
tively. On each of the images, there are two distinct peaks located
south and north which roughly align with the jet axis (dark pur-
ple contours in Fig. 1a, Carilli et al. 1997). Based on [O1II] gas
kinematics probed by VLT/SINFONI near the jet hot spot posi-
tions (Fig. A.7 of Nesvadba et al. 2017a), we assume the south-
ern jet is the approaching one. There is no doubt that 4C+19.71
has a hidden quasar (e.g., Seymour et al. 2007; De Breuck et al.
2010; Falkendal et al. 2019, and Sect. 4.1). Assuming the ioniza-
tion cone of the quasar is aligned with the jet axis (Drouart et al.
2012), it is likely that we are observing, in both the south and
north regions, the foreground and background parts of the cone.

To assist in studying the morphology, we show exam-
ple [0111]4959,5007 spectra extracted at four different loca-
tions (Figs. 1cl-c4). We note that the analysis of the extended
emission-line region kinematics is not the focus of this paper.
The per-spatial-pixel (spaxel) spectra are fit using gq3dfit
(Rupke et al. 2023), which is a Python tool for analyzing
JWST IFU data based on the software IFSFIT (Rupke 2014;
Rupke et al. 2021). Tt is clear that at least three different kine-
matic components are present on galactic scales (<10 kpc). This
is especially obvious for the gas in the south, with three dis-
tinct peaks present (e.g., Fig. 1c2). We stress that we refer to
the component closest to Okms™! as “systemic” and the oth-
ers as “blue” or “red” depending on their relative velocity shift
with respect to the systemic component. At this point, it remains
unclear whether they are the blueshifted or redshifted outflowing
gas clouds.

The most striking morphological features are the spatially
extended emission blobs and filamentary structures around the
systemic velocity (Fig. 1bl). For example, both components
detected in the east filament (Fig. 1c1) and the gas of the north-
ern spot (Fig. 1¢3) all have |Av| < 300km s~!. Neither the previ-
ous narrowband imaging nor ground-based IFU could resolve
these components spatially and spectrally (Armus et al. 1998;
Nesvadba et al. 2017a). With the relatively small field of view
(FoV) of the NIRSpec IFU, the jet hot spots are not captured
which are presumed to be the regions with the most energetic jet-
gas interactions. Given the fact that these extended filamentary
features sit at the systemic redshift, we arrive at the conclusion
that they are not associated with the outflow but may be high den-
sity gas clumps. Their morphologies may have been disrupted
by the jet-induced bubble (Mukherjee et al. 2016; Dugan et al.
2017). Indeed, at least in the example spectra extracted at the
east filament, we observe a broad component indicative of dis-
ruption by the jet (FWHM = 1052kms™").

3.2. Continuum emission

We overlay in Fig. 1b the continuum emission detected in our
ALMA Band 8 observation, which likely indicates the location
of the cold dust emission heated by the newly formed stellar pop-
ulation (e.g., Herrera-Camus et al. 2021). In Fig. 1d we show
that the AGN position (NIRSpec continuum, Sect. 4.1) agrees
with the ALMA dust location within their uncertainties. The 1o
uncertainty, ~0.02"”, of the ALMA dust position is estimated

2 https://q3dfit.readthedocs.io/en/latest/
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using pos,e. = beampwyp/(S/N)/0.9 with beampwyp =~ 0.2” and
S/N = 10 (see Appendix A for the 1o uncertainty, ~0.06”, of
the NIRSpec continuum)?.

A previous HST image (WFPC2/F702W) indicates other two
objects in the NIRSpec IFU FoV (Pentericci et al. 1999). They
are also seen in our NIRSpec observations (Fig. 1a). We label
them G1 and G2 for the galaxy in the west and east, respectively.
Gl is used as the WCS alignment reference in Sect. 2. They
are identified as foreground galaxies with z ~ 1.786 for G1 and
z = 1.643 for G2. Their spectra and emission line identifications
are shown in Appendix B.

3.3. Emission line identification

We present the identification of the emission lines in Fig. 2.
This is the first time that optical nebular emission lines
from [O11]3726,3729 to [S11]6716,6731 are observed for
z = 3.5 HzRGs with the spectral resolution of 85 to
150kms~!. This makes it possible to investigate the ioniza-
tion mechanisms and metallicities (e.g., line ratio diagnos-
tic diagrams, Baldwin et al. 1981; Veilleux & Osterbrock 1987;
Kauffmann et al. 2003; Groves et al. 2004b, 2006; Kewley et al.
2001, 2006, 2013; Wylezalek et al. 2017).

We extracted a spectrum from a 0.2 x 0.2 or 1.4 x 1.4 kpc?
(4 x 4 pix?) square aperture near the position of the continuum
emission peak. The aperture and size were chosen to also include
the [O 11T] emission peak which maximizes the S/N for emission
line identification. The aperture was aligned with the extension
of the brightest [O I11] emission blob. We show this aperture in
the black box in Fig. 1d. The spectrum is presented in Fig. 2. We
summed over five wavelength pixels around the systemic zero
(velocity range of ~270 to ~150km s~!) to calculate the line S/N
for identification. We identify ~24 emission lines (doublets) with
S/N > 3. The ones with S/N > 10 are marked by red lines. We
implemented a visual check by examining the spatial distribution
of lines with 3 < §/N < 10. The spatially resolved ones are
marked by black dashed lines.

We fit the spectrum with q3dfit. We used three kinematic
components. The line center and width of the same component
are connected for different lines. We present these kinematic
results in Table 1. We refer to them as central, red, and blue
components based on their velocity shifts. In Appendix C, we
report fit line fluxes from the 1D spectrum.

4. Discussion and summary
4.1. Comparison to Cygnus A

Cygnus A (3C405) is the most powerful radio AGN in the local
Universe with comparably high radio power as 4C+19.71 (z =
0.0562, Pi7gmpz ~ 5.5 x 102 W Hz™!, Carilli & Barthel 1996).
This makes it the perfect target to compare with the properties
of the warm ionized ISM gas using the common optical tracers
(Fosbury et al. 1999; Vernet 2001). Using the spectropolarime-
ter on the Keck telescope, Ogle et al. (1997) observed the neb-
ular emission lines of Cygnus A. We overlay our 1D spectrum
(Fig. 2) with the spectrum of Cygnus A extracted at its nucleus
in Fig. 3. The extraction aperture of Cygnus A is ~1” x 1.1”
which corresponds to 1.1 1.2 kpc? and is similar to the aperture
used for 4C+19.71 (1.4 x 1.4kpc?). This is the first time that a
rest-frame optical spectrum of a z > 1 radio AGN can be studied
in comparable detail as a local example.

3 https://help.almascience.org/kb/articles/
what-is-the-absolute-astrometric-accuracy-of-alma
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Fig. 2. Full spectrum extracted at the AGN position without continuum subtraction (black box in Fig. 1d). We mark the emission lines detected
with §/N 2 10 in red lines. Lines detected with 3 < §/N < 10 and visually checked to be extended are marked with gray lines. We note that
the feature at ~2.945 um is likely instrumental due to the leakage flux from the MSA. The central gray shaded region is the detector gap. The top
panel is the full view of the spectrum while the zoom-in view of the faint lines are shown in the bottom panels. The magenta curves show the best

fit of the spectrum (Appendix C).

To first order, the continuum shape of 4C+19.71 is consis-
tent with Cygnus A. We note that the Cygnus A spectrum is cor-
rected for Galactic reddening and had its host galaxy continuum
subtracted (Ogle et al. 1997). Though there might be contami-
nation of continuum (i.e., due to the leak of from the MSA) for
our NIRSpec data, we conclude that the emission from evolved
stellar population in the host of 4C+19.71 is faint, that is, the

spectrum is dominated by the (possibly scattered) light of the
hidden AGN. This indicates that the stellar population has a sub-
dominant contribution in the regions near the AGN.

The relative emission line fluxes are comparable for
4C+19.71 and Cygnus A at least from [O 11]3726, 3729 to [O 11].
We conclude that, to first order, AGN photoionization mech-
anisms dominate the inner parts of these two galaxies. The
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Table 1. Fit kinematic results from the 1D spectrum at nucleus.

Central comp. Red comp.  Blue comp.
Av [kms™] 238+ 10 572+ 30 —148 + 20
FWHM [kms™'] 445+ 10 412 +30 1669 + 20

Notes. The velocity shift is with respect to the systemic redshift from
Kolwa et al. (2023), z = 3.5892.

similarity of the Balmer lines, HB, Hy, and Ho, suggests the
ISM gas conditions are similar (Osterbrock & Ferland 2006).
The dissimilarity of the flux at redder wavelength (e.g., [O1],
[N11], and [S1]) may suggest differences in gas enrichment.
van Bemmel et al. (2003) proposed that the quasar wind-driven
outflowing dust clouds scatter the optical line emitting photons
in Cygnus A. We know there are at least three kinematic compo-
nents present in the nucleus of 4C+19.71 (Sect. 3.1). We defer
to a future publication the detailed study of the gas kinematics to
unveil the spatially resolved gas motions and constrain the ISM
distribution.

4.2. Line ratio diagnostics and ionization mechanisms

To study the extended irregular ISM structures around the hidden
powerful radio AGN (Sect. 3.1), we construct line ratio maps and
compare them to emission line diagnostics (e.g., Groves et al.
2004b, 2006; Kewley et al. 2006). We use q3dfit to fit the
cube to systematically separate the blended emission lines and
account for doublets. The fit region was selected based on the
[O 1] narrowband image with a S/N cut of >5 (white contour
in Fig. 4). We limit the spatial study in this paper to the six
brightest emission lines: [0 11]3726, 3729, HB, [0 111]4959, 5007,
[01]6300, [N11]6548,6583, Ha, and [S1]6716,6731. These
lines are fit simultaneously with the same velocity shift and line
width for the corresponding components (‘“kinematically tied”,
e.g., Zakamska et al. 2016). Following Vayner et al. (2023), we
ran the fit with 3, 2, and 1 as the maximum number allowed
Gaussian components. We performed a visual inspection to
determine the best fit for each spaxel. In the following discus-
sions, we sum the fluxes of the doublet [O11]3726,3729 and
[S1]6716, 6731, respectively. We use the fluxes of the individual
[O1]5007 and [N11]6583 lines, respectively. Hereinafter, we
omit the wavelength when referring to the line name. The line
ratio maps and diagnostics based on the fit are shown in Figs. 4
and 5, respectively. As mentioned before, a kinematical study
of the ionized ISM is beyond the scope of this paper; we only
derive the line ratios of the integrated line fluxes of all velocity
components.

The Balmer line ratios are sensitive to dust attenuation (e.g.,
Veilleux & Osterbrock 1987; Osterbrock & Ferland 2006). We
present the color excess, E(B — V), maps based on the fit Hoe/HB
flux ratios in Fig. 4a. The map is constructed using an intrin-
sic flux ratio of 3.1 assuming Case B recombination in AGN
ionization and a Calzetti et al. (2000) extinction law following
Vayner et al. (2023). We find that there is a dusty region with
high E(B — V) ~ 1 around the AGN position, coincident with
our ALMA dust continuum (pink contours in Fig. 4a), confirm-
ing the importance of dust causing extinction near the AGN. This
spatial coincidence also validates our manual astrometry correc-
tion based on foreground galaxy (Appendix A). Fosbury et al.
(1999), Vernet (2001) proposed that a dust ring is present
around the nucleus of Cygnus A. Given the spectral similarity
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of 4C+19.71 to Cygnus A (Fig. 3), it is possible that we also
detect a dust lane around the center of 4C+19.71. The line ratios
shown in Figs. 4b and c are corrected for the dust attenuation
based on this £(B — V) map.

In Figs. 4b,c, we show respectively the ratio maps of
[O1]/He and [S11]/Ha based on the integrated line fluxes of all
components. The following line ratios are in logarithmic scale,
unless otherwise specified. We group the spaxels in the FoV
into five regions (white dashed lines in Figs. 4b,c), following
the apparent geometry of the AGN ionization cone, with the
nucleus added as an individual region. The southern part of the
ISM is distinctive as having lower [O1]/Ha and [S11]/Ha val-
ues. In the extended filamentary part of the nebula toward the
north, there is a large scatter with the presence of both higher
and lower [O1]/He and [S I1]/He values. In general, the east and
west regions have higher [O 1]/He and [S 11]/He. To simplify, we
combine the east and west regions and refer to it as EW.

We inspect our results in line ratio diagnostic diagrams and
present in Fig. 5. In addition to [OI]/Ha (Fig. 5b) and [S 1]/Ha
(Fig. 5c), we present the [NII]/Ha—[O1I]/HB (Fig. 5a) and
[O1)/[OuI]-[O11]/HB diagnostics (Fig. 5d). The EW region
(red diamonds) occupies different locations on the diagnostic
diagrams than the other regions, with higher [O 1]/He, [S 11]/He,
and [O11)/[O 1] values. The EW region is also distinctive with
a lower [O 111]/HB compared to the other regions. Although the
southern spaxels (blue hexagons) are clustered toward lower
[N1]/He, [O1]/Ha, [S11]/Ha, and [O11]/[O111] values, we find
they fall in the line ratio space spanned by the northern regions
(green squares) in all diagrams. Despite having a relatively large
dispersion, the median line ratios of the northern region is con-
sistent with the spaxels from the nucleus region (black triangles).
We report the median line ratios of each region in Table 2.

We overlay the Grovesetal. (2004a) dusty radiation-
pressure dominated model grids on the diagnostic diagrams.
We chose the 2 Z; models (black) as indicated by the [N 11]/Ha
ratios (e.g., metallicity from Groves et al. 2006; Nesvadba et al.
2017a). The models are constructed with various combinations
of the power-law index, «, of the ionizing source (i.e., F,
v*) and ionization parameter, U = S,/(ngc), where c is the
speed of light, ny is the hydrogen number density and S, is
the flux of ionizing photons entering the cloud. The goal is not
to perform a quantitative comparison, but rather to test which
parameter(s) could be responsible for the line ratio differences.
Although other interpretations are possible, a higher U param-
eter could explain the lower [O1]/Ha and a higher [O 11]/HB
(e.g., Villar-Martin et al. 1999). Our comparison indicates a sce-
nario where the north, south, and nucleus regions have higher U
parameters than the EW region. This is expected given that the
jet axis is along the north-south direction which is also the direc-
tion of the AGN ionization cone (Drouart et al. 2012). Hence,
the ionizing photons of the AGN can reach the ISM with less
extinction along the north-south direction. In this configuration,
the EW region is outside of the ionization cone where the pho-
tons will encounter more obstacles before ionizing the gas (e.g.,
Fosbury et al. 1999; Vernet et al. 2001). This indicates larger
particle density ny and less ionizing photon flux (smaller S,)
in the EW which leads to lower observed U parameters.

The south region has lower [N11]/He, [O1]/He, [S1]/Ha,
and [O1]/[Om1]. The U parameter appears at similar levels in
the south as in the nucleus. Comparing with the model grids,
this could indicate that the ratio difference is due to lower «
(steeper power-law ionizing spectrum). If this is the case, then
there may be additional extinction between the ionizing photons
and the southern clouds. The attenuation map (Fig. 4a) indeed
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(Fig. 5). FWHM of the JWST PSF is marked at the left corner.

shows a higher value toward the south. If this is due to the geom-
etry of the dust torus, it may be inconsistent with the indicated
orientation from Nesvadba et al. (2017a). We also overlay the
similar radiation model with 0.5 Z; in cyan in Fig. 5c and find
that there is an alternative possibility that the southern region is
more metal poor than the nuclear region. Additionally, the com-
plex kinematics in the southern region (Fig. 1c3), suggesting a
more complex scenario in the south (e.g., a late-stage merger, see
Sect. 4.5). The detailed analysis of this southern region requires

more lines which is beyond the scope of this paper (e.g., He lines,
Groves et al. 2004a; Holden et al. 2023).

To further test the ionization mechanisms, we also over-
lay the empirical classification from Kewley et al. (2006) in
Figs. 5a—c. Although these are calibrated using low-z data (i.e.,
may not be relaible for high-z, see Kewley etal. 2019), the
results provide evidence of the AGN radiation dominating ion-
ization of the ISM within <30kpc of the hidden quasar. Some
spaxels in the north and east regions are located in the low
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indicated with purple arrows. We include the empirical classification from Kewley et al. (2006) in gray lines in panels a—c.

ionization or H1I region. This suggests a different ionization
mechanism or mix of different mechanisms at these spatial
locations. Indeed, we find a part of them are roughly con-
sistent with the “shock+precursor” models (light purple grids
Fig. 5b, Allenetal. 2008). The shock models can cover a
large fraction of the parameter space of the line ratio diag-
nostics. The identification of shock ionization requires com-
bination of flux ratios with kinematics, electron temperature
and Ha fluxes (e.g., Alataloetal. 2016; Baronetal. 2017;
Alarie & Morisset 2019). Our discussion is not meant to be
decisive but to be inclusive with the possibility of shock. We
choose the models with pre-shock number density, n = 100 cm™
(e.g., De Breuck et al. 2000). For the shock velocities, we use
higher values (vgnox > 200kms™!) following De Breuck et al.
(2000) studying the emission lines of HzRGs. We note that
shock+precursor model with pre-shock density n = 1000 cm™3
are also physical for AGN (Liu et al. 2020) which occupies a
subset of the line ratio space spanned by n = 100 cm™ model
using the same set of vgyocx and magnetic parameters. The driver
of the shock is unclear. The EW region is roughly in the direc-
tion perpendicular to the ionization cone (jet axis) which sug-
gests a less collimated shock driver or the ionization cone is
not perpendicular to the dusty obscuring disk (e.g., Dugan et al.
2017; Tanner & Weaver 2022; Vayner et al. 2023). As for the
more extended parts (210kpc) in the north, the passage of the
powerful radio jet could also have left remaining shock effects.
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Table 2. Median line ratio values for different regions in Fig. 5.

Nuc. N S EW
[Om)/HB 1.00 0.92 0.88 0.72
[N1]/Ha -024 -023 -047 -0.27
[O1]/Ha -0.65 -0.68 -1.00 -0.58
[So]/Ha -045 -0.54 -0.63 -0.38
[On)/[Om] -0.44 -040 -0.65 -0.31

Our results show that the inner part of the ionized ISM
in the z 3.5 radio-loud AGN is dominated by photons
from the hidden AGN with potential evidence for shock ion-
ization. Its structure agrees with the classical ionization cone.
Although the analysis is based on knowledge gained at low-z and
there are more unsolved complexities, JWST will be the key to
address this (e.g., Nakajima & Maiolino 2022; Sanders et al.
2024).

4.3. Inefficient quasar-driven outflow at nucleus

Our NIRSpec IFU observations enable studying outflows on
scales <20kpc. VLI/SINFONI observations captured more
extended outflowing gas (Colletetal. 2016; Nesvadba et al.
2017a,b).
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In Sect. 3.1, we show that the “high-velocity” clouds are
only detected within the ~5kpc from the AGN and their mor-
phology is aligned with the jet axis (Fig. 1). This is incon-
sistent with the results from observations of quasars at cos-
mic noon where fast (JAv] ~ 500kms™") outflows are seen at
210kpc and are less directionally confined (e.g., Vayner et al.
2024). However, Cresci et al. (2023), Veilleux et al. (2023) also
showed one contradicting case. Hence, this discussion is yet set-
tled and required more observations. Through our discussions in
Sects. 4.1 and 4.2, these may be the outflows inside the ioniza-
tion cone. The double-sided radio lobes have a projected extent
of ~60 kpc, which is beyond the JWST FoV. Hence, this poten-
tial outflow maybe radiatively driven.

The systematic per-spaxel kinematic study is beyond the
scope of this work. Additionally, as shown in Sect. 4.2 (also in
Sect. 4.5), there may be more complex scenarios happening in
the southern cone. Hence, we use the results from the integrated
1D spectrum (Figs. 1d and 2, Tables 1 and C.1) at the nucleus
region as a proxy to estimate the kinetic energy of the poten-
tial outflow near the AGN. For this calculation, we focus on the
red and blue components (Tables 1 and C.1) and assume them
to be the redshifted and blueshifted outflow clouds seen on the
back and front side of the northern part of the ionization cone,
respectively. Then, we assume their relatively velocity shifts
with respect to the central component (Appendix D) as their out-
flow velocities (Avreq = 334kms™ and Avppe = —386kms™).
We follow Vayner et al. (2024) and use the following equation
to calculate the ionized outflow gas mass (Osterbrock & Ferland
2006):

M

mpLyq
m—14( "H),

JH, e

where Ly, and n. are the He luminosity and electron density,
respectively. We assume an electron temperature 7, ~ 15000 K
(Nesvadba et al. 2017a; Vayner et al. 2024). We use the fiducial
value n. = 500cm™ from Nesvadba et al. (2017a). Given that
the emissivity, jg,, is not sensitive to n., we use the value of
2 x 10 P ergem’s™! for T, ~ 15000K (Vayner et al. 2024).
Based on Eq. (1), we find M;,, = 10° and 10° M,, for the red
and blue components, respectively. We then estimate the outflow
rate using the following equation (Vayner et al. 2024):

Mionvion .
AR

For the distance AR, we use half of the physical size of the
extraction aperture, 0.7 kpc. For the velocity, we use the vio, =
|Av|+0, (Rupke & Veilleux 2013; Vayner et al. 2024). We report
the summation of the red and blue components as the estimated
total outflow rate. This gives a total Mj,, of 2 My yr~!. The out-
flow momentum flux P;o, and outflow kinetic luminosity Lt
are calculated from

Mion =

@

Poutﬂow = Mion X Vion, (3)

on

1.
Lkmetlc — EMion % Uizon' (4)

mon

We calculate values for P10 and Lkinetic of 1.5 x 10%* dyne

and 8.0 x 10*'ergs™!, respectively. These are much smaller
(~2dex) than the values derived on larger scales by SINFONI
(Nesvadba etal. 2017a,b). If we use the infrared AGN lumi-
nosity, L. = 10'%%' L, and assume a conversion factor,

K58\ = 6, the bolometric luminosity of 4C+19.71 is estimated to

be Loy ~ 2.5 X 10* ergs™! (Drouart et al. 2014; Falkendal et al.

2019). Then the coupling efficiency of this potential radia-
tively driven outflow, L}/ Ly, is ~1075. Using NIRSpec IFU,
Perna et al. (2023) and Vayner et al. (2024) reported higher cou-
pling efficiency for z ~ 3 quasars (0.02 and 1073, respectively).
Veilleux et al. (2023) found a relatively low coupling efficiency
using the same instrument, 1.8x 107, fora z ~ 1.6 type-1 quasar
which is still 1 dex higher than 4C+19.71. Harrison et al. (2018)
summarized the coupling efficiency for a large number of AGN
(e.g., their Fig. 2). Compared to their statistics, the value from
this work is located at the lower end. Our estimation based on
the JWST observation is a ~2 to 3 dex lower than the coupling
efficiency of the jet kinetic energy probed on larger scales for
a sample of ~50 HzRGs (1073 to 1072, Nesvadba et al. 2008,
2007, 2017a,b).

Our NIRSpec IFU data is only sensitive to the central
clumps, <20kpc, but not to extended diffuse emission. If we
assume there are fast outflows (~500kms~!) and use the dis-
tance from the center quasar to the edge of our FoV (~20kpc),
the crossing time of this outflow would be ~40Myr. This is
shorter than the jet age, ~60 Myr, of 4C+19.71 (Nesvadba et al.
2017a). Hence, it is plausible that we do not capture the fast
and (presumably) energetic outflowing gas on large scales (e.g.,
size of the radio lobes). Nevertheless, if the radiative cou-
pling efficiency is 107> at the nucleus where the radiation is
the strongest, it will be less efficient farther outside. Simula-
tions (e.g., Costaetal. 2018) find that the efficiency for the
radiation-driven outflows can be ~0.1% in luminous quasars
(Lot 2 10%7 ergs™!) within galactic scales (<10kpc). The effi-
ciency drops after ~10 Myr which may resemble the case of our
observation. Though the ISM and CGM gas of 4C+19.71 seem
more quiescent than in other HzZRGs (Nesvadba et al. 2017a;
Wang et al. 2023), a gas kinetic energy luminosity of 10% ergs™!
was found for this source by including the ISM at the jet lobes.
Comparing to the results from Nesvadba et al. (2017a,b), we
conclude that, at least for this HZRG, the mechanical feedback
from the radio jet takes the leading role for driving the outflow,
and it is happening in the radio lobes beyond the galactic scale
(e.g., ~30kpc from the AGN).

One of the main uncertainties is the estimation of M;q,,
which is inversely proportional to n.. We find that Mo, (and thus
Lﬁe“c) could be ~2 dex lower if we use the n. estimated based
on our observation (Appendix C). Therefore, the radiative cou-
pling could be even more inefficient. Another uncertainty is the
outflow speed. We take the unknown orientation of the ionization
cone into account by using v, = |Av| + o,. Even if the estimated
speed is one of the three components in 3D space (i.e., the intrin-
SiC Vjon is higher by another factor of three), the radiative cou-
pling efficiency will increase by a factor of nine, ~10~%, which is
still ~1 dex lower than the kinetic efficiency from Nesvadba et al.
(2017a).

4.4. AGN illuminates the filamentary ISM after jet passage

In Sect. 3.1, we found that ionized ISM emission with $30kpc
of the AGN is dominated by gas close to the systemic red-
shift (Fig. 1c). Due to the limitation of the FoV, we only cap-
tured the northern extended region. In general, the gas mor-
phology is elongated along the north-south direction, aligned
with the jet axis. When we focus on the smaller scale structures
(~5kpc), these gaseous clouds are filamentary and patchy and
do not follow the collimated jet but have larger angle separations
(~30deg). As discussed in Sect. 4.2, we are observing the ioniza-
tion cone-like structures along the jet. This provides enough ion-
izing photons to illuminate the extended gaseous nebula beyond
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the galactic scale. The fact that we do not observe the extended
ISM in directions outside of the ionization cone, for example in
the west where we have the spatial coverage (Fig. 1), may be
due to the shortage of ionizing photons. Hence, it may be that
the patchy filaments in the north are the “intrinsic” structures,
which are not seen in other directions as they are not emitting or
simply outside the NIRSpec FoV.

The HzRGs we observed may have entered their flux-
limited parent radio surveys because their radio lobes are bright-
ened when they encounter a higher density environment which
provides a larger “working surface” for the jet (Eales 1992;
Wang et al. 2023). Combining the discussion in Sect. 4.3 and
Nesvadba et al. (2017a), the situation of 4C+19.71 may be that
the jet was launched ~60 Myr ago, and in its younger years
could have pushed some gas outside of the host galaxy. Once
the radio lobes have escaped the host galaxy, the radio jet is
very collimated and is no longer interacting with the ISM; the
observed systemic gas in Fig. 1 is thus no longer kinemati-
cally affected by the radio jets, but the gas is still photoionized
by the AGN photons within the ionization cone along the jet
axis.

Fu & Stockton (2009) found similar quiescent nebulae
whose morphology do not fully agree with their radio maps
in low-z quasars on comparable physical scales. They pro-
posed that the expanding bubbles following the jet disturb
the ISM. 4C+19.71 has one of the most powerful radio jets,
Piey ~ 104 erg s (using log(PlAGHZ/WHZ_l) = 28.6 +0.1,
Nesvadba et al. 2017a; Cavagnolo et al. 2010). The situation
may be different than the low-z low radio power quasars. Nev-
ertheless, we find evidence of shock ionization on the extended
northern nebula of which the jet could be the driver (Sect. 4.2).
Further analysis (e.g., T. mapping) will be helpful to determine
the mechanisms.

4.5. Complex southern ISM

In Sect. 4.3, our discussion of the outflow is based on the north-
ern region near the quasar as the nature of the southern “high-
velocity” region is more complicated. In Fig. 1c2, we clearly
find that there are three velocity components with the “high-
velocity” ones (blue and red) dominating the flux. The mor-
phology of the blue and red parts are not spatially overlap-
ping (Figs. 1a, bl, and b3). Such kinematics resemble that of
a rotating disk. If we simply take the velocity shifts of the blue
and red components from the one spaxel spectrum (Fig. 1c2),
Avpre = —585km s~ and Avyeq = 535kms™!. This is very high
for a rotating disk; using the half size of ~4 kpc, this would imply
a dynamical mass of ~2 x 10'! M. We do not detect any con-
tinuum emitting source at this position, though we note that the
partially overlapping foreground G2 may obscure some of the
emission (Fig. 1a). Extracting from a r = 0.1” aperture, the
observed flux density upper limit is ~10"2 ergs™' cm™2 A~ at
2.5um (i.e., rest frame V band). This then gives an upper limit
to the absolute V band magnitude of ~—17 which could be a
galaxy with M, ~ 108 to 10° My, (e.g., Weaver et al. 2022). This
corresponds t0 a My /Mgy, ~ 10~3 which is very small for a
galaxy at z ~ 3.5. The southern region shows lower [O1]/Ha
and [S 11]/Ha than the rest of the nebula. It also has the potential
to have subsolar metallicity (Sect. 4.2). Though our estimates
have large uncertainties, we cannot exclude the possibility of
it being a late stage merger. A more detailed kinematic study
is required to unveil the nature of this region with complex
kinematics.
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4.6. Summary and future

In this work, we present the first NIRSpec IFU view of the
ionized ISM in the vicinity of the z =~ 3.59 radio-loud AGN
4C+19.71. With unprecedented resolution and sensitivity, we
study the gas morphology, ionization states and preliminary
kinematics within 10kpc of the AGN. This makes it possible
to study the role of the jet and radiative feedback near cosmic
noon and to compare to low-z AGN and theoretical models. We
find that the radiation from the hidden quasar dominates the ion-
ization of the ISM of 4C+19.71 which resembles the scenario of
other powerful quasars at cosmic coon. The radiatively driven
outflow is only found within 5kpc of the AGN and is ineffi-
ciently (~1073) coupled to the central Ly, ~ 1047 ergs™! quasar
even at the nucleus. Combining with ground-based studies, we
conclude that the jet kinetic energy takes a leading role in the
feedback of this HZRG at z ~ 3.5. Line ratio diagnostics infer
the existence of a ionization cone along the jet axis. The AGN
ionizing photons illuminate the filamentary extended ISM along
the cone. The observed morphology may be the “intrinsic” shape
of the dense gas around this relatively massive galaxy. These
conclusions are based on the first source from our sample. The
picture of the feedback from the most powerful radio sources
will be clearer with our full sample which will allow kinematics
studies of the ionized ISM of radio-loud AGN with very different
jet morphologies.
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Appendix A: Astrometric correction

The JWST Fine Guidance Sensor (FGS) is responsible for guid-
ing the pointing, and there is no known issue in the guiding pro-
cess. However, there is a known systematic WCS offset of the
NIRSpec IFU*. This is due to poorly registered IFU detector
coordinates on the JWST focal panel with respect to the refer-
ence V2 and V3 axes. This corresponds to 0.173” and 0.178”
in the V2 and V3 direction’, respectively (Help Desk, private
communication through). This offset projection to sky (RA, Dec)
coordinates could then be calculated using pysiaf by assuming
the targeted RA and Dec of the IFU pointing is correct. The pro-
jection matrix for converting V2, V3 coordinates to the sky plane
can be set by pysiaf.utils.rotations.attitude_matrix
using the old (V2, V3) reference coordinates, target RA and
Dec, and angle between the north and V3. This angle is mea-
sured from north to east with a value of 83.0652845 deg for our
observation. It is calculated using the angle between the IFU
with respect to the North (from the header) and the fixed angle
between the IFU and V3. There is an additional ~ 3” system-
atic rotational angle error between the IFU plane and V3 axis.
Since this will only result in a secondary (~ 0.007”) offset,
we neglect it here. The final systemic offsets of the pointing,
from updated position to the original position, are ARA= 0.21”
and ADec= —0.15". We refer to this correction as “Correc-
tion1". This error has been reported as partially corrected using
the up-to-date context file. We test the new pipeline assigned
WCS using jwst_1093.pmap and find it matches closely with
our “Correction]". We report an offset of |ARA| = 0.09” and
|ADec| = 0.07” using the fit 2D Gaussian centroids of G1 at
~ 2.7um. Hence, we consider this systematic WCS error has
been fixed. However, other source of uncertainty is still pre-
sented and still required manual alignment.

In addition, there is a further offset due to the zero-point
shift of the NIRSpec detector and the FGS which adds another
term to the aforementioned values in the V2V3 plane. The
shifts are -0.016” and 0.111” in V2 and V3 coordinates, respec-
tively (Help Desk, private communication). However, a caution
is noted that the direction of this shift is not well-understood.
We assumed this direction and followed the aforementioned pro-
cedure using pysiaf. This resulted in the ARA= 0.09” and
ADec= —0.14". We refer to this correction as “Correction2++".
Since the direction is uncertain, we produced further corrections
“Correction2+—", “Correction2—+", and “Correction2—-". The
“+" and “-" signs indicate which direction we adopted for the
offset with respect to the original direction suggested by, the
Help Desk.

4 https://jwst-docs.stsci.edu/
jwst-observatory-characteristics/
jwst-pointing-performance

5 https://jwst-docs.stsci.edu/
jwst-observatory-characteristics/jwst-field-of-view
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Table A.1. Offset between different astrometry and manual shift.

Method Amanual  Admanual
Correctionl 0.22” -0.06”
Correction2++  -0.34"” 0.07”
Correction2+—  -0.10” 0.09”
Correction2—+  -0.10” 0.06”
Correction2—  -0.34" 0.07”

For the manual correction of the astrometry, we matched
G1 positions (Section 3) measured from the ~ 2.7um con-
tinuum image collapsed from our NIRSpec IFU cube and the
HST/WFPC2 (Whitmore et al. 2016) image. This was done by
matching the centroids of the fit 2D Gaussian profile. We cau-
tion that although we updated the astrometry of the HST image
using Gaia DR3 (Gaia Collaboration 2023), the uncertainty of
the WCS position is ~ 0.06”. This is estimated based on the stan-
dard deviation of the offsets of the cross matched Gaia targets
in the HST FoV. This uncertainty (~ 1.2” given the unknown
direction) is marked by the size of the plus marker in Fig. 1d.
We further note that the HST image was observed in 1997. The
proper monition of the stars were taken into account during the
correction by adopting the reported epoch=J2000 coordinates
in the Gaia DR3 catalog. Another source of uncertainty could
be the intrinsic continuum emission offset from different bands.
The HST/WFPC2 image was taken with the F702W filter, which
corresponds to 2520 A in the rest frame of G1. The NIRSpec
IFU data covers ~ 0.57 — 1.15um for G1. We examined the con-
tinuum centroid offset of G1 by extracting narrowband images
at the blue and red ends of the data cube. A ~ 0.09” shift is
seen.

We present the offsets of these corrections with respect to
the manual shift (aligned with HST) used in the analysis in
Table A.1. Fig. A.1 presents the visual inspection of the WCS
correction by comparing the results from different methods. We
mark the HST positions of the three continuum emission objects
with green circles. The radius of each circle is 0.12” which can
be used as the spatial uncertainty of the HST object. We see that
Correction2+— and Correction2—+ have ~ 0.1” offsets from the
manual shift (or HST WCS). Given that there is a ~ 0.1”" uncer-
tainty in the HST-NIRSpec alignment, we decide that the IFU
WCS offset can be solved by correcting the systematic error.
Since the direction of the error is not well-understood, we use
the manual match in this paper.
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Dec (J2000)

RA (J2000)

Fig. A.1. Narrowband continuum images (observed frame 2.721 — 2.778um) with WCS corrected with different methods. The method is labeled
at the top right corner of each panel. The three green circles mark the positions of the host galaxy of 4C+19.71 (RG), G1, and G2. The radius of
each circle is 0.12” which can be used roughly as the uncertainty of the HST WCS. The white dot in panel (b) marks the centroid of G1 using the

updated CRDS (jwst_1093.pmap).
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Fig. B.1. Spectrum extracted at the position of foreground galaxy,
G1, without continuum subtraction. Upper panel: Zoom-in view of the
spectrum around He. Middle panel: Zoom-in view of the spectrum
around [S 111]9071. Bottom panel: Zoom-in view of the spectrum around
[S11]9533. We mark the lines detected both spectrally and spatially in
thick black lines. The expected positions of the lines around Ha are
marked in gray lines.

We report in Sect. 3 that two foreground galaxies have been iden-
tified with continuum and emission lines: G1 to the west of the
radio galaxy and G2 to the east. There we present the spectra of
G1 and G2. Their positions are marked with blue dots in Fig. 1
which are the centers of their extraction apertures. For both
galaxies, we used square apertures with the size of 0.25” x0.25”
(~ 5x5 pix?) and summed each spectrum from the spaxels inside
the aperture. For partially covered spaxels, we multiply the area
by the fractional overlap with the extraction aperture. The aper-
ture for G1 was centered at its continuum peak position. As for
G2 which is only partially captured in our FoV, we placed the
aperture to be as close as possible to its continuum emission
peak while minimizing the impact from the detector edge. In
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Fig. B.2. Spectrum extracted at the position of foreground galaxy,
G2, without continuum subtraction. Upper panel: Zoom-in view of
the spectrum around Ha. Middle panel: Zoom-in view of the spec-
trum around [STI]9533. Bottom panel: Zoom-in view of the spec-
trum around He 110833. Same line-marking conventions are adopted as
Fig. B.1. We further mark in orange the position of [Ne III]3869 emis-
sion from 4C+19.71 which is near the [S1]6716,6731 doublet of G2
(upper panel).

Fig. B.1 and B.2, we show the spectra extracted for G1 and G2,
respectively. The redshifts of G1 and G2 are determined based on
their Ha lines and have values of zg; =~ 1.786 and zg, ~ 1.643.
For each foreground galaxy, at least two more emission lines
are identified based on their redshifts. We use thick black verti-
cal lines to mark the spatially and spectrally detected emission
lines. The expected positions of emission lines near Ha based
on the derived redshift of the targets are marked in gray lines
if not clearly detected. We note that the [S11]6716,6731 doublet
of G2 overlaps with the [Ne I1]3869 line of 4C+19.71 in wave-
length (orange line in top panel of Fig. B.2). The spatial check
confirms that there are distinct emission peaks separated by
~04".
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Appendix C: Emission line list

Table C.1. Fit emission line fluxes. The reported uncertainty is the
direct 1o output of q3dfit.

Line central comp. red comp. blue comp.
F107 ¥ ergs™! em™2]
[01]3726,3729 5.8+0.4 2.1+0.4 8.9+1.6
[Ne 11]3869 3.3+0.2 0.8+0.2 1.3+0
He13888 + H8" <0.5
[Ne]3967 + He 1.5+0.4 0.4+0.3 0.4+1.4
Ho 0.7+0.3 0.2+0.2 0.6+0.9
Hy 1.6+0.2 0.4+0.2 0.4+0.7
He14472* <04
He 114686 1.4+0.1 <0.2f 1.1+0.8
Hp 3.9+0.2 0.6+0.2 2.9+0.7
[0 111]4959 17.5+0.5 1.8+£0.4 8.7+1.5
[0 11]5007 53.1+1.0 5.6£1.0 26.3+1.6
He15876" <0.6
[Fe vi1]6087* <07
[01]6300 2.4+0.2 0.3+0.2 3.1+0.8
[S11]6312 0.4+0.2 0.2+0.2 0.9+0.9
[O1]6364 0.8+0.3 0.1£0.3 1.0+1.1
[N11]6548 2.0+£0.3 0.7+£0.3 4.0+1.1
Ha 15.8+0.4 1.2+0.3 14.7£1.1
[N11]6583 6.0+0.4 2.0+£0.3 12.0£1.1
[S1]6716 1.6+0.2 0.3+0.2 2.1+£0.6
[S1]6731 1.8+0.2 0.6+0.2 4.8+1.1

Notes. *We report 30~ upper limits for lines with low S/N (Sect. 3.3).
"Though the He 114686 has S/N > 10, the fit reported the flux of its
comp. red to be 0. Hence, we report the upper limit here.

We fit the 1D spectrum presented in Section 3.3 (Fig. 2) using
q3dfit. The continuum is modeled by a third order polynomial
and the emission lines (S/N > 10) are fit with Gaussian pro-
files. We set the maximum number of the Gaussian components
to be three for the fit. The centroid (width) of each correspond-
ing Gaussian component is set to be the same (Vayner et al.
2023). The fit line fluxes are shown in Table C.1. For the doublet
[011]3726,3729, we set the flux ratio to be 1:1 and report the
summation since they are spectrally unresolved. For the low S/N
lines (Sect. 3.3), we report 30" upper limits.

Appendix D: Systemic redshift based on ionized
gas

The systemic redshift (velocity zero) used in this work is based
on the [C1](1-0) (z=3.5892, Kolwa et al. 2023). Given its rel-
atively faint flux and large observed beam size, it is unclear
whether this traces the “authentic” redshift of the host galaxy.
The ideal tracer would be the stellar absorption lines (e.g., Call
HK). However, the continuum emission near the nucleus is AGN
dominated (Sect. 4.1) for our target. Nevertheless, we report
the [O 111] flux-weighted redshift based on the fit “low-velocity”
components from the entire FoV (Sect. 4.2). We define the “low-
velocity” components as the ones with |As| < 300kms™! (e.g.,
Fu & Stockton 2009). The redshift is zjou; = 3.5908 + 0.0017
which corresponds to 108 + 114kms~! with respect to the
[C1](1-0) redshift. The zjom and zjcyy are consistent within the
relatively large uncertainty.

In our calculation in Sect. 4.3, we assume the central com-
ponent is the systemic component. Its Avgeniray = 238 + 10 km 57!
agrees with the systemic velocity estimated here from the entire
FoV.

Appendix E: Estimation of electron density

We use the fiducial value of n, in the calculation in Sect. 4.3
(Nesvadba et al. 2017a). The n, for the red and blue components
can also be estimated based on the fit [S1]6716 and [S11]6731
lines ratios (0.50 and 0.44 for red and blue components respec-
tively; Table C.1). This result in a n, ~ 8 x 10°cm™ and
~ 8 x 10*cm™ for the red and blue components, respectively
(e.g., Sanders et al. 2016). These are much larger than the fidu-
cial value, n, = 500 cm™, from Nesvadba et al. (2017a). How-
ever, the fit line ratios for these two kinematic components are
in the range where they are not sensitive to n,. If we never-
theless use n, based on our estimation, the radiative coupling
efficiency becomes ~ 1077, and continues to support the con-
clusion is valid that the radiative-driven outflow is inefficient in
4C+19.71.

We report that the 1, of the central component is ~ 800 cm™>
based on its [S1I]6716 and [S1]6731 ratio (0.89, Table C.1;
Sanders et al. 2016) which is the same order of magnitude as
the value reported by Nesvadba et al. (2017a). Further analysis
is required to understand the electron temperature and density at
the center.
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I exploited state-of-the-art IFUs to investigate the multiphase CGM and ISM of
distant radio-loud AGN. Despite the fact that the boundary between CGM and
ISM is not clearly defined (Tumlinson_ef all, 2Z0717), there is no doubt that jointly
they are a key component for studying the fueling and feedback processes in
galaxy evolution. The period of focus, Cosmic high-Noon (z ~3-6), bridges the
EoR and the peak of star formation rate density, approximately coinciding with
the peak of black hole growth. It is the best time for examining the build-up of
some of the most massive galaxies. In this thesis, I present new insights into
the gaseous medium in the presence of both violent AGN activities, utilizing
JWST/NIRSpec IFU, VLT/MUSE, and ALMA covering the rest frame UV to FIR.

Chapter 0 serves as the general introduction to this thesis, providing a
broader overview of the different chapters in Section [CA. Readers can also find
the detailed summaries at the beginning of each chapter. The work presented
in Chapter 2 is more or less limited to the focuses on the major datasets ana-
lyzed there. Within the current observational ability, the objects investigated in
this thesis are stationary comparing to the lifetime of humankind. Nevertheless,
one ought to employ both a panoramic and developing perspective when exam-
ining AGN, which are not objects but events. In the first part of this following
chapter, I provide a short discussion bringing together the different parts of the
multi-wavelength 3D views. My work so far is only the tip of the iceberg. These
amazing datasets can serve as the basis for ~5 other PhD theses. In the second
part of the chapter, I present potential future plans stemming from the current
observations of this most well-studied HzRGs sample, and also offer an outlook
beyond.

5.1 Discussion

As introduced in Chapter O, the 3D view provided by the IFUs continues to
revolutionize our understanding of galaxy evolution. In addition to presenting
thorough analyses of each cube individually, efforts should also be devoted to
integrating the information revealed by different instruments to paint a more
comprehensive picture. This will not only help us understand the influence of
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AGN on the different components of their host galaxies but also the evolutionary
paths of active galaxies.

In this thesis (and also during my PhD), 4C+19.71 is the only HzRG that has
been analyzed with all cubes (Chapter 3 and &, see also Falkendal ef all, 202Tj;
Kolwa ef all, 2023, for ALMA observed [C1]). Additionally, VLT/SINFONI analysis
was also carried out for it with lower sensitivity but larger spatial coverage
(Nesvadba ef_all, 2017H). I will use this source as an example for discussion,
utilizing 3D information coming from different angles: (i) MUSE covers rest
frame UV emissions with a spatial resolution of ~ 1”; (ii) SINFONI detects bright
optical [O m1] at similar resolution with a 10” x 10” field-of-view; (iii) NIRSpec IFU
presents the sub-kpc view of optical emissions with higher sensitivity; (iv) ALMA
Band 3 traces the [C1] with a beam size of ~ 2”; (v) ALMA Band 8 shows the
[C 1] and dust at comparable resolution as JWST.

It is not surprising that the AGN photons dominates the ionization of gas on
galactic scales as confirmed by the NIRSpec IFU data. On larger scales, such as
around the jet hot spots (projected ~ 30 kpc away from the center), Falkendal
ef_all (2021) found that photons from the AGN still play an important role, as
evidenced by emission lines captured by both MUSE and ALMA. Regarding gas
kinematics, JWST suggests weak radiatively driven outflows even at the center.
Although it is not possible to differentiate each component, results from SIN-
FONI data suggest bulk gas motion and relate it to the driving mechanism by
the jet using [O m1]AA4959, 5007. However, UV emitting halo observed by MUSE
indicates the quiescent nature on of the gas on CGM scales. We caution that
the Lya is not a good kinematic tracer, and it is also affected by sky-lines for
4C+19.71 (Chapter B). The spectrally resolved CivAA1548,1551 doublet, with
less perturbed nature, at the jet hot spot is another piece of information of this
quiescence. Molecular gas is detected both at the core and at one radio hot
spot (Falkendal ef all, 20271). This similar spatial distribution of H,, aligned with
the jet axis, has also been found in other HzRGs (e.g., Emonts et all, 2Z0T4).
Therefore, we may conclude that the AGN radiation has a minor effect on gas
kinematics — it cannot even eject the ionized gas, let alone the dense molecular
gas. It is not straightforward to link the H, (probed by [C1]) to the kinematics of
the ionized CGM gas to look for evidence of jet ejection, as their physical condi-
tions are different. On the other hand, we could examine the scenario from an
additional angle other than the jet ejection. Given that the indicated metallicity
is low at the hot spots, we may witness the jet-induced gas cooling at larger
scales for 4C+19.71 (Emonfs_ef all, 20714; Falkendal et all, 2021). The low, yet
not negligible, SFR (84 M, yr~!) is constrained from integrated SED with little
spatial information (Falkendal ef all, 2Z0TY). Besides, it has only been ~ 60 Myr
since the launch of the jet (e.g., Wang et al], 2024)). Hence, it is not impossible
that the stars are still being formed in the host, i.e., near the radio core center
(as seen in ALMA Band 8), even though we presume the jet is doing the quench-
ing. Intriguing questions such as the spatial distribution of the newly formed
stars and the subsequent radiative feedback from the quasars will be left for
future exploration (Section B.2).
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5.2 Outlook

5.2.1 Fundamental Lya physics

In Chapter 2 and 3, my analyses of Lya were based on the basic assumption of
neutral hydrogen absorption correction. We discussed the other possible treat-
ment, namely radiative transfer (e.g., Verhamme ef _all, 2Z006), in Section 33,
along with a quantitative test. The ability of MUSE presented us with a coher-
ent view of the line profiles across tens of kiloparsecs, supporting our simple
idea where a H1 shell (Binetfe ef all, 2000) — with no particular shape needs to
be assumed — absorbs or scatters photons outside our field-of-view (i.e., they
are lost). Indeed, in reality, both mechanisms likely take effect simultaneously.
There has not been much analysis of the Lya nebulae following the absorption
correction technique outside the field of HzRGs (e.g., see Zhang et all, 2023, as
an example). Now, we can and should take full advantage of IFUs to reconstruct
the intrinsic emissions tracing the CGM. This thesis represents a pioneering ef-
fort in providing a careful treatment of the nebulae under this assumption in
full 3D view.

Although not an IFU (i.e., outside the topic of this thesis), the VLT/UVES,
with a factor of three higher in spectral resolution than MUSE, is perfect for
testing this basic physics. A systematic statistical analysis of the absorbing
gas using this dataset is ongoing at the time of writing (Ritter et al. in prep.).
With these results, we can initiate work by involving both radiative transfer
and hydrodynamic modeling set up for emitting gas distribution around HzRGs
specifically, utilizing information from MUSE. The predicted spectra can then
be compared with the observed ones (e.g., Costa et all, 2022). We can answer
questions such as what the line broadening mechanisms are, how much of the
intrinsic photons are lost, and where these photons go. This will unveil the
Lya physics at the dense nodes of cosmic filaments in the presence of activate
AGN-gas interactions.

5.2.2 NIRSpec IFU + ALMA and multiwavelength data

The details embedded in the NIRSpec IFU data cubes are numerous. Just by
simply counting numbers, which is a significant overestimation, we have only
explored 25% in Chapter d. We selected these four radio galaxies into the pro-
posal due to their common redshifts and wealth of ancillary multiwavelength
data (Section I-5741). Otherwise, they are unique individually. For example, TN
JO0121+1320 is the only target with compact spatially unresolved radio emission,
while others all have double-sided jets with extents of several tens of kilopar-
secs. It also has the highest SFR at ~ 626 M yr—!, while TN J0205+2242 seems
already quenched with only an upper limit of SFR constrained at < 84 M, yr—!
(Falkendal et all, 2019). 4C+03.24 has a clear indication of deflected jet indi-
cating strong jet-cloud interaction. Hence, it would be interesting to look at
different scenarios within each of them as well as some common trends as a
sample.
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My ALMA program provides the resolution matched (~ 0.2” x 0.15”) view as
the NIRSpec IFU cubes. The [Cu]158 um ([C1]) line and the dust continuum
underneath will provide unique information on the ordered gas motion and the
newly formed stellar population. Two out of four of the radio galaxies have
detection (the others were not fully observed, Section [Ch4). It will be fasci-
nating to study the cold gas with less disturbance from the AGN. As [C1] is
a frequently used dynamic tracer for Cosmic high-Noon galaxies (Faissf_ef all,
2020n), we can related the kinematics of active and star forming galaxies in this
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Figure 5.1. [Om]A\5007 narrow band images with full spectra extracted at the
radio core from the NIRSpec IFU (aperture size r = 0.15” ~ 1.1kpc). We show
the images and spectra of the three other targets proposed in JWST-GO-1970 in
addition to 4C+19.71 (Chapter @). The green contours are the radio emissions.
The major lines are labeled on the spectra. The zoom-ins of the [O m]AA4959, 5007
doublet are shown as insets. The fits of the [O11]A\4959, 5007 are also presented
where the dashed lines illustrate each of the kinetic components for [O m]A5007.

Gas kinematics

We will investigate the detailed gas kinematics by exploiting the NIRSpec IFU
+ ALMA cubes. The results shown in Chapter @ may represent a unique case
where the absence of extreme gas motion on galactic-scale in one HzRG are
seen, indicating an inefficient radiatively driven outflow. Here, I present a pre-
liminary view of the gas kinematics probed by [Om]A\4959, 5007 at the position
of the radio core for the other three HzRGs in Figure B1. Along with the data, I
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provide line fittings of the [Om]AA4959, 5007 (total fit in dark magenta, different
components in dashed lines for 5007 A line). The fits were conducted together
with Hj3, where each of the kinematic component is fixed to the same line width
and redshift. As indicated by the line fitting, we expect to see at least three
groups of gas at the radio core for all AGN. Are there really outflowing ionized
gas? If so, what are the driving mechanisms? In addition to this quick kinetic
check, at this spatial resolution and sensitivity, we see more “irregularity” in the
[O m1]AA4959, 5007 morphology, which does not necessarily align with the jet axis.
This raised more interesting questions of the role of jets and AGN radiation.

One logical explanation would certainly be the AGN-driven outflow (e.g., as
in other quasars at Cosmic Noon, Vayner et all, 2024). The presence of both
radio- and quasar-mode feedback further complicates the disentangling of var-
ious (outflow/recycling) components. We will work to understand the details of
gas kinematics on ISM scales. Exploiting the NIRSpec IFU, we can trace and
link different components through the field-of-view, allowing us to spectrally and
spatially separate the different gas clouds. This analysis will be helpful in differ-
entiating between the two driving mechanisms, for example. However, it is not
trivial to systematically do this separation, as the potential velocity gradient of
one group of cloud may be smeared out under the other co-spatial components.
Data analysis tool like q3dfit will be suitable for this purpose (Rupke et al.,
2023; Vayner et all, 2023).

Following the spatial decoupling, the grouped kinematic components can
then be characterized. For example, we can estimate the outflow mass rates.
Gas velocities will be combined to determine the momentum fluxes (dp/dt=M V)
and mechanical powers (d£/ dt=1Mv?+3Mo?). These kinetic parameters, p and
FEiin, will be compared to the energy output through the jet kinetic energy and
the radiative energy of the quasars. Then, we can quantify the efficiency of the
various feedback (Costa et all, ZOT8). Moreover, since we are in the IFU mode,
we can map the momentum and power fluxes. We can then compare these to the
morphology of other observations (such as radio). These will help us to learn
how the AGN feedback dissipates at different distance and position angles (if
there is a preferential cone-like structure for the outflow), and therefore the
impact of the central engine on the surrounding gas. While the energetic AGN-
driven outflow is one contributing factor to the complex gas kinematics, we
cannot rule out the possibilities of gas recycling/inflow and/or mergers given the
dense living environments. Mapping the kinetic parameters will also serve as a
starting point. For example, features like narrow line width and/or regular (i.e.,
rotation-like) pattern may be hints for motions other than AGN-driven outflows.

While the JWST traces the warm ionized gas, which may bias us towards
the AGN, my ALMA data, with comparably high spatial resolution, will examine
the kinematics of cold gas using [C1]. As shown in Figure B2, the kinemat-
ics differ significantly between [C 1] and [Om]A\5007. The [C 1] emission probes
both the atomic and molecular hydrogen gas, enabling us to explore the dy-
namical states of the galactic regions unaffected by the AGN. For example, [C11]
is potent for observing ordered rotating disk structures beyond Cosmic Noon
(Celli"et_all, 20271; Venemans_ef_all, 2019, see also insets in Figure b1). How-
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Figure 5.2. [C 1] moment 0 maps and spectra of the two HzRGs with detections.
The green triangle marks the radio core position. The red contours are the
ALMA Band 8 dust continuum emissions underneath the [Cu]. The spectra in
the middle are extracted from a r = 0.12” aperture at the peak position of the
dust continuum. The overlaid [O m]A5007 are extracted at the same place in the
same-size aperture from NIRSpec IFU cubes, respectively. The insets present
the [C11] moment 1 maps which may indicate rotation.

ever, there is also evidence of observing [C11] in outflows as well (e.g., Herrera-
Camus_ef all, 2022). The case may be more chaotic within the host galaxies
of our powerful AGN. In Figure b2, we observe that the detected line width
is very broad, which could indicate outflows and/or disturbed gas kinematics
(especially TNJ0121+1320 in panel a). Given that [C1] can trace a variety of
ISM phases, further analysis is needed. For instance, we will fit an ordered ro-
tation model to the [C11] data (e.g., 3D-Barolo) and examine the residual after
subtraction for any indication. Preliminarily speaking, two kinematic compo-
nents could exist, possibly representing the approaching and receding sides of
a rotation disk or merger. The kinetic broadening could then be the reason of
the observed broad width (FWHM~ 600 km s~!). Assuming the rotating disk sce-
nario, we can determine the v,,/0, as an indication of the dynamical stability
of rotation over turbulent motion. According to the AGN unification model, the
HzRGs are observed from the edge-on direction. The potential disks will help
constrain the viewing angle. The inner galactic structures influence the launch
of AGN outflows, with the relative angle between the AGN ionization cone (jet
axis) and the disk playing a key role (Dugan et all], 2017; Tanner & Weaver,
2027).

In summary, this joint JWST+ALMA analysis will characterize the complex
ISM to understand feedback details. We will compare the velocity fields and
projected morphologies of the multiphase gas with the radio jet morphologies,
examining, for the first time, the interactions among jets, gaseous outflows, and
the dynamical stability of the ISM at z ~ 3.5. This is valuable for providing
observational evidence on AGN-gas interaction at Cosmic high-Noon.
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Stellar population and AGN impact on SFR:

Falkendal ef all (2019) reported that the HzZRG hosts predominantly reside be-
low the star formation main sequence. Suzuki et all (2022) found the evidence of
quenching in a galaxy sample at z > 3.5 with similar M, ~ 10" M. More recent
evidence revealed a quiescent massive galaxy (M, ~ 10'%? M) at z = 4.896 with
a short star formation burst of 340 Myr and rapid quenching (de_Graaff_ef_all,
2024)). Their proposed quenching time scale (a few 100s of Myr) aligns with the
jet age of HzRGs (a few 10s of Myr, Nesvadba ef all, 2Z0T7h). This indicates that
the jets may play a leading role in quenching. The constraint of the SED (Falk-
endal ef all, 2019) was based on photometry data with low spatial resolution.
Further questions arise: How is star formation being quenched by the jet-mode
feedback? How does quasar-mode feedback contribute to quenching? With my
datasets, we can now directly observe these relatively short events in the inner
ISM at the onset of Cosmic Noon.

The targets in my sample span a large SFR range which represent differ-
ent stage of the evolution. My JWST data covers the majority of the frequently
studied optical nebular emission lines at low redshifts, from [Ou]JAA3726, 3729
to [Su]AA6716, 6731, allowing us to probe the ionization states and gaseous
enrichment of the ISM (Figure B1). For example, the detection of multiple oxy-
gen lines (including [O 1] at 4363 A) will be essential to constrain the electron
temperature (7,) and metallicity (e.g., Sanders ef all, 2024). However, the case
may be more complicated for AGN (e.g., Binette ef all, 2024!). Two of the HzRGs
have [O1r]\4363 A detected, namely TN J0205+2242 and TN J0121+1320 (Fig-
ure b1). More interesting than the 1D spectrum, this line is only spatially re-
solved for TN JO0121+1320, which deserves further scrutiny. In general, the
wealth of emission lines enables line ratio diagnostics (e.g., Chapter &) which
will be used to address different excitation mechanisms and separate regions
without strong AGN domination (e.g., using on-going calibrations made use of
JWST analyses at high-z Mazzolari et all, 2024). This will be combined with
kinematic results to quantify the potential outflow rate of gaseous clouds pow-
ered by different mechanisms. Hence, we can visualize the outflow at different
stages for this sample and profile the evolution of the material ejections.

Besides probing the gaseous ISM, my data can also explore the stellar com-
ponents. Ha serves as one tracer of star formation (e.g., Vayner et all, 2023).
The rest-frame optical continuum covered by the NIRSpec IFU is crucial for
studying the evolved stellar population. We will constrain the star formation his-
tory together with previous data (Falkendal ef all, Z0T9; Seymour et all, 2007),
thus assessing the integrated impact of the AGN on the stars. However, the
optical continuum may still be dominated by scattered AGN emissions (at least
in 4C+19.71, Chapter @, Wang et al), 2Z024)). The reduction of the cubes needs
refinement to provide an unbiased view, for example the leakage emission from
the NIRSpec micro-shutter assembly is one of the leading sources of noise. Nev-
ertheless, JWST/MIRI will be key in breaking this degeneracy in the SED of
HzRGs (see next).

Moreover, the continuum observed in my ALMA data is assumed to be the
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emission of the dust heated by the young stellar population (Falkendal ef all,
2019). We will use these to trace the spatial distribution of the newly formed
stars. For instance, we will probe the peak mass density of the young stellar
population with a spatial accuracy of ~ 1kpc. Additionally, this presumed-to-
be stellar disk can further constrain the orientation (see above) and dynamics.
Hence, we can quantify how the AGN feedback exerts on the young stars. An
interesting example is TN J0121+4+1320 shown in Figure B2a. Although the
astrometry of the NIRSpec IFU is associated with uncertainties of ~ 0.3”, the
accuracy of the interferometry is much better (i.e, radio and ALMA). We observe
an offset of ~ 1”7 (~ 7.4kpc) between the radio core (host galaxy?) and the
[Cu]+dust position. This may indicate the existence of companion or ignited
star formation due to AGN feedback. Therefore, this analysis is key to gain a
chronological view of the evolution of these powerful AGN.

HzRGs with other quasar and galaxy species through cosmic time

The HzRGs possess the highest radio power among AGN, and their host galaxies
are located at the high M, end (Miley & De BreuckK, 2008). The output Fi;, from
these energetic (Psoomm,>10?" WHz ') and extended (~10s to ~100s of kpc),
though short-lived, jets is enormous (Nesvadba ef all, 2008). How do these giant
radio quasars fit into the picture of the AGN zoo near Cosmic Noon (e.g., radio-
quiet quasars and highly obscured luminous quasars)? Is this radio-active phase
unique given their proto-cluster-like living environment, or is it a midpoint in a
broad evolutionary path? We will address these questions by linking the HzRGs
with other powerful quasars covered with multiwavelength data (e.g., Vayner
ef_all, 2024)). The knowledge acquired from the aforementioned analyses, e.g.,
a deeper view of the gas kinematics, a detailed ISM modeling, and a spatial
constraint on stellar populations, will be instrumental for this joint study.

For example, the project can focus on the spatial distribution of energy
among various components of the host galaxies injected by the quasars. This
will provide a comprehensive view of the “blow-out" mechanisms (wind and jet)
in different quasar, potentially unveiling their evolutionary connections. In ad-
dition to studying diverse quasars, we will also compare our findings with other
JWST projects investigating high-z massive galaxies to establish a sequential
view of quenching. The NIRSpec IFU data taken with the program JWST-GO-
3045 will be an excellent starting point which focus on the optical wavelength
of star-forming main sequence galaxies. It will be intriguing to examine jointly
how the disturbances from AGN compare to those from star formation. Addi-
tionally, it is also crucial to link the HzRGs with their low-z counterparts (e.g,
Cygnus A, Ogle et all, 1997, see also Chapter @), which was previously impos-
sible due to observations limitations. Through this comparison, we can study
structures below galactic scales and identify similarities and differences to bet-
ter understand the environment and evolution of radio AGN. Overall, this work
will be invaluable for picturing the cosmic quasar feedback on galaxy evolution,
building upon the legacy of this thesis work.
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5.2.3 The missing puzzle pieces

The spectroscopy observations in the rest frame near-infrared (mid-infrared in
observed frame) are still missing for the z = 3 HzRGs. Apart from the “tradi-
tional” feedback, which disturbs and ejects gas, jetted AGN are also known to
be able to heat up the molecular gas (7" ~ 100 — 1000 K) to states impossible for
fueling star formation (Lanz ef all, 2ZOTH; Ogle et all, 20T0). Specifically, the ro-
tational and/or rotation-vibration transitions of this warm or even hot H; can be
directly observed in the near to mid-infrared. These transitions fall within the
observing window of the “pride” instrument of JWST, i.e., MIRI. Particularly, the
MIRI Medium Resolution Spectroscopy (MRS) will capture the 3D information
of the emission from these direct yet poorly understood tracers. This is also
an active topic in theoretical fields (e.g., Kristensen ef all, 2Z023; [[ogi & Smith,
20716). We will proposal to fill in the last pieces of puzzle in gas phases (first)
for this most-well observed HzRGs sample.

Together with the NIRSpec IFU and ALMA data, we can then finally com-
plete the census and access the full impact of AGN on the gaseous medium.
My current data cover the warm and cold ionized gas and the cold dust. Warm
molecular gas has been found to constitute a large fraction of the total My, in
AGN host (e.g., Hernandez et all, 2023). Additionally, analysis of the cold H; in
our sample of HzRGs revealed faint signals (Falkendal ef all, 2027; Kolwa ef all,
2023). Hence, the missing gas phase needed to establish a panoramic view is
the warm H,. Is the H, consumed, ejected, and/or heated up to a warmer state?
With MIRI, we can capture the direct warm H, tracer, namely the ro-vibrational
(ro-vib) emission lines, within the redshift range of our sample. As ro-vib H; in-
dicates the extreme conditions of the ISM (e.g., T > 1000K and ny, < 10* cm™3,
Kristensen ef all, 2023), its detection will already provide some characterization
of the additional channel of the quenching of star formation. The possibility of
covering multiple H, lines allows for modeling of the gas temperature and den-
sity. We will then combine these physical parameters to the radio jets (whom
were found to be related to warm H,, e.g., Ogle et all, 2010). For example,
we will map the warm H, and compare its structure with jet morphologies. It
will help us to quantify the energy injection from the jets in addition to driv-
ing outflow (Nesvadba ef all, 2017h). Without warm H,, a significant aspect of
AGN feedback may be overlooked. Thus, we will move a step forward in distin-
guishing the coupling between different feedback mechanisms in the radio-loud
type-2 AGN using this previous inaccessible ISM tracer in HzRGs at z > 3.

In addition to the warm H,, the simultaneously covered rest-frame near-IR
continuum will be key to constraining the evolved stellar population and the
AGN-heated hot dust (e.g., De Breuck ef all, 2010). With this, we can determine
the mass and spatial distribution of the main stellar component and have a
much better constraint on the star formation history (through SED). We will
also model the AGN dust torus with the MIRI MRS data (e.g., Drouart_ef _all,
207172). This will offer an evolutionary view of the impact from powerful jetted
AGN and refine the AGN model at Cosmic high-Noon.
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5.2.4 Summary

Thus far, I have discussed several intriguing points for investigation based on
the current datasets, as well as plans to fill in the missing data coverage. It
is worth noting that we indeed intend to expand the JWST + ALMA + MUSE
sample (Section [CH4). This expansion will offer a more comprehensive view
of the feedback from jetted AGN, incorporating additional data on different
gas/companion dynamics, ISM compositions, and stellar populations. Moreover,
it is crucial to broaden our perspectives on galaxy evolution studies beyond the
somewhat narrow focus of this thesis by integrating various species together at
this transition epoch.
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