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ABSTRACT

High-redshift radio galaxies are among the most massive galaxies in the Universe and sites of extreme active galactic nucleus feedback
processes, powering energetic radio jets. They are typically embedded in giant Lyα halos that are known to extend over 100 kpc into
the circumgalactic medium. We targeted the Lyα halos around four high-redshift radio galaxies in a redshift range of 3.1 < z < 4.5
using high-resolution spectroscopy from the Ultraviolet Echelle Spectograph (UVES) at the VLT, focusing on absorption features in
the Lyα emission that trace neutral hydrogen (H i) systems. We compared the UVES data to observations obtained with the Multi Unit
Spectroscopic Explorer (MUSE) of the same targets and found that the higher spectral resolution of UVES (∆v ≈ 12 km s−1) allowed
us to identify absorbers more completely and revealed the splitting of deep absorbers into multiple components. We identified between
6 and 14 absorbers for each target in our sample with column densities of NH i = 1012−1017 cm−2. About 70% of the absorbers can
be spatially resolved along the radio jet axis, showing minimal variation in column densities over extents of more than 30 kpc. Our
results indicate that a fraction of the absorbers may be physically associated with the host systems. Complementary JWST/NIRSpec
observations of two of the targets, 4C+03.24 and TN J0205, reveal potential outflows in the ionized interstellar medium. We discuss
a kinematic link between the [O iii]-emitting gas and the cool halo gas as traced by Lyα, suggesting a common outflow origin.
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1. Introduction

High-redshift radio galaxies (HzRGs) are massive galax-
ies (with stellar masses between 1011 M� and 1012 M�;
Rocca-Volmerange et al. 2004; Seymour et al. 2007), residing
in overdense protocluster environments (e.g., Venemans et al.
2002; Wylezalek et al. 2013; Noirot et al. 2016, 2018). They
host powerful active galactic nuclei (AGNs), which signifi-
cantly affect the evolution of the host galaxy through feedback
processes (Heckman & Best 2014; Harrison & Ramos Almeida
2024). HzRGs exhibit radiative mode feedback, where galac-
tic outflows result from AGN-driven winds or radiation pres-
sure pushing on dust and gas, and kinetic mode feedback, where
collimated jets and outflows transfer energy to the surround-
ing medium (e.g., Fabian 2012; King & Pounds 2015; Harrison
2017; Nesvadba et al. 2017a,b). This leads to the expulsion and
redistribution of gas within the host galaxy and its surrounding
environment. Additionally, strong photoionization by the central
AGN impacts gas cooling, which further affects the buildup of
the host galaxy’s stellar mass. This circumstance makes HzRGs
unique and ideal targets for studying the evolution of massive
galaxies and the role of AGN feedback processes.

An important characteristic of HzRGs is the giant gaseous
halos in which they are embedded. They extend into the cir-
cumgalactic medium (CGM; see Tumlinson et al. 2017 for a
review) of the galaxies and often reach beyond the radio
? Corresponding author: jritter@mpa-garching.mpg.de

source (van Ojik et al. 1997). This extended halo structure
provides a unique window into AGN-driven feedback and
gas dynamics on circumgalactic scales. The gaseous halos
can be observed in various emission lines, the most promi-
nent and brightest of which is Lyαλ1216, which can reach
luminosities of '1044 erg s−1 (e.g., Villar-Martín et al. 2007b;
Miley & De Breuck 2008; Shukla et al. 2022; Wang et al. 2023).
Additionally, the halos show He ii λ1640 emission and are metal
enriched, detected in C iv λλ1548, 1551, Nv λλ1238, 1242 as
well as in [Oiii] λλ4959, 5007 and [Oii] λλ3726, 3729 (e.g.,
McCarthy 1993; De Breuck et al. 2000; Villar-Martín et al.
2007a; Humphrey et al. 2008b; Kolwa et al. 2019). In addition to
atomic gas emission, molecular gas, in particular, carbon monox-
ide (CO), which is used as a tracer of molecular hydrogen, has
been observed in HzRGs, in some cases even on halo scales
(Klamer et al. 2005; Ivison et al. 2012; Emonts et al. 2014,
2015, 2016; Gullberg et al. 2016; Li et al. 2021; Falkendal et al.
2021; De Breuck et al. 2022; Emonts et al. 2023).

The Lyα nebulae of HzRGs are ubiquitously observed to
show deep extended absorption features (van Ojik et al. 1997;
Jarvis et al. 2003; Wilman et al. 2004; Humphrey et al. 2008a;
Silva et al. 2018b; Kolwa et al. 2019; Wang et al. 2021), which
were first discovered by Röttgering et al. (1995). This absorp-
tion of the Lyα emission in HzRGs has been interpreted as aris-
ing from neutral hydrogen gas (H i absorbers) in the CGM of the
hosts, which surrounds the emission region. The absorbers allow
us to indirectly probe the neutral gas without having to study H i
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in emission. While H i 21 cm absorption against the radio con-
tinuum is commonly used to detect neutral gas in low-redshift
radio galaxies (e.g., Morganti & Oosterloo 2018), such observa-
tions are challenging at high redshift, and detections remain rare
(e.g., Röttgering et al. 1999; Cody & Braun 2003; Chandra et al.
2004; Curran et al. 2013).

The absorbers in the Lyα profiles are found to be spa-
tially extended over almost the entire Lyα emission region, with
projected spatial extents of up to 50 kpc and covering factors
of approximately unity (van Ojik et al. 1997; Humphrey et al.
2008a; Swinbank et al. 2015; Silva et al. 2018a,b). The esti-
mated gas masses of H i can reach log(MHi/M�) ∼ 9 (Silva et al.
2018a).

By modeling the absorption features, we can characterize
the neutral hydrogen gas in terms of column densities and kine-
matics. Most absorbers are found to be blueshifted with respect
to the systemic redshift of the HzRGs (van Ojik et al. 1997;
Jarvis et al. 2003; Humphrey et al. 2008a), likely indicating out-
flowing gas. In a few cases, redshifted absorbers have been
detected, which might be a signature of infalling gas that feeds
the central AGN (Kolwa et al. 2019).

A common theory to explain the nature of the absorbing gas
has been developed over the years. Binette et al. (2000) first pro-
posed that the absorption arises from giant expanding shells of
gas, based on the blueshifted velocities, large spatial extents,
and the fact that the absorbing material appears to be spatially
distinct from the Lyα emission region. The expansion could
be driven by energetic AGN or stellar feedback processes. The
idea was further developed and confirmed using a larger sam-
ple of targets (Jarvis et al. 2003; Wilman et al. 2004; Silva et al.
2018a; Kolwa et al. 2019; Wang et al. 2021). The absorbing
gas was found to extend along and perpendicular to the radio
jet axis, thus providing evidence of the large-scale shell the-
ory (Humphrey et al. 2008a; Silva et al. 2018a,b). Wilman et al.
(2004) found that the absorbers are either weak, with column
densities of NHi ≈ 1013−1015 cm−2, or strong, with column den-
sities &1018 cm−2. Hydrodynamical simulation works suggested
that strong column density absorbers might form behind the bow
shock of the radio jet and be fragmented by the propagating jet
(Krause 2002, 2005).

When the Lyα profiles of HzRGs are modeled, it is gen-
erally assumed that the Lyα emission region is spatially sepa-
rate from the absorbers and that the Lyα photons are primarily
absorbed or scattered out of our line of sight (Binette et al. 2000;
Jarvis et al. 2003; Wilman et al. 2004; Swinbank et al. 2015;
Silva et al. 2018b; Kolwa et al. 2019; Wang et al. 2021, 2023).
While Lyα radiative transfer modeling is successful in reproduc-
ing some of the line shapes observed in high-redshift galaxies
(e.g., Verhamme et al. 2006; Dijkstra et al. 2006; Gronke et al.
2015; Park et al. 2022), profiles as seen in HzRGs with sev-
eral absorption features and deep absorbers split into several
components (e.g., Jarvis et al. 2003) are not fully accounted for
by radiative transfer simulations. In studies of Lyα emission in
HzRGs, it is therefore commonly assumed that absorption super-
imposed on the intrinsic Lyα emission, which is likely influenced
by radiative transfer effects, is the primary factor shaping the
profiles.

Scenarios for the evolution of the absorbing gas shells up
to the present have been proposed and discussed. In a study
of 18 HzRGs, van Ojik et al. (1997) found that smaller radio
sources exhibit Lyα absorption more frequently than larger
radio sources. Following these findings, Röttgering & Pentericci
(1999) proposed an explanation based on an evolutionary sce-
nario. While propagating through the halo, the radio jets interact

with the gas, leading to the formation of cocoons and shocks
that eventually ionize the H i gas, thereby reducing the observed
absorption. Krause (2002, 2005), Swinbank et al. (2015) argued
that the outflowing shells might become thermally and gravita-
tionally unstable and fragment over time.

We present the results of observations of four HzRGs in
the redshift range of 3.1 < z < 4.5. In particular, we
focused on the absorption features observed in their Lyα halos.
We present observations obtained with the Ultraviolet and
Visual Echelle Spectrograph (UVES; D’Odorico et al. 2000;
Dekker et al. 2000) on the Very Large Telescope (VLT), which
allowed us to analyze the absorbers at a high spectral resolu-
tion of ∆v ≈ 12 km s−1. In Sect. 4.1 we compare this resolu-
tion to complementary VLT Multi Unit Spectroscopic Explorer
(MUSE; Bacon et al. 2010) observations of the four targets to
assess how the different spectral capabilities affect the character-
ization of the absorbers. For two of the four targets in our sample,
additional integral field unit (IFU) observations obtained with
the James Webb Space Telescope (JWST)/Near Infrared Spec-
trograph (NIRSpec; Jakobsen et al. 2022; Gardner et al. 2023)
allowed us to compare the observations of the Lyα halos to the
ionized phase in the interstellar medium (ISM) of the HzRGs, as
traced by [O iii].

The paper is structured as follows. In Sect. 2 we present the
observations and data reductions. The line-fitting procedure of
the UVES spectra is outlined in Sect. 3. The results are pre-
sented in Sect. 4, along with the spatially resolved fitting of
the Lyα profiles and the comparison of the Lyα profiles to the
NIRSpec [O iii] detections. We discuss and interpret our find-
ings in Sect. 5, and we finally summarize the results in Sect. 6.
Throughout this work, we assume a flat ΛCDM cosmology with
H0 = 70 km s−1 Mpc−1 and Ωm = 0.3.

2. Observations and data reduction

2.1. UVES observations

The four HzRGs of this work’s sample were observed with the
UVES instrument at the VLT under the program 108.21WL
(PI: Wuji Wang) between November 2021 and March 2022.
These four targets are part of a larger sample of eight HzRGs
which have all been previously observed using VLT/MUSE.
The selection criteria for the eight HzRGs included redshifts
z > 2.9 to ensure the Lyα emission line falls within the MUSE
spectral range, Dec< 25◦ for observability from the southern
hemisphere, and the presence of known extended bright Lyα
emission nebulae (>10′′, Wang et al. 2023). The four HzRGs we
targeted were then specifically followed up with UVES observa-
tions, as they were among the sources in the eight-object sample
that lacked existing high spectral resolution data. Three addi-
tional objects in the larger sample have been observed at high
spectral resolution and studied in previous works (Jarvis et al.
2003; Wilman et al. 2004; Kolwa et al. 2019). In this paper, we
focus exclusively on the newly obtained UVES data.

The UVES slit was centered on the central AGN position and
oriented along the radio jet axis. The AGN coordinates and posi-
tion angles of the radio jet axes are given in Table 1. In Fig. 1
we show the position and orientation of the slits on the MUSE
Lyα surface brightness maps. The black contours show the
extent of the radio lobes. The radio data were recorded with the
Very Large Array (VLA) in the case of 4C+03.24, MRC 0316
and TN J0205 (e.g., Carilli et al. 1997; van Ojik et al. 1996;
Nesvadba et al. 2007) and with the Multi-Element Radio Linked
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Table 1. Details of the targets in the sample.

Target name Redshift RA∗ (J2000) Dec∗ (J2000) Position angle∗∗
z hh:mm:ss dd:mm:ss degree

4C+03.24 3.5657† 12:45:38.37 +03:23:21.0 156
4C+04.11 4.5077‡ 03:11:47.97 +05:08:03.74 162
MRC 0316–257 3.1238‡ 03:18:12.07 −25:35:10.22 55
TN J0205+2242 3.5060‡ 02:05:10.69 +22:42:50.4 153

Notes. (∗)Coordinates of the central AGN. (∗∗)Radio axis position angle (from north to east) as specified for the UVES observations. (†)Redshift
determined from the [O iii] emission line (Nesvadba et al. 2017a). (‡)Redshift determined from the He ii emission line (Kolwa et al. 2023;
Wang et al. 2023 for MRC 0316).

Interferometer Network (MERLIN) in the case of 4C+04.11
(Parijskij et al. 2014).

A slit width of 1.8′′ was chosen, which corresponds to a
resolving power of about λ/∆λ = 26 000 and a spectral reso-
lution of ∆λ ≈ 0.19−0.27 Å over the wavelength range of the
red arm or ∆v ≈ 12 km s−1 in terms of velocity (see UVES user
manual1). The length of the slit on the sky is 12′′. The CCD
read-out mode for the observations is a 2 × 3 (spatial× spectral)
binning mode. The spatial pixel scale after the binning is 0.36′′.
Additional binning is performed in the dispersion direction to
improve the signal-to-noise ratio (S/N), resulting in pixel scales
of 0.09 Å for 4C+04.11, MRC 0316 and TN J0205 and 0.14 Å
for 4C+03.24.

The observations were divided into five Observation Blocks
(OBs) of about 50 minutes exposure time each. For the target
MRC 0316 we include an additional OB, which was observed
since one of the OBs did not fulfill the seeing conditions
requested in the proposal. For 4C+03.24, only 4 OBs are
included, as one OB shows a much lower S/N than the other
four. The final spectra thus have total exposure times on target
of about 4 hours and 10 minutes for 4C+04.11 and TN J0205,
5 hours for MRC 0316 and 3 hours and 20 minutes for 4C+03.24.
The exposure times, the spectral resolution around the Lyα emis-
sion region, average seeing disk diameters over all included OBs
and other details of the UVES observations are summarized in
Table 2. The spectra are not flux calibrated as no standard star
was observed during the observing run.

2.2. UVES data reduction

We develop an optimized data reduction method for the follow-
ing spectral analysis. First, cosmic rays are removed in the raw
science frames of each exposure using the lacosmic2 pack-
age (Dokkum 2001; McCully 2014) with the Laplacian S/N
threshold set to a value of 3. The UVES data reduction pipeline
is executed on the cleaned science frame via esorex (ESO
Recipe Execution Tool, ESO CPL Development Team 2015), a
command-line driven utility to run the pipeline recipes, with
the processed calibration files provided as input and the extrac-
tion method set to 2D. The pipeline performs the bias sub-
traction and flat-fielding and uses order-definition frames and
ThAr arc frames to locate and define the orders and perform
the wavelength calibration. By setting the extraction method
to 2D, the 2D long-slit spectra, containing spatial and spec-
tral information, are extracted. To obtain the optimal signal
1 UVES user manual, latest version: https://www.eso.org/sci/
facilities/paranal/instruments/uves/doc/ESO_514367_
User_Manual_117.pdf
2 https://lacosmic.readthedocs.io/en/stable/

extraction region for the final spectra, cumulative spatial flux
profiles are evaluated around the Lyα wavelength range and
the signal region is chosen as the spatial region in the 2D
spectra, where the cumulative flux reaches between 10% and
90% of its maximum value. The median over the sky back-
ground, corresponding to regions above and below the signal
region, is subtracted from the signal region. The sky-subtracted
signal region is summed to obtain the bias-subtracted, flat-
fielded, wavelength-calibrated, sky-subtracted 1D spectra. Dif-
ferent exposures are median-combined for each target. We call
the spectra extracted in the described way the UVES master
spectra.

2.3. Ancillary MUSE data

The four observed high-redshift radio galaxies listed in Table 2
have previously been observed (PI: Joël Vernet and MUSE
WFMAO commissioning observations for 4C+03.24) and ana-
lyzed, with focus on the tomography of the Lyα emission neb-
ulae, using the MUSE instrument at VLT (Vernet et al. 2017;
Wang et al. 2021, 2023). Using an integral field spectrograph
allowed us to map the CGM and the spatial extent of the
gaseous Lyα emission nebulae. The observations were taken
in Wide-Field-Mode (WFM) with a fov of 60 × 60 arcsec2

and Adaptive Optics (AO) was only employed for 4C+03.24.
4C+04.11, MRC 0316, and TN J0205 have total exposure times
of about 4.24 h and 4C+03.24 of 1.25 h. They cover an
extended wavelength range of 4650−9300 Å. The spatial sam-
pling is 0.2′′ pix−1, the spectral sampling is 0.125 nm pix−1

and the resolving power is λ/∆λ = 1750−3750 for the cov-
ered wavelength range, corresponding to a resolution of ∆v ≈
171−90 km s−1 (Wang et al. 2023). The UVES spectra therefore
provide a spectral resolution that is about 8 to 14 times higher
compared to the spectral resolution of MUSE. The MUSE data
reduction is detailed in Wang et al. (2023).

2.4. Ancillary JWST/NIRSpec data

4C+03.24 and TN J0205 have been observed using the NIRSpec
IFU instrument onboard JWST as part of the JWST Cycle 1
General Observers program with proposal ID 1970 (PI: Wuji
Wang). The observations zoom into the central ∼25 × 25 kpc2

surrounding the AGNs. 4C+03.24 and TN J0205 both have
total exposure times of about 4 hours. For the observations
a filter/disperser combination of F170LP/G235H was chosen
with a resolving power of ∼2700 and a wavelength range of
1.66−3.17 µm (Böker et al. 2022), covering [O ii]λλ3726, 3729,
Hβ, [O iii]λλ4959, 5007 and Hα at the redshifts of the targets.
The spectral resolution is about 110 km s−1.
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Table 2. Details of the UVES observations.

Target name UT date Exposure time Spectral resolution∗ Seeing∗∗

dd/mm/yyyy hours [Å] arcsec

4C+03.24 08/02/2022–01/03/2022 3.34 0.21 0.63 ± 0.06
4C+04.11 02/12/2021–08/12/2021 4.17 0.25 0.52 ± 0.07
MRC 0316–257 01/11/2021–30/12/2021 5.01 0.19 1.05 ± 0.24
TN J0205+2242 07/12/2021–27/12/2021 4.17 0.21 0.93 ± 0.20

Notes. (∗)Spectral resolution around the observed Lyα line. (∗∗)Seeing averaged over all included OBs, with uncertainties given by the standard
error of the mean.

4C+03.24 4C+04.11

MRC 0316 TN J0205

Fig. 1. MUSE surface brightness maps of
the narrowband Lyα emission. The wave-
length ranges in the observed frame for the
narrowbands are 5550−5560 Å for 4C+03.24,
6705−6710 Å for 4C+04.11, 5018−5037 Å for
MRC 0316 and 5475−5481 Å for TN J0205.
The radio contours (starting at 0.2 mJy/beam
and increasing by a factor of 2), showing the
extent of the radio emission, are overplotted as
black lines. The green rectangle shows the posi-
tion of the UVES slit on the sky. The white
crosshairs indicate the position of the AGN.
We note that the bright emission southwest of
4C+03.24 is likely a foreground star as its con-
tinuum resembles a blackbody (Nesvadba et al.
2017a).

The data reduction performed on the JWST/NIRSPec data
cubes is similar to the procedure described in Vayner et al.
(2023), Wang et al. (2024, 2025). To process the data, the JWST
Science Calibration pipeline3 (Bushouse et al. 2023) is used.

The first and second stage are implemented following the
standard pipeline, but the cube build method that creates a 3D
cube from the 2D spectra was applied with the emsm approach
instead of the default drizzle, as using the emsm method reduces
low-frequency ripples due to undersampling (Vayner et al. 2023;
Wang et al. 2024). To combine the cubes at each dithered posi-
tion, the Python package reproject4 was implemented, follow-
ing the script from Vayner et al. (2023). The pixel scale after
resampling is 0.05′′.

3. Line-fitting procedure

In order to characterize the absorption features in the halo
emission of the four HzRGs, we implement a line-fitting pro-
cedure that has been used successfully in previous works
(e.g., Jarvis et al. 2003; Swinbank et al. 2015; Silva et al. 2018b;
Kolwa et al. 2019; Wang et al. 2021). We fit the Lyα pro-

3 https://github.com/spacetelescope/jwst
4 https://pypi.org/project/reproject/

files with an underlying Gaussian emission (consisting of one
or two components) and superimposed Voigt profiles (e.g.,
Tepper-García 2006) for the absorption features. The use of a
Gaussian profile for the underlying intrinsic emission is sup-
ported by previous studies (e.g., Arrigoni Battaia et al. 2019;
Chang et al. 2023). The Gaussian model can be written as

Fλ =
F

σλ
√

2π
exp

−1
2

(
λ − λ0

σλ

)2 . (1)

Here, Fλ is the flux density at wavelength λ, F is the integrated
flux of the emission line, σλ the line width, λ0 is the center of the
line and λ the wavelength. The absorption can be quantified in
terms of the optical depth τλ as proportional to e−τλ . More specif-
ically the Voigt-Hjerting function, also called the Voigt profile,
is denoted as

τλ =
N
√
πe2 fλ0

2

∆λDmec2 H(a, x), (2)

with the column density N of the absorbing gas, the electron
charge e, the electron mass me, the oscillator strength f (values
taken from Kramida et al. 2023) and the speed of light c. ∆λD
depends on the Doppler parameter b, characterizing the width
of the line, as ∆λD = b

cλ0. H(a, x) is the Hjerting function, as
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approximated in Tepper-García (2006) for column densities up
to 1022 cm−2 with x ≡ λ−λ0

∆λD
and a ≡ λ2

0Γ

4πc∆λD
. Γ is the Lorentzian

width. The Voigt profiles (exp(−
∑n

i=1 τλ,n) with n the number
of absorbers) are then multiplied with the Gaussian profiles. In
order to match the resolution of the UVES instrument, we con-
volve this with the line-spread function (LSF) of our observa-
tions using the Fast Fourier Transform (FFT) within the scipy
library (Virtanen et al. 2020). The UVES LSF is determined to
have an average Gaussian width of 〈σλ〉 ≈ 0.10 Å or a full width
at half maximum of 〈FWHM〉 ≈ 0.24 Å from fitting a Gaussian
profile to some of the strong skylines. The final fitting function
is thus given by

F =

 m∑
j=1

Fλ,m × exp(−
n∑

i=1

τλ,n)

 ~ LSF. (3)

When modeling the absorbing gas, we assume that the gas clouds
cover the extended emission line region and have a covering
factor close to unity (C ≈ 1.0). This assumption is supported
by observations of similar absorbers with MUSE and has there-
fore been adopted in previous works (e.g., Swinbank et al. 2015;
Kolwa et al. 2019; Wang et al. 2021). Moreover, the majority of
absorbers in our UVES data span the full spatial extent of the
Lyα emission region (see Fig. 8), and several show saturated
absorption troughs that reach zero flux (e.g., absorbers 2 and 3
in MRC 0316, absorber 3 in TN J0205, and multiple systems in
4C+04.11; see Fig. 3). All of this suggests a high covering frac-
tion of the absorbing gas.

We first employ nonlinear least-squares fitting, using the
Python package lmfit5 (Newville et al. 2016) and minimiz-
ing the residual. The least-squares optimization is used to
determine suitable initial parameter values and to identify the
preferred model complexity. The final parameter inference is
obtained from Markov chain Monte Carlo (MCMC) sampling.
We describe the details of the procedure in the following.

During the initial least-squares fitting, we fit the underlying
Gaussian and the convolved Voigt profile simultaneously to the
data, following the model derived above (see Eq. 3). We start the
fitting using only one underlying Gaussian emission component
and then add another component, if using two components pro-
vides better fit results according to the Bayesian Information Cri-
terion (BIC; Liddle 2007)6. For 4C+04.11, the blue wing of the
Lyα line is heavily affected by absorbers, which makes it difficult
to determine the underlying shape of the Gaussian. We there-
fore start by fitting a Gaussian model using only the red wing as
input, following Wang et al. (2021). For 4C+04.11, MRC 0316,
and TN J0205, we identify two Gaussian components and for
4C+03.24 one. We refer to the component closest to the sys-
temic redshift as the systemic component and to the others as
blueshifted or redshifted, depending on their velocity offset with
respect to the systemic redshift. The continuum is fitted with a
zero-order polynomial (the intercept) and left free to vary.

The position of the absorption troughs and the number of
absorbers are identified visually. During the initial least-squares
fitting, we start out with a low number of absorbers and grad-
ually add more absorbers and narrow absorption features to the
fitting. Different models with different number of absorbers are
then compared using BIC to determine the preferred model com-
plexity. The parameters of the absorbers are constrained based on

5 https://lmfit.github.io/lmfit-py/
6 The results are also consistent using the Akaike information criterion
(Liddle 2007).

previous studies of Lyα absorption systems in HzRGs. Obser-
vations suggest that these absorbers either have lower column
densities between 1013 cm−2 and 1015 cm−2 or high column den-
sities that exceed 1018 cm2 (Wilman et al. 2004). The column
density is therefore constrained to lie between 1012 cm−2 and
1020 cm−2 following Kolwa et al. (2019). The lower limit on the
Doppler parameter is set by the resolution of the UVES instru-
ment as bmin ∝ σλ = 12 km s−1/(2

√
2 ln(2)) ≈ 5 km s−1. The

upper limit is set to bmax = 400 km s−1 following the argument in
Kolwa et al. (2019) that the absorbing gas is relatively quiescent
compared to other regions exhibiting line widths with FWHM
exceeding 1000 km s−1. The redshifts of the absorbers are deter-
mined from visual inspection of the spectra and are free to vary
by ±0.001. These limits are applied as parameter bounds in the
least-squares fitting and as priors in the subsequent MCMC sam-
pling.

Likely due to the high number of fit parameters, lmfit
did not return a covariance matrix from the least-squares fit-
ting, and uncertainties on the fitted parameters could not be
obtained this way. We therefore perform MCMC sampling to
obtain parameter estimates and credible intervals using the
Python package emcee7 (Foreman-Mackey et al. 2013) that
implements the affine-invariant Ensemble Sampler proposed by
Goodman & Weare (2010). For the MCMC analysis we adopt
the preferred model complexity determined from the least-
squares fitting and sample the full model parameter space
simultaneously. The MCMC chains are initialized around the
maximum-likelihood solution from the least-squares fit and
explore the parameter space within the priors motivated above
(see also Table A.1). The predictive models shown in the figures
(e.g., Fig. 3) are derived from the MCMC posterior distributions.
The shaded regions indicate the 16th–84th percentile range of
the model realizations, representing the uncertainties.

4. Results

In this section, we first compare the resolution of the UVES
spectra to complementary MUSE data. We then present the
results of the Lyα line fitting, starting with the analysis of the
UVES master spectra. We examine the spatial profiles along the
radio jet axis and conclude by comparing these findings with
JWST observations of 4C+03.24 and TN J0205.

4.1. Comparison with MUSE

The MUSE data of the four targets of our sample have previ-
ously been analyzed, in Vernet et al. (2017), Wang et al. (2021),
Kolwa et al. (2023), Wang et al. (2023). To compare the UVES
data to the MUSE data, we extract pseudo-longslit spectra from
the MUSE data, simulating a slit width and length as used in
the instrument setting for the UVES observations (slit width
of 1.8′′ and a height of 12′′). To extract the 2-dimensional
position-velocity pseudo-longslit spectra, the Python-package
pvextractor8 is used. The center and orientation of the slit
in the extraction is chosen according to the values specified
for the UVES observations as the center of the target and the
position angle of the radio jet, which are listed in Table 1.
For better visual comparison, the MUSE pseudo-longslit spec-
tra are scaled to the UVES spectra by interpolating the UVES
data onto the wavelength grid of the MUSE data in a region

7 https://emcee.readthedocs.io/en/stable/
8 https://pvextractor.readthedocs.io/en/latest/api.
html#module-pvextractor
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4C+03.24 4C+04.11

MRC 0316 TN J0205

Fig. 2. UVES spectra of the four targets around the Lyα emission with the MUSE pseudo-longslit spectra overplotted in orange. The gray shaded
area in the spectrum of 4C+03.24 marks the position of the strong skyline around 5577 Å.

alongside the main Lyα peak and calculating a scaling fac-
tor accordingly. The MUSE pseudo-longslit spectra and UVES
spectra are overplotted in Fig. 2. UVES allows us to observe
much narrower absorption features, which get broadened due
to the moderate resolution in the case of the MUSE instru-
ment. For MRC 0316, the deep absorber observed with MUSE at
around 800 km s−1 splits into two separate, almost fully saturated
absorbers when observed with UVES. A similar result was pre-
viously found in Jarvis et al. (2003) for MRC 0200+015, where
a NH I ∼ 1019 cm−2 absorber (observed with the ESO Multi
Mode Instrument (EMMI): van Ojik et al. 1997) split into two
NH I ∼ 1014 cm−2 absorbers when observed with UVES. Some
narrow absorbers, e.g., the very narrow feature on the red wing
of the Lyα emission line of MRC 0316 at around 1600 km s−1

could not be identified using the MUSE observations. Addition-
ally, for some of the deep features, visible in the spectra (e.g., the
feature at around 0 km s−1 for 4C+04.11) for which previously
only one absorber was identified (compare Wang et al. 2021),
BIC and AIC now favor additional absorbers. For TN J0205, the
dips observed on the emission line in the UVES spectra, but not
in the MUSE data, are likely due to differences in observational
setup and flux scaling.

4.2. Line-fitting results

We identify 6 absorbers for 4C+03.24, MRC 0316 and
TN J0205. 4C+04.11 shows absorption features out to large
velocity shifts from the Lyα line center and we identify alto-
gether 14 absorbers for this target. The fitted spectra can
be seen in Fig. 3. The posterior parameter estimates for the
Gaussian emission components and Voigt absorbers are listed
in Tables 3, 4, 5, and 6.

The line centers for the underlying Gaussian emission of
4C+04.11 and TN J0205 are found to be close to the systemic
velocity shift of the host galaxy, determined from the He ii
emission line at the position of the central AGN. This is to be
expected if the Lyα emission gas is located in the potential well
of the radio galaxy. For 4C+03.24 and MRC 0316, the Lyα line
is however redshifted, by about 300 km s−1 for 4C+03.24 and
about 580 and 710 km s−1 for the two velocity components of
MRC 0316. Such velocity offsets between Lyα emission and the
systemic redshift are commonly observed and can arise from
radiative transfer effects and bulk gas motions, in addition to
uncertainties in the systemic redshift estimate. For 4C+03.24,
He ii emission could not be identified and the systemic redshift
is therefore based on the [O iii] emission from Nesvadba et al.
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4C+03.24 4C+04.11

MRC 0316 TN J0205

Fig. 3. UVES Lyα master spectra of the four targets. The shaded regions indicate the posterior predictive 68% credible intervals of the Lyα model
and its Gaussian emission components. The colors correspond to the full absorbed model (magenta), intrinsic Gausian emission (olive), systemic
component (green), blueshifted component (blue), and redshifted component (orange). The systemic component is the one closest to the 0 km s−1

as determined from the systemic redshift of the target. The position of the absorbers are marked with black vertical lines. The gray shaded area in
the spectrum of 4C+03.24 marks the position of the strong skyline around 5577 Å, which was interpolated for the fitting.

(2017a), which also agrees with the [O iii] redshift at the host
galaxy position in our NIRSpec data.

We find that most of the absorbers are blueshifted with
respect to the systemic redshift of the HzRG and the Lyα line
center, which is in agreement with previous studies of HzRGs
(e.g., Jarvis et al. 2003; Humphrey et al. 2008a; Kolwa et al.
2019). This suggests that the absorbing gas is outflowing relative
to the Lyα emission line region. For MRC 0316 and 4C+04.11,
we identify absorbers (absorbers 1 for both targets) that are
clearly redshifted with respect to the Lyα line center and the sys-
temic redshift of the AGN (∆ vsys ∼ 1600 km s−1 and ∆ vsys ∼

1270 km s−1 respectively). These two absorbers are found to
be very narrow with low column densities log(NHi/cm−2) of
approximately 13.4 and 12.9 and could potentially trace inflow-
ing gas. However, we cannot exclude the possibility that they are
intervening metal absorbers at unrelated redshifts. This will be
further discussed in Sect. 5.1.

For our sample of four HzRGs, about 90% of the
absorbers are optically thin with column densities of NH i =
1012−1015 cm−2. Only overall four absorbers have column den-
sities 1015 cm−2 < NHi < 1017 cm−2 and we do not find any
high column densities >1017 cm−2. About 60% of the identified

absorbers have Doppler parameters b < 80 km s−1. The high
spectral resolution of UVES allowed us to detect these narrow
absorbers more accurately compared to instruments with lower
spectral resolution, such as MUSE.

There is a known degeneracy between column density and
Doppler parameter, such that different combinations of these two
parameters may lead to similar Voigt profiles, as discussed pre-
viously in Silva et al. (2018b). Inspection of the MCMC corner
plots (Figs. A.1, A.3, and A.4) shows that several parameters are
only weakly constrained and exhibit extended posterior tails and
degeneracies. This behavior is expected given the large number
of free parameters in the multicomponent fits, the limited S/N
in the data, and the intrinsic degeneracy between column den-
sity and Doppler parameter. In particular, we note that parame-
ters associated with absorbers in the outer wings of the Lyα line
are not as well constrained due to the decreased S/N in these
regions.

We further note that some of the broad Lyα absorption fea-
tures may in fact represent blends of multiple narrower com-
ponents that cannot be fully resolved at the given spectral res-
olution. This effect is expected to become more pronounced
toward higher redshift, where the number density of intergalactic
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Table 3. Median posterior parameter estimates with 68% credible intervals (16th–84th percentiles) from the MCMC sampling of the Lyα emission
and the Voigt absorption model of 4C+03.24.

Emission fitting results

Line Line center (rest) Line center (obs.) Line flux Line width
λ0 [Å] λ [Å] F [arb. unit] FWHM [km s−1]

Lyα 1215.67 5555.98+0.78
−0.63 5174+742

−512 1973+77
−84

Absorption fitting results
Absorber Absorber redshift Column density Doppler parameter

z log(NHI/cm−2) b [km s−1]
1 3.5819+0.0004

−0.0004 14.22+0.11
−0.11 249+31

−26
2 3.5751+0.0003

−0.0003 13.72+0.42
−0.50 191+89

−72

3 3.5660+0.0002
−0.0002 14.40+0.16

−0.17 280+52
−45

4 3.5599+0.0002
−0.0002 13.94+0.11

−0.11 101+19
−15

5 3.5556+0.0003
−0.0002 14.03+0.18

−0.11 87+38
−36

6 3.5507+0.0002
−0.0002 14.15+0.14

−0.17 90+16
−23

Table 4. Median posterior parameter estimates with 68% credible intervals (16th–84th percentiles) from the MCMC sampling of the Lyα emission
and the Voigt absorption model of 4C+04.11.

Emission fitting results

Line Line center (rest) Line center (obs.) Line flux Line width
λ0 [Å] λ [Å] F [arb. unit] FWHM [km s−1]

Lyα 1215.67 6695.78+2.09
−2.25 5130+1460

−1180 1179+150
−142

Lyα (r.) 1215.67 6699.17+1.27
−2.03 3471+903

−764 2343+334
−236

Absorption fitting results
Absorber Absorber redshift Column density Doppler parameter

z log(NHI/cm−2) b [km s−1]

1 4.5313+0.0005
−0.0006 12.88+0.44

−0.55 63+108
−44

2 4.5132+0.0003
−0.0004 12.89+0.42

−0.53 53+45
−28

3 4.5090+0.0002
−0.0002 14.25+0.16

−0.12 93+21
−17

4 4.5068+0.0003
−0.0007 14.76+0.07

−0.11 254+26
−26

5 4.5013+0.0002
−0.0001 15.47+0.36

−0.39 44+9
−6

6 4.4988+0.0004
−0.0002 14.34+0.17

−0.15 73+34
−24

7 4.4949+0.0001
−0.0001 15.58+0.30

−0.47 57+14
−5

8 4.4911+0.0001
−0.0001 14.05+1.08

−0.39 14+11
−6

9 4.4880+0.0004
−0.0004 14.66+0.16

−0.17 206+52
−54

10 4.4837+0.0005
−0.0005 13.32+0.62

−0.84 37+124
−27

11 4.4761+0.0006
−0.0006 14.48+0.16

−0.20 222+65
−43

12 4.4662+0.0003
−0.0004 15.07+0.62

−0.56 47+23
−14

13 4.4570+0.0007
−0.0007 14.31+0.25

−0.47 248+88
−60

14 4.4471+0.0005
−0.0005 16.81+1.47

−1.89 32+28
−20

Notes. Lyα is the systemic emission component (the one closest to 0 km s−1), and Lyα (r.) is the emission component redshifted with respect to the
systemic component.

absorbers increases. The inferred Doppler parameters should
therefore be interpreted with caution.

4.3. Spatially resolved Lyα fitting

The UVES data are long-slit spectra obtained using a slit-length
on the sky of 12′′. The final 2D UVES spectra span a spatial

extent of approximately 10.9′′ with a spatial pixel scale of about
0.36′′ due to i.a. projection effects or rebinning of the spectra
during the data reduction. By extracting 1-dimensional spectra
from different regions along the length of the slit, we can analyze
the spatial distribution of the Lyα emission and the absorption
features. To this end, the 2D spectra of the different OBs obtained
during the data reduction are median combined to obtain one
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Table 5. Median posterior parameter estimates with 68% credible intervals (16th–84th percentiles) from the MCMC sampling of the Lyα emission
and the Voigt absorption model of MRC 0316.

Emission fitting results

Line Line center (rest) Line center (obs.) Line flux Line width
λ0 [Å] λ [Å] F [arb. unit] FWHM [km s−1]

Lyα 1215.67 5022.87+0.61
−0.91 761+188

−215 1942+316
−204

Lyα (r.) 1215.67 5025.12+1.19
−1.23 915+367

−227 930+149
−110

Absorption fitting results
Absorber Absorber redshift Column density Doppler parameter

z log(NHI/cm−2) b [km s−1]

1 3.1458+0.0001
−0.0001 13.37+0.18

−0.25 22+11
−5

2 3.1350+0.00004
−0.00004 15.02+0.34

−0.19 50+7
−7

3 3.1328+0.0001
−0.0001 14.45+0.06

−0.05 51+5
−4

4 3.1272+0.0002
−0.0002 14.57+0.09

−0.13 223+25
−26

5 3.1227+0.0001
−0.0001 14.29+1.04

−0.41 22+15
−10

6 3.1215+0.0003
−0.0003 14.29+0.13

−0.16 135+32
−28

Notes. Lyα is the systemic emission component (the one closest to 0 km s−1), and Lyα (r.) is the emission component redshifted with respect to the
systemic component.

Table 6. Median posterior parameter estimates with 68% credible intervals (16th–84th percentiles) from the MCMC sampling of the Lyα emission
and the Voigt absorption model of TN J0205.

Emission fitting results
Line Line center (rest) Line center (obs.) Line flux Line width

λ0 [Å] λ [Å] F [arb. unit] FWHM [km s−1]

Lyα 1215.67 5478.48+0.19
−0.19 2082+257

−245 1006+54
−56

Lyα (bl.) 1215.67 5476.15+0.44
−0.50 2716+234

−243 2260+128
−109

Absorption fitting results

Absorber Absorber redshift Column density Doppler parameter
z log(NHI/cm−2) b [km s−1]

1 3.5071+0.0004
−0.0005 12.44+0.30

−0.29 55+132
−30

2 3.5049+0.0005
−0.0004 12.56+0.30

−0.34 66+76
−38

3 3.49792+0.00004
−0.00004 14.19+0.03

−0.03 60+4
−4

4 3.4898+0.0002
−0.0002 13.50+0.14

−0.18 53+19
−23

5 3.4858+0.0003
−0.0003 13.72+0.13

−0.18 75+21
−21

6 3.4809+0.0002
−0.0002 14.14+0.91

−0.26 40+20
−19

Notes. Lyα is the systemic emission component (the one closest to 0 km s−1), and Lyα (bl.) is the emission component blueshifted with respect to
the systemic component.

combined 2D spectrum for each target. We extract 1D spectra
from different spatial regions with similar S/N along the slit in
the 2D spectra following the procedure described in Sect. 2.2.

As the UVES slit was centered on the position of the AGN
and oriented along the radio jet axis, we extract spatial regions
approximately corresponding to the regions where the radio
jet is either predominantly receding from us or approaching
us. The jet kinematics are determined from the [O iii] velocity
shifts of SINFONI observations for 4C+03.24, MRC 0316 and
TN J0205 (Nesvadba et al. 2007, 2008, 2017a). For 4C+04.11 the
jet kinematics was determined in Parijskij et al. (2014) by using
high-resolution radio polarization measurements. For 4C+03.24,

TN J0205 and MRC 0316, we extract spectra from three regions
in the 2D long-slit spectra. One region where the jet is predomi-
nantly approaching, one region close to the central AGN position
where the jet is predominantly receding and one region further
away from the AGN where the jet is receding. As 4C+04.11 shows
a more compact Lyαemission region, spectra from two regions are
extracted, where the jet is predominantly approaching and reced-
ing. The flux of the spatial spectra is normalized to the spatial
extent along the slit that they cover. We fit the spatial spectra of
4C+04.11, MRC 0316 and TN J0205 with two Gaussian compo-
nents, consistent with the modeling of the master spectra, while
we adopt a single Gaussian component for 4C+03.24.
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Fig. 4. Spatially resolved analysis of the UVES spectra of 4C+03.24.
Left: MUSE surface brightness map of the Lyα emission showing the
receding and approaching radio jet side with red and blue lines. The
dark red, orange and blue squares approximately correspond to the three
regions on the sky from which the UVES spectra are extracted. The
white crosshairs indicate the position of the AGN. Right: UVES spectra
extracted from the three regions with the magenta shaded region indi-
cating the 68% credible interval of the posterior model. The absorbers
not identified in the respective spectrum are marked with dotted black
lines. We call the region (and the corresponding UVES spectra) marked
in blue the approaching, the one marked in orange the central receding,
and the one marked in dark red the outer receding part. The regions
cover a spatial extent along the radio jet of about 10.6 kpc, 7.9 kpc, and
13.2 kpc, respectively.

We first perform a least-squares fit, using the best-fit param-
eters of the master spectra as initial values. If some of the
absorbers identified in the master spectra cannot be identified in
the spatially resolved spectra, we set their column density to zero
in the fitting. MCMC sampling is then applied, initialized around
the least-squares solution and adopting priors similar to before.
The absorbers appear to show similar velocity shifts across the
extent of the Lyα emission region, suggesting that they do not
exhibit strong velocity gradients.

The approaching jet and receding jet sides and the spectra
with the model results are shown in Figs. 4, 5, 6, and 7. 66%
(21 out of 32) of the absorbers identified in our UVES master
spectra are clearly detected over the entire extent of the spatial
regions from which the spectra are extracted. Figure 8 shows a
comparison between the column densities in the receding and
approaching jet side. In an analysis of the MUSE data for the
target 4C+04.11, Wang et al. (2021) identified a column density
gradient from the southwest to the northeast region in a direc-
tion perpendicular to the radio jet axis with an increase of about
1 dex over the range of 24 kpc for one of the absorbers, as well as
a small gradient along the jet axis. In our analysis, this absorber
corresponds to absorber 3, for which we identify a similar gra-
dient along the jet axis, as log(N/cm−2) increases towards the
receding jet side by about 0.7 dex. We can therefore tentatively
confirm the column density gradient. Under the assumption of
the expanding shell scenario this gradient could be explained by

Fig. 5. Similar to Fig. 4, but for 4C+04.11. We only distinguish two
regions for this target, namely the approaching and receding jet side.
The two regions cover a spatial extent along the radio jet of about
7.2 kpc.

Fig. 6. Similar to Fig. 4, but for MRC 0316. The regions cover a spatial
extent along the radio jet of about 8.3 kpc, 5.5 kpc, and 8.3 kpc, respec-
tively.

the geometry of the gas shell as well as possible jet-gas interac-
tions (see Wang et al. 2021). Our analysis of the other absorbers
and targets suggests that this is not a general trend in HzRGs.
Most absorbers exhibit little variation in column densities across
the Lyα emission region. We also do not see any trend in column
densities towards the receding or approaching jet sides.

4.4. Comparison with [O iii] emission

The JWST/NIRSpec observations zoom into the central ∼25 ×
25 kpc2 of the HzRGs 4C+03.24 and TN J0205 and thus allow us
to map the interstellar gas close to the central AGN with .1 kpc
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Fig. 7. Similar to Fig. 4, but for TN J0205. The regions cover a spa-
tial extent along the radio jet of about 5.3 kpc, 5.3 kpc, and 13.3 kpc,
respectively.

4C+03.24 4C+04.11

MRC 0316 TN J0205

Fig. 8. Histogram of the logarithmic column density plotted against the
absorber number for the different spatial spectra. The colored bars show
the median posterior values of log(NHI/cm−2) for each absorber, while
the error bars indicate the 16th–84th percentile uncertainties derived
from the MCMC sampling. For 4C+03.24, MRC 0316 and TN J0205,
we call the different spatial regions the outer receding jet side, the cen-
tral receding jet side and the approaching jet side (see also Figs. 4, 6,
and 7). For 4C+04.11, we analyze two spatial regions, namely the
approaching and the receding jet side (see Fig. 5).

resolution. The NIRSpec data cover several important emission
lines, in particular [O ii] λλ3726, 3729, Hβ, [O iii] λλ4959, 5007
or Hα. Hereafter, the forbidden singly and doubly ionized oxygen
lines will be referred to as [O ii] and [O iii]. As [O iii] has the high-
est S/N in comparison and as it is often used in studies of AGN
narrow-line regions (e.g., Harrison et al. 2014; Wylezalek et al.
2017), we use this doublet line as indicator of the ionized gas mor-
phology. For both of the targets, [O iii] shows a very complicated

morphology and velocity structure. Multiple narrowband images
of the [O iii] λ5007 emission, corresponding to different velocity
ranges relative to the systemic, can be found in Figs. B.1 and B.2.

We examine the [O iii] emission of the two targets in our sam-
ple to compare the morphology and kinematics of the ionized
gas with those of the Lyα emission and absorption systems. As
JWST is calibrated using vacuum wavelengths and UVES using
air wavelengths, we convert the JWST data into air wavelengths
for better comparison, following Wang et al. (2021), using the
equation from Morton (2000)9. To account for the differences
in spatial resolution between UVES and NIRSpec, we convolve
the NIRSpec datacubes to match the seeing-limited resolution
of UVES. For comparison, we then extract rectangular apertures
from the convolved NIRSpec datacubes, which are chosen to
match the regions on the sky corresponding to several 1D UVES
spectra extracted along the slit. The UVES spectra are extracted
following the same procedure as described in Sect. 2.2.

The UVES and NIRSpec spectra extracted for this compar-
ison and the Lyα and [O iii] surface brightness maps showing
the corresponding regions on the sky are presented in Figs. 9
and 10. The [O iii] emission lines are fitted with least-squares
fitting with up to three Gaussian components and the continuum
with a zero-order polynomial. For the UVES spectra we perform
MCMC sampling to explore the posterior distribution. The com-
ponents closest to 0 km s−1, calculated from the systemic He ii or
[O iii] redshifts, are called the systemic component and the other
components are called blueshifted and redshifted.

When comparing the intrinsic Lyα emission with the [O iii]
emission, it is apparent that Lyα shows less spectral variation
along the jet axis compared to [O iii], where many different nar-
row, broad, blueshifted, and redshifted components appear in
different spatial regions, which are indicative of outflows and
inflows. The Lyα emission, on the other hand, is more uniform
and homogeneous over the extent of the radio galaxy. While the
NIRSpec data have higher spatial resolution than seeing-limited
UVES observations, the main reason for the observed discrepancy
can likely be attributed to the different physical nature of the lines.
Lyα is optically thick and resonant, leading to diffusion of photons
and smoother observed structures (e.g., Osterbrock & Ferland
2006), whereas [O iii] traces lower surface brightness clumps.

5. Discussion
In this section, we discuss the possible origins of the absorp-
tion troughs identified in the Lyα spectra of HzRGs and compare
them to observations of other quasar types. We then examine a
possible connection to the ionized ISM traced by [O iii] and dis-
cuss simulations of Lyα radiative transfer.

5.1. Origin of the absorbers

The Lyα emission and absorption probe the gas exclusively
along our line of sight. A key question is therefore whether the
absorbers are physically associated with the HzRG systems or
instead trace large-scale intergalactic structures, such as the Lyα
forest (e.g., Rauch 1998).

The spatial fitting along the length of the slit shows that
many absorbers (about 66%), especially the deep and broad ones
(with typical column densities in our case of &1014 cm−2) are
detectable over large projected spatial extents along the jet, of
about 30 kpc for 4C+03.24, 14 kpc for 4C+04.11, 22 kpc for
MRC 0316 and 23 kpc for TN J0205 (Fig. 8). Over these spa-
tial extents, the absorbers exhibit remarkably coherent column
densities (see Fig. 8), indicating that the absorbing gas is dis-
9 λair = λvac/n, with n = 1 + 8.34254 · 10−5 + 2.406147 · 10−2/(130 −
s2) + 1.5998 · 10−4/(38.9 − s2), s = 104/λvac with λvac in Å.
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1)

2)

3)

4)

Fig. 9. Comparison between the UVES Lyα emission profiles and the JWST/NIRSpec [O iii] emission profiles of 4C+03.24. The radio contours
(black) indicate the positions of the radio jets and the central AGN. The different spatial regions from which we extract the spectra are shown
with green rectangles on the MUSE Lyα (left) and NIRSpec [O iii] (right) surface brightness maps. We number the regions and the corresponding
spectral panels from 1 to 4, as shown in the plot. In each panel, the UVES Lyα spectrum is shown at the top and the NIRSpec [O iii] spectrum at
the bottom.

tributed over large, contiguous structures. The absorbers cover
almost the entire Lyα emission region and are found to be pre-
dominantly blueshifted with respect to the center of the Lyα
emission. If we assume that the velocity offsets between the
absorbers and the systemic redshift of the host galaxies trace phys-
ical separations along the line of sight, we infer comoving trans-
verse distances of approximately 4−24 cMpc for the majority of
absorbers. For comparison, we estimate virial radii for the HzRGs
of between∼450 and 640 ckpc using the relation from Dekel et al.
(2013)10, assuming a conservative stellar mass to halo mass ratio
of 0.02 (Behroozi et al. 2013) and adopting the stellar masses
from De Breuck et al. (2010) and Wang et al. (2021).

Interpreted purely as cosmological distances, the absorbers
would therefore lie far beyond the virial radii of the host halos

10 Rvir ≈ 100 kpc (Mvir/1012 M�)1/3
(

1+z
3

)−1
.

and would not be physically associated with the HzRGs, plac-
ing the systems in the intergalactic medium (IGM). Our inferred
column densities and Doppler parameters are consistent with
typical values measured for Lyα forest absorbers (e.g., Hu et al.
1995; Kim et al. 2002, 2013). Moreover, studies of closely sep-
arated quasar sightlines at redshifts z . 3 have shown that
intergalactic hydrogen absorbers can exhibit transverse coher-
ence over tens to hundreds of kiloparsecs (Bechtold et al. 1994;
Dinshaw et al. 1997; Rorai et al. 2017). The extended absorbers
observed in our data could thus trace comparable large-scale
intergalactic structures. In particular, our highest-redshift target
4C+04.11 (at z ∼ 4.5) exhibits the largest number of absorption
features. This is in line with the known increase in the abundance
of low column density H i absorbers (∼1014−1015 cm−2) toward
higher redshift, driven by the rising neutral fraction of the IGM
(e.g., Kim et al. 2002, 2013, 2021; Rahmati et al. 2013). Thus, a
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1)

2)

3)

4)

Fig. 10. Comparison between the UVES Lyα emission profiles and the JWST/NIRSpec IFU [O iii] emission profiles of TN J0205. The radio
contours (black) indicate the positions of the radio jets and the central AGN. The different spatial regions from which we extract the spectra
are shown with green rectangles on the MUSE Lyα (left) and NIRSpec [O iii] (right) surface brightness maps. We number the regions and the
corresponding spectral panels from 1 to 4, as shown in the plot. In each panel, the UVES Lyα spectrum is shown at the top and the NIRSpec [O iii]
spectrum at the bottom.

substantial contribution from Lyα forest absorption is expected
for this system.

Alternatively, if the observed velocity offsets of the absorbers
relative to the systemic redshift are interpreted as reflecting line-
of-sight gas motions rather than cosmological separations, this
would indicate that the neutral clouds are outflowing structures
in the CGM of the HzRGs. This interpretation has been pro-
posed and studied in previous works. Binette et al. (2000) first
interpreted the Lyα absorbers in HzRGs as expanding shells
of neutral hydrogen intersecting the emission-line region, moti-
vated by their blueshifted velocities, large spatial scales, and
metallicity. Subsequent studies have shown that such extended
hydrogen absorbers are a common feature of Lyα halos sur-
rounding HzRGs, further developing and supporting this sce-
nario (e.g., Wilman et al. 2004; Swinbank et al. 2015; Silva et al.
2018b; Kolwa et al. 2019; Wang et al. 2021). We note here that

we do not expect to observe any of the outflowing or inflowing
gas behind the AGN and the bright Lyα emission nebulae due
to attenuation effects. The kinematics and column densities of
most absorbers in our sample remain remarkably consistent over
large spatial extents. A similar behavior is for example seen in
the Makani galaxy, where the large-scale outflow shows coherent
kinematics over tens of kiloparsecs (Rupke et al. 2019, 2023).
Coherent, shell-like outflows driven by AGN feedback are also
predicted in hydrodynamical simulations (e.g., Krause 2002;
Nelson et al. 2019; Ehlert et al. 2021; Ayromlou et al. 2024).

Previous studies of absorption in the Lyα emission of HzRGs
have identified kinematic links between the absorbing gas and
the radio jets. Using MUSE, Wang et al. (2021) found that one
absorber in 4C+04.11 – also included in our UVES sample
(absorber 3 in our analysis) – exhibits a velocity pattern aligned
with the jet axis, consistent with jet–gas interactions. Similarly,
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Swinbank et al. (2015) reported spatial variations in the velocity
structure of the absorption that follow that of the underlying Lyα
emission, while the column densities remain largely uniform.

In addition to these kinematic signatures, several works have
revealed that extended absorbers associated with HzRGs show
significant metal enrichment (same absorbers identified in C iv,
S ii, and Nv; e.g., Kolwa et al. 2019; Wang et al. 2021), imply-
ing chemical abundances well above those expected for pris-
tine or weakly enriched intergalactic gas. Such metallicity levels
point to an origin within the host galaxy, with the enriched mate-
rial subsequently transported to large radii. We stress here that
the HzRG 4C+04.11, which shows metal-enriched absorption
(for absorber 3 in our UVES analysis) as reported by Wang et al.
(2021), is also included in our sample of UVES observations.
These results demonstrate that absorbers with properties compa-
rable to those in our sample can be directly influenced by the
host galaxy, reinforcing the possibility that some of the systems
we observe are likewise associated with the HzRGs.

Furthermore, cosmological hydrodynamical simulations
suggest that the environments of massive halos at these epochs
contain significant excess H i absorption relative to the ambi-
ent IGM (Meiksin et al. 2015, 2017; Conaboy et al. 2025). This
excess arises from a combination of dense gas that can be
ejected in the form of feedback-driven shells and large-scale fila-
ments feeding the halo, which is also supported by observations
(Prochaska et al. 2013; Matthee et al. 2024).

We note that several weaker and narrower absorbers, partic-
ularly those with column densities <1014 cm−2, are not detected
across the full spatial extent of the Lyα nebulae. This can be
explained by a combination of lower Lyα surface brightness and
reduced S/N in the spatially resolved spectra, which limits our
ability to detect small or narrow features in particular in the outer
wings of the Lyα emission line. Alternatively, their limited spa-
tial coverage may indicate that these systems are intrinsically
not spatially extended or represent fragments of larger shell-like
structures associated with the host system.

In summary, several lines of evidence indicate that at least
some of the hydrogen absorbers in our sample could be asso-
ciated with the HzRGs themselves, tracing outflowing shells of
gas. At the same time, we cannot exclude that some absorbers
arise in the intergalactic medium at Mpc-scale distances from the
host galaxies, particularly for the lower-density absorbers with
large velocity offsets with respect to the Lyα emission. Deep,
high-resolution spectroscopic observations of associated metal
lines will be crucial for distinguishing between these scenarios.

5.2. Comparison to other quasar studies

In addition to HzRGs (which are effectively obscured type-2
quasars), quasars at high redshift ubiquitously show extended
Lyα emission halos that have been studied extensively in the
past using IFU observations. Some examples are the Lyα nebu-
lae around type-I quasars at redshifts z ∼ 3 (e.g., Borisova et al.
2016; Arrigoni Battaia et al. 2019) or around ultra-luminous
type-1 quasars at redshifts z ∼ 2 (Cai et al. 2019), as well as
around quasars at z ∼ 6 (Farina et al. 2019). Lyα nebulae around
quasars typically exhibit fewer and less prominent absorption
features compared to HzRGs, and their spectra can generally
be reasonably fitted with a Gaussian profile without the need to
introduce absorption features (e.g., Arrigoni Battaia et al. 2018;
Vayner et al. 2023). This difference can be naturally explained
by the strong, unobscured ionizing continuum in type-I quasars,
which creates large proximity zones (that can extend over thou-
sands of km s−1, corresponding to distances of several physical
Mpc; e.g., Satyavolu et al. 2023). These ionized regions suppress
the amount of neutral gas capable of producing absorption lines

and therefore prevent the appearance of strong absorption close
to the Lyα peak. In contrast, HzRGs lack observable quasar
proximity zones, because their ionizing radiation is blocked
along the line of sight by obscuring material. As a result, neu-
tral gas, potentially from Lyα forest absorption systems in the
IGM, can persist close to the systemic redshift.

In addition to the proximity zone effects, HzRGs and the
considered type-I quasars also differ in their typical Mpc-
scale environments and feedback regimes. HzRGs are known
to occupy overdense, gas-rich protocluster environments (e.g.,
Wylezalek et al. 2013; Noirot et al. 2018) and shocks driven
by their powerful radio jets as well as strong AGN winds
are expected to produce large-scale outflowing gas shells
(e.g., Nesvadba et al. 2008; Wagner et al. 2012; Mukherjee et al.
2018; Meenakshi et al. 2022; Heckman & Best 2023; Roy et al.
2025). The type-I quasars discussed above are predominantly
radio-quiet objects and comparable jet-driven shells are not
expected to be prevalent in these systems. If some of the
absorbers seen in the Lyα profiles of HzRGs are associated with
jet-driven gas structures, their lower incidence toward radio-
quiet quasars may also reflect differences in the dominant feed-
back mode (e.g., Wang et al. 2023). It could therefore be of
interest to systematically target the Lyα emission of radio-loud
quasars at high spectral resolution in future studies.

5.3. Connection between Lyα emission and ionized gas as
revealed by JWST

The complicated velocity structure of the [O iii] emission, with
narrow, broad, blueshifted, and redshifted components (see
Figs. B.1 and B.2), provide evidence of AGN-driven outflows
and potentially inflows in the central region. Wang et al. (2024)
analyzed the NIRSpec IFU data of the ionized ISM of another
HzRG in the JWST program (PI: Wuji Wang) and found evi-
dence of a radiatively driven outflow that is only weakly cou-
pled to the quasar. The jet may therefore dominate the outflow
(Nesvadba et al. 2017a).

For both 4C+03.24 and TN J0205, there is a spatial corre-
lation between the broadening of [O iii] and Lyα, with broader
[O iii] emission appearing in regions with broad Lyα. This sug-
gests a shared underlying kinematic structure between [O iii] and
Lyα, potentially driven by outflows or turbulent gas motions. In
the case of Lyα, however, additional line broadening arises due
to resonant scattering, as photons in the line wings can escape
more easily than those near the line center (Dijkstra 2014).

There is known jet-gas interaction south of the AGN of
4C+03.24, which can be seen from the bent structure of the
radio jet contours (Fig. 1) and which has also been discussed
in van Ojik et al. (1996). Wang et al. (2025) discovered several
companions surrounding 4C+03.24 and TN J0205 in the NIR-
Spec observations of [O iii] and ALMA (Atacama Large Millime-
ter/Submillimeter Array; Wootten & Thompson 2009) observa-
tions of [C ii]. 4C+03.24 in particular shows [C ii] companions,
tracing cold gas systems, as well as optical continuum emission
tracing the stellar component, to the south of the AGN, which
might have been stripped during previous merger activity. The
merger could have triggered the radio jet and its debris, the dense
gas systems in the south, may have consequently deflected the jet,
which would explain the bent radio structure (Wang et al. 2025).

Since the absorbers seen in the Lyα emission could poten-
tially correspond to outflowing shells of gas that were ejected
from the host galaxy at earlier times, they might be connected to
outflows detected in the ISM. A comparison between the veloc-
ity shifts of the H i absorbers and the velocity shifts of the [O iii]
emission components does not show a clear correlation. The
lack of correlation in velocity shifts suggests that the gas may
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not be kinematically linked. Furthermore, the significant spa-
tial variation in the [O iii] emission contrasts with the consistent
identification of H i absorbers across the entire spatial extent of
the UVES spectra. This difference can be attributed to the fact
that the H i absorbers and the [O iii] emission trace distinct gas
phases, which are subject to different physical conditions and
kinematic behaviors.

When comparing the morphologies of Lyα observed with
VLT/MUSE and [O iii], we find that the Lyα emission is more
extended and exhibits a rounder distribution, while [O iii] is con-
fined to more compact, localized regions (see also Peng et al.
2025). This likely reflects distinct physical processes, with Lyα
emission shaped by resonant scattering and diffusion over large
scales, while [O iii] emission traces more localized ionization
mechanisms (see also Sect. 4.4).

5.4. Absorption fitting and Lyα radiative transfer

We note here that our modeling of the Lyα profiles is based on
the assumption that the Lyα photons are mostly absorbed or scat-
tered out of our line of sight in gas shells that are not co-spatial
with the emission line region (as also done in past works; see,
e.g., Binette et al. 2000; Jarvis et al. 2003; Wilman et al. 2004;
Swinbank et al. 2015; Silva et al. 2018b; Kolwa et al. 2019;
Wang et al. 2021). As Lyα is a resonant line, the Lyα photons
will scatter many times within the ISM and CGM of the galax-
ies before reaching the observer. This means that in principle,
scattered photons also contribute to the emergent line profiles,
and a full radiative transfer treatment is needed to properly
predict the line shapes. Pioneering works by Verhamme et al.
(2006) and Dijkstra et al. (2006) and other works following them
(e.g., Gronke et al. 2015; Gronke & Dijkstra 2016; Park et al.
2022) revealed that Monte Carlo radiative Lyα transfer mod-
eling of outflowing or infalling gas shells can produce asym-
metric double-peaked line profiles that agree with observations
at high redshifts. 3D radiative transfer simulations additionally
allow to account for the spatial variations in Lyα (Seon & Kim
2020; Chang et al. 2023).

However, the very complicated line profiles and deep absorp-
tion troughs split into multiple components that we observe in
our sample of HzRGs cannot be reproduced by current radiative
transfer simulations. Our approach of fitting Voigt absorption
troughs superimposed on a Gaussian emission profile (that might
be shaped by radiative transfer effects) is therefore assumed to
provide a sufficiently accurate representation of the observed line
shapes for the purposes of our analysis. Nevertheless, incorpo-
rating radiative transfer effects into future studies of HzRG Lyα
halos or comparisons with radiative transfer simulations could
provide valuable insights into the nature of the line-emitting gas.

6. Conclusions

We investigated the neutral hydrogen gas detected in absorption
against the Lyα nebulae of four high-redshift radio galaxies (z ≈
3.1−4.5). We complemented our UVES absorption results with
comparisons to MUSE and JWST/NIRSpec observations. The
main conclusions are summarized below.
1. We detected between 6 and 14 absorbers in the spectra

of the four high-redshift radio galaxies in our sample. We
found low column densities between NH i = 1012−1017 cm−2

and a wide range of Doppler parameters between ∼14 and
300 km s−1.

2. Most of the absorbers (about 66%) are visible over large spa-
tial extents (up to 30 kpc along the radio jets), but vary little
in column density overall. Taken together, our results indi-

cate that a fraction of the absorbing gas is likely physically
associated with the host halos. However, absorption from the
IGM might contaminate our sample of absorbers.

3. Comparison between the UVES spectra and pseudo-longslit
spectra extracted from MUSE data showed that a high spec-
tral resolution is required for a complete identification of
absorption features in the halos of HzRGs. For MRC 0316,
the deep absorber observed with MUSE is split into multi-
ple components when observed at higher spectral resolution
using UVES. The UVES data thus allowed us to constrain
the kinematics and morphology of the absorbing gas better.

4. The JWST/NIRSpec data of two of the four HzRGs in our
sample revealed complicated morphologies and kinemat-
ics of the ionized interstellar gas traced by [O iii] within
about 20 kpc surrounding the AGN. We found no clear evi-
dence of a relation between outflows in the ISM and the
absorbers seen in the Lyα profiles. However, the kinematics
of the [O iii] and Lyα emission indicate a possible connec-
tion between the ionized and cool gas phases.

HzRGs are strong cosmological probes and present ideal targets
for studying the evolution of massive galaxies and the role of
AGN feedback. The analysis of Lyα absorption features pro-
vides valuable insights into the distribution of neutral hydro-
gen gas in the environments of these systems. Various datasets,
including MUSE, UVES, JWST, and ALMA, were acquired for
our sample of high-redshift radio galaxies. Future work will
focus on integrating these datasets to study the CGM in mul-
tiple phases and explore the connections between different gas
tracers. This will ultimately contribute to our understanding of
the (re)distribution of gas in massive galaxies.

Data availability

The JWST data used in this work are publicly available from
the Mikulski Archive for Space Telescopes (MAST) under pro-
gramme JWST-GO-01970 and can be accessed via https://
dx.doi.org/10.17909/ataa-hn19. The corner plots associ-
ated with the MCMC analysis are additionally made available
as supplementary online material on Zenodo at https://doi.
org/10.5281/zenodo.19737893.
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Appendix A: Additional material of the MCMC sampling

In this appendix we present auxiliary material related to the MCMC sampling used to estimate the statistical uncertainties on
the fitted Lyα line parameters from the UVES master spectra. In table A.1, the priors for the MCMC sampling of the UVES
master spectra are listed. Figures A.1, A.2, A.3, and A.4 show the corner plots obtained from the MCMC sampling. These plots
are additionally made available as supplementary online material on Zenodo. The corner plots display the probability distribution
of parameters and their pairwise correlations. The off-diagonal subplots are contour plots of parameter pairs, indicating their joint
distributions. Degeneracies between fitted parameters can appear as elongated or curved shapes in the off-diagonal subplots, typically
oriented diagonally. We evaluate here the correlations between the Voigt parameters, namely the H i absorber redshifts zi, logarithmic
column densities Ni and Doppler parameters bi (in km s−1). As we identify 14 absorbers for 4C+04.11, we only show the corner
plots for the column density and Doppler parameter. The majority of parameters seem well constrained, but several are only weakly
constrained and show extended posterior tails. This behavior is likely due to a combination of the noisy data, the large number
of free parameters and intrinsic degeneracies in the model. In particular, the degeneracy between column density N and Doppler
parameter b implies that combinations of small N and large b can produce Voigt profiles similar to those obtained with large N
and small b. This is an issue that has been already identified by Silva et al. (2018b) in the fitting of the Lyα profile of the HzRG
MRC 0943–242.

Table A.1. Fitting constraints for the MCMC sampling of the UVES master spectra.

Fitting parameter lower boundary upper boundary
Gaussian parameters

Line center, λc [Å] λc,i − 10 λc,i + 10
Line flux, F - -
Line width, σ 0.001 60
Intercept -2 10

Voigt parameters
Column density, log(NH/cm−2) 12 20
Doppler parameter, b [km s−1] 5 400
Redshift, z zi − 0.001 zi + 0.001

Notes. λc,i and zi are the initial-guess values for the emission-line center and absorber redshifts, respectively. For multicomponent Gaussian fits, we
impose an ordering constraint on the line centers. For 4C+04.11, the two Gaussian line centers are constrained to lie within ±3 Å of the wavelength
obtained from a preliminary least-squares fit of the red wing of the emission line, as the blue wing is heavily affected by absorption.
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Fig. A.1. Corner plot derived from MCMC sampling of Lyα of 4C+03.24. The H i absorber redshifts zi, logarithmic column densities Ni and
Doppler parameters bi (in km s−1) are shown. The black dotted lines in the histograms indicate the uncertainty ranges, namely the 16th and 84th
percentiles. The mean acceptance fraction of the sampling is 0.301.
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Fig. A.2. Corner plot derived from MCMC sampling of Lyα of 4C+04.11. We only show the H i logarithmic column densities Ni and Doppler
parameters bi (in km s−1) because of the large number of absorbers identified for this target. The black dotted lines in the histograms indicate
the uncertainty ranges, namely the 16th and 84th percentiles. The blue lines mark the median, i.e., the reported fit values. The mean acceptance
fraction of the sampling is 0.140.
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Fig. A.4. Corner plot derived from MCMC sampling of Lyα of TN J0205. The H i absorber redshifts zi, logarithmic column densities Ni and
Doppler parameters bi (in km s−1) are shown. The black dotted lines in the histograms indicate the uncertainty ranges, namely the 16th and 84th
percentiles. The blue lines mark the median, i.e., the reported fit values. The mean acceptance fraction of the sampling is 0.305.
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Appendix B: JWST NIRSpec narrowband images for 4C+03.24 and TN J0205

In this appendix we show the NIRSpec narrowband images of the [O iii]λ5007 emission for 4C+03.24 (Fig. B.1) and TN J0205
(Fig. B.2). They reveal complex kinematics of the ionized interstellar gas. In particular, 4C+03.24 shows blueshifted emission
extended towards the south, where jet-gas interactions are taking place (e.g., van Ojik et al. 1996).

[600,1000] km s-1[200,600] km s-1[-600,-200] km s-1[-1200,-600] km s-1[-1800,-1200] km s-1

Fig. B.1. Narrowband images of the [O iii] λ5007 emission of 4C+03.24, collapsed at different velocity ranges.

[600,1000] km s-1[200,600] km s-1[-600,-200] km s-1[-1200,-600] km s-1[-1800,-1200] km s-1[-1000,-600] km s-1 [-600,-200] km s-1 [-200,200] km s-1 [200,600] km s-1 [600,1000] km s-1

Fig. B.2. Narrowband images of the [O iii] λ5007 emission of TN J0205, collapsed at different velocity ranges.

We also list the fit results of the comparison between the UVES Lyα profiles and the JWST [O iii] profiles, as shown in Figs. 9
and 10 in the following. We model the [O iii] emission lines using up to three Gaussian components and fit the continuum with a
zero-order polynomial. The UVES spectra are fitted with the same procedure as used for the UVES master spectra, using MCMC
sampling. The velocity shifts ∆v and the FWHM of the [O iii] λ5007 and Lyα emission components in the different spatial regions
are shown in Tables B.1 and B.2.

Table B.1. Gaussian fit results for 4C+03.24 in the different regions shown in Fig. 9.

JWST [O iii]λ5007 emission UVES Lyα emission
Systemic Blueshifted Redshifted Systemic

Region 1: ∆v [km s−1] 579 ± 13 −1389 ± 129 1692 ± 33 236+75
−44

FWHM [km s−1] 1820 ± 27 2526 ± 107 853 ± 33 2351+116
−107

Region 2: ∆v [km s−1] −99 ± 5 −1155 ± 93 105 ± 82 317+23
−23

FWHM [km s−1] 674 ± 12 2073 ± 75 2034 ± 98 1890+45
−48

Region 3: ∆v [km s−1] 96 ± 2 132+14
−17

FWHM [km s−1] 727 ± 5 1758+39
−39

Region 4: ∆v [km s−1] 184 ± 5 −286 ± 13 67+31
−31

FWHM [km s−1] 470 ± 12 653 ± 22 1537+70
−75

Notes. The velocity shifts and FWHM of the Gaussian components for the JWST [O iii]λ5007 emission are shown on the left and for the UVES
Lyα emission on the right. The Lyα parameters and uncertainties are derived from the posterior distributions of the MCMC sampling. The velocity
shifts are calculated with respect to the systemic redshift of the target as determined from the [O iii] line (Nesvadba et al. 2017a).
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Table B.2. Gaussian fit results for TN J0205 in the different regions shown in Fig. 10.

JWST [O iii]λ5007 emission UVES Lyα emission
Systemic Blueshifted Redshifted Systemic Blueshifted

Region 1: ∆v [km s−1] −53 ± 9 −186 ± 5 169 ± 4 117+23
−21 33+14

−19
FWHM [km s−1] 1448 ± 25 364 ± 13 275 ± 8 1007+99

−105 1773+85
−68

Region 2: ∆v [km s−1] 151 ± 4 −263 ± 9 538 ± 23 108+12
−12 −28+35

−44
FWHM [km s−1] 301 ± 7 645 ± 16 498 ± 19 1014+57

−59 2173+196
−159

Region 3: ∆v [km s−1] −201 ± 44 −313 ± 8 128 ± 6 −11+27
−27 −155+53

−88
FWHM [km s−1] 1944 ± 69 410 ± 13 369 ± 11 963+123

−125 1885+239
−171

Region 4: ∆v [km s−1] −235 ± 5 −144+19
−19 −183+26

−35
FWHM [km s−1] 340 ± 13 755+68

−66 1591+122
−121

Notes. The velocity shifts and FWHM of the Gaussian components for the JWST [O iii]λ5007 emission are shown on the left and for the UVES
Lyα emission on the right. The Lyα parameters and uncertainties are derived from the posterior distributions of the MCMC sampling. The velocity
shifts are calculated with respect to the systemic redshift of the target as determined from the He ii line (Kolwa et al. 2023). We note that the
naming conventions for the systemic and blueshifted components of the Lyα emission are based on comparison with the UVES master spectra.
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