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ABSTRACT

Recent surveys have shown that z > 2 quasars are surrounded by hydrogen Lyman-« (Lya) glows with diverse emission levels and
extents. These characteristics seem to depend on the activity of embedded quasars, on the number of active galactic nucleus (AGN)
photons that are able to reach the halo gas or circumgalactic medium (CGM), and on the physical properties of the CGM. In this
framework, we present VLT/MUSE snapshot observations (45 minutes/source) of 59 z ~ 3 quasars extending the long-term QSO
MUSEUM campaign to the fainter SDSS sources. The whole survey is homogeneously reduced and analyzed here and now targets
120 quasars with a median redshift z = 3.13 and bolometric luminosities, black hole masses, and Eddington ratios in the ranges
45.1 < log(Lyy/[ergs™']) < 48.7,7.9 < log(Mpr/[Ms]) < 10.3, and 0.01 < Aggq < 1.8. We detected extended Lya emission in 110
of the 120 systems, with all the nondetections in the newly added fainter sample. The surface brightness of the CGM Ly emission
(SBLy,) increases with quasar luminosity. Stacking of the nondetections unveiled emission just below our individual field detection
limit. Moreover, the Lya line width increases in the central regions (projected radius R < 40 kpc or ~40% R,;;) of the CGM around
quasars with stronger radiation. The variation in surface brightness and the velocity dispersion as a function of quasar luminosity
indicate that we witness the instantaneous AGN feedback in action on CGM scales. Assuming that all targeted quasars sit in halos of
Mpy ~ 10'*5 M, independent of luminosity, as suggested by clustering studies, we explain the trend in SBy,, naturally by a larger
fraction of cool gas mass that is illuminated, which implies that brighter quasars have larger ionization cone opening angles. Similarly,
brighter AGN seem to perturb the cool (T ~ 10* K) gas more strongly. We show that QSO MUSEUM starts to have enough statistics
to study this instantaneous AGN feedback while controlling for black hole properties (e.g., mass), which will be key to constraining

AGN models.
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1. Introduction

A large fraction of the baryons in the Universe are thought to
reside in regions between the interstellar medium of galaxies
and the virial radius of their host dark matter halo. This mate-
rial, currently referred to as the CGM (Tumlinson et al. 2017),
has been determined to be multiphase, including cold (10-100K;
e.g., Emonts et al. 2016; Vidal-Garcia et al. 2021; Emonts et al.
2023), cool (~104 K;e.g., Werk et al. 2014; Wisotzki et al. 2016;
Nateghi et al. 2024), and hot gas (>10°K; e.g., Predehl et al.
2020; Di Mascolo et al. 2023; Zhang et al. 2024). The impor-
tance of the CGM in galaxy evolution has become clearer in
the past two decades, and its phases are currently under intense
scrutiny (Faucher-Giguere & Oh 2023). The CGM stores infor-
mation on the complex interplay of several processes during
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galaxy formation and evolution that successively shape galax-
ies, including gas inflows from the larger scales of the inter-
galactic medium (e.g., Keres et al. 2005; Decataldo et al. 2024),
galactic or active galactic nucleus (AGN) winds/outflows (e.g.,
Springel et al. 2005; Stinson et al. 2006; Wright et al. 2024),
radiation (e.g., Ciotti & Ostriker 1997; Obreja et al. 2019), and
interactions with and gas stripping of satellite galaxies (e.g.,
Hopkins et al. 2006; Anglés-Alcazar et al. 2017).

The CGM of AGNs is the optimal case study to encom-
pass all of the aforementioned processes. AGNs, more specif-
ically, those identified by the observation of their broad emis-
sion lines, that is, quasars, are known to reside in relatively
massive halos up to z ~ 6 (Mpy ~ 10'>° Mg; White et al.
2012; Timlin et al. 2018; Farina et al. 2019; Fossati et al. 2021;
de Beer et al. 2023; Costa 2024). This mass range is thought
to be characterized by (i) overdense environments around
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these systems that might contribute to their growth through
infall and mergers (e.g., Kauffmann & Haehnelt 2000), and
(i) several satellite galaxies, some of which have high
star formation rates (SFR > 100 Mg yr™'), as demonstrated by
recent observations (e.g., Decarli et al. 2017; Fossati et al. 2021;
Chen et al. 2021; Bischetti et al. 2021; Arrigoni Battaia et al.
2022; Nowotkaetal. 2022; Arrigoni Battaia et al. 2023a).
Quasar host galaxies are also more massive and more strongly
star forming than typical galaxies at the same cosmic time (e.g.,
Walter et al. 2009; Pitchford et al. 2016; Molina et al. 2023),
which implies that their CGM and environment need to provide
enough material to sustain this activity.

Importantly, quasars (supermassive black holes (SMBHs)
accreting material), have extreme luminosities that are expected
to expel, enrich, and highly ionize the gas reservoir within
the host and its surroundings. This process is known as AGN
feedback (e.g., Fabian 2012; King & Pounds 2015). To reach
their exceptional masses (Mpy ~ 108-10'"M,), SMBHs are
expected to be fueled in different regimes, including major
mergers of gas-rich galaxies, giving rise to the most extreme
black hole growth and assembly (e.g., Nietal. 2022), and
self-regulated growth mostly at the center of their host galax-
ies in a cycle of accretion and feedback (e.g., Di Matteo et al.
2005). Quasars have been observed to be highly variable (e.g.,
MacLeod et al. 2012), with typical variability timescales of
about 10°7° years (Schawinski et al. 2015; Eilers et al. 2017) and
ages of 10°—108 years (Martini 2004; Khrykin et al. 2021). The
quasar shut-down phase is loosely constrained to 10* — 10° years
based on the geometry and extent of a few quasar light echoes
and the recombination timescale of narrow-line emission (e.g.,
Lintott et al. 2009; Schirmer et al. 2013; Davies et al. 2015). The
effect of quasars on their surrounding reservoir and environment
is therefore not only almost instantaneous, but also cumulative
(e.g., Harrison & Ramos Almeida 2024).

The quasar number density, and therefore, their activity, is at
its apex at z ~ 2 (e.g., Shen et al. 2020). This is fortunate because
the CGM of quasars at its peak activity can therefore be probed
in absorption against bright background sources and directly in
emission. Absorption-line studies of the CGM of hundreds of
z ~ 2-3 quasars revealed the cool (T ~ 10* K), massive (M ~
10" My), and metal rich (Z ~ 0.5Z) gas reservoirs as traced
by optically thick absorbers, whose spatial distribution is highly
anisotropic, likely due to quasar illumination mainly along our
line of sight (e.g., Hennawi & Prochaska 2007; Prochaska et al.
2014; Lau et al. 2016). These studies have been able to provide
information on the average properties of the CGM gas despite
the sparseness of bright background quasars. On the other hand,
detailed information on the morphology, physical properties, and
kinematics of the CGM around individual quasars requires direct
observations.

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

The development of integral field spectrographs, such as the
Multi Unit Spectroscopic Explorer (MUSE, Bacon et al. 2010)
at the Very Large Telescope (VLT) and the Keck Cosmic Web
Imager (KCWI, Morrissey et al. 2018) at the Keck Observa-
tory revolutionized this field of research by allowing us to map
the CGM of 2 < z < 6 bright quasars with unprecedented
surface brightness limits (SByy, ~ 1078 ergs™' cm™ arcsec™).
It was therefore possible to uncover the large diversity of
Lya nebulae (sample of ~100 at z ~ 3) with sizes up
to ~100kpc in only one hour of telescope time per object
(Borisova et al. 2016; Farina et al. 2017; Arrigoni Battaia et al.
2018; Ginolfi et al. 2018; Cai et al. 2018; Arrigoni Battaia et al.
2019a,b; Farinaetal. 2019; Caietal. 2019; Travascio et al.
2020; Drake et al. 2020; Lau et al. 2022; Gonzalez Lobos et al.
2023).

The origin of the extended Lya emission is subject of debate,
even though quasars can provide enough ionizing photons to
keep the surrounding gas ionized. Important parameters are fre-
quently not known, including the fraction of volume that is illu-
minated by each quasar, or the quasar ionization cone open-
ing angle, the geometry of the host galaxy and its position
with respect to the quasar ionization cones, and the presence
of winds/ouftlows. Several mechanisms can act together, and,
through their combination, produce the observed Lya glow:
recombination radiation following gas ionization by the quasar
radiation (e.g., Cantalupo et al. 2005; Kollmeier et al. 2010;
Costa et al. 2022), shocks (e.g., Mori et al. 2004), resonant scat-
tering of Ly photons from the quasar broad-line regions (BLRs,
e.g., Cantalupo et al. 2014; Costa et al. 2022), and gravitational
cooling radiation (e.g., Haiman et al. 2000; Dijkstra et al. 2006).
Furthermore, Lya photons produced on CGM scales might reso-
nantly scatter and shape the nebulae morphology and the spectral
shape of the Lya emission (Costa et al. 2022). Overall, the afore-
mentioned observational studies more frequently highlighted the
importance of photoionization due to the quasar radiation fol-
lowed by recombination in optically thin gas. In this framework,
the Ly SB scales as the product of the gas mass and density
(SBE‘;Z o« ngM,,s; Hennawi & Prochaska 2013). In this sce-

nario, the observed Lya SB implies densities of the cool gas
of ng = lem™! (Hennawi et al. 2015; Arrigoni Battaia et al.
2015b, 2019b), which are comparable to star-forming regions
in the interstellar medium of galaxies. Moreover, extended
He 1141640 and C1vA1549 emission has been detected in some
individual cases or using a stacking analysis of tens of systems
(Arrigoni Battaia et al. 2018; Cantalupo et al. 2019; Guo et al.
2020; Travascio et al. 2020; Fossati et al. 2021; Lau et al. 2022;
Sabhlok et al. 2024), indicating that the cool CGM of 2 < z < 6
quasars is metal enriched and ionized, but not illuminated by the
quasar radiation throughout (Obreja et al. 2024).

Most of these studies focused on the CGM of the bright-
est quasars, but recent work by Mackenzie et al. (2021) targeted
12 z ~ 3 quasars with MUSE that were selected to be fainter
(—27.1 < Mi(z = 2) < —23.8) than previous studies and detected
Lya nebulae in all of them. The Lya nebulae of fainter quasars
reported in that work were fainter and less extended on aver-
age than those around brighter systems, which indicates that
the Lya SB of the nebula and the quasar UV and Lya lumi-
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nosities are correlated. The authors discussed several possible
explanations for the observed relation, but no clear observational
evidence to distinguish among them. The possible explanations
they discussed were (i) a dependence on the halo mass, with
brighter quasars sitting in more massive halos; (ii) varying open-
ing angles, with fainter quasars having smaller opening angles;
(iii) a different dominant powering mechanism for extended
emission around the brighter and fainter quasars, with resonant
scattering dominating the emission around bright quasars and
recombination dominating at the faint end; and (iv) unresolved
inner regions of the nebulae or an unresolved component from
the interstellar medium of the host galaxy seen in faint quasars.

In this framework, we report the continuation of
the survey called Quasar Snapshot Observations with
MUse: Search for Extended Ultraviolet eMission (QSO
MUSEUM,; Arrigoni Battaia et al. 2019a; Herwig et al. 2024).
Arrigoni Battaia et al. (2019a) (hereafter QSO MUSEUM I)
detected a diversity of Ly« nebulae around 61 bright quasars at
z = 3.17 with MUSE. QSO MUSEUM I showed that (i) quasars
with very similar bolometric luminosities can be surrounded by
very different extended Lya emission (in extent and SB level;
see also Arrigoni Battaia et al. 2023b), (ii) the amplitudes of
the motions traced by the Lya emission are consistent with
gravitational motions expected in dark matter halos that host
z ~ 3 quasars, (iii) the level of Lya emission evolves around
z ~ 2 and z ~ 3 quasars, and (iv) the nebulae are likely powered
by a combination of photoionization and resonant scattering of
Lya photons. Herwig et al. (2024) (hereafter QSO MUSEUM
II) focused on the CGM of physically associated quasar pairs
at different projected distances (50-500kpc) and found that
of the detected Lya nebulae, the most extended stretch in
the direction of each pair, suggesting that the extended Ly«
emission traces the direction of interactions (close pairs) or
cosmic web filaments (distant pairs).

In this work (QSO MUSEUM III), we extend the sample pre-
sented in the QSO MUSEUM I survey to a total of 120 single
quasar fields by targeting 59 fainter systems (—27 < Mj(z = 2) <
—24) at z = 3.1 with MUSE, making it the largest effort to date
to map the CGM of quasars at z ~ 3. With this large sample, we
can now test the findings presented by Mackenzie et al. (2021) in
addition to the link between SMBH properties, AGN feedback,
and extended Lya nebulae. This paper is organized as follows:
In Section 2 we provide an overview of the sample selection and
data reduction, Section 3 highlights our main observational find-
ings (SB levels, luminosities, morphology, and kinematics), and
in Section 4 we discuss the relation between nebular emission
and quasar properties, the implications of the observations in
light of the quasar variability, the powering mechanisms, and
the physical CGM properties, and we propose a simple model
to address the observed trends. We adopted a flat ACDM cos-
mology with Hy = 70kms™ Mpc™!, Q,, = 0.3, and Q4 = 0.7.
The size measurements are listed in units of physical kiloparsec
unless otherwise specified. In this cosmology, 1 arcsec corre-
sponds to ~7.5 kpc at the median redshift of the sample (z = 3.1).

2. Observations and data reduction
2.1. Sample selection

The QSO MUSEUM I survey targeted with MUSE 61 quasars
covering a range of absolute i-band magnitudes normalized at
z = 2 of =29.67 < M;(z = 2) < -27.03 and redshift 3.03 <
7z < 3.46. These quasars represent the brightest objects not tar-
geted by the MUSE Guaranteed Time Observation (GTO) team
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Fig. 1. Overview of the z ~ 3 quasar samples with MUSE observa-
tions. The histograms of the absolute i-band magnitude (normalized
at z = 2, following Ross et al. 2013) of the QSO MUSEUM III sur-
vey: 59 faint quasars from this study (orange), and 61 bright quasars
from QSO MUSEUM I (dark green). For comparison, we show the 19
bright quasars from Borisova et al. (2016) (light green) and the 12 faint
quasars from Mackenzie et al. (2021) (yellow). The median redshift of
each sample is indicated in the legend.

(Borisova et al. 2016). In this work, we extend the survey by tar-
geting 58 additional quasars covering a fainter range of mag-
nitudes —27 < M;(z = 2) < —24. Additionally, we include the
z = 3.4 quasar discovered around ID 31 in QSO MUSEUM I (see
their Appendix C). This sample has been constructed from the
public spectroscopic quasar catalog of the Sloan Digital Sky Sur-
vey / Baryon Oscillation Spectroscopic Survey (SDSS/BOSS)
data release 14 (DR14) (Paris et al. 2018), selecting objects as
in QSO MUSEUM I, but now in a more limited redshift range
3 < z < 3.2 and with the condition of having 20 targets per
unit magnitude M;(z = 2) bin in the aforementioned range (see
Table A.1). The redshift range is chosen to target the lowest red-
shift accessible by MUSE in Lya emission (close to the quasars’
activity peak), and to avoid contamination from stronger and
more frequent sky lines at longer wavelengths. Figure 1 shows
the M;(z = 2) distribution of the QSO MUSEUM I sample (dark
green) and the 59 fainter quasars presented in this work (orange).
This extended sample makes up the largest search to date for
nebular emission around z ~ 3 quasars (120 systems). Addition-
ally, we show in the same figure, the similarly faint quasar sam-
ple from Mackenzie et al. (2021) (yellow) and the bright quasars
targeted by Borisova et al. (2016) (light green).

2.2. Physical properties of the targeted quasars

The physical properties of the targeted quasars are summarized
in Figures 2, 3, and 4. The distribution of the peak Lya lumi-
nosity density as a function of i-band absolute magnitude nor-
malized at z = 2 (following Ross et al. 2013) of the bright and
faint quasars is shown in Figure 2 with dark green and orange
stars, respectively. The peak Lya luminosity density is computed
from the MUSE data cube by integrating a spectrum inside a
1.5” radius aperture centered at the quasar location. In addi-
tion, we computed using the MUSE data cubes the values from
the sample of 17 quasars targeted in Borisova et al. (2016) and
12 quasars from Mackenzie et al. (2021) and show them with
light green and yellow triangles, respectively. For comparison,
we computed the values from the SDSS DR17 (Abdurro’uf et al.
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Fig. 2. Overview of the luminosity distribution of the observed z ~ 3
quasars. The figure shows the quasar peak Lya luminosity density as a
function of absolute i-band magnitude normalized at z = 2 (M;(z = 2),
following Ross et al. 2013). The QSO MUSEUM III faint and bright
quasars are shown with orange and dark green stars, respectively. The
systems with no Lya nebula detected are marked with a white dot
(see Section 3.1). In addition, we show the location of the 17 brighter
quasars targeted in Borisova et al. (2016) (light green triangles) and
the 12 fainter objects from Mackenzie et al. (2021) (yellow triangles).
The 2D number density of 3.0 < z < 3.46 quasars from SDSS DR17
(25 806 quasars, Abdurro’uf et al. 2022) is shown in logarithmic gray
scale, white marking the highest densities. Section 2.2 explains how the
luminosities are derived.

2022) 3.0 < z < 3.46 quasars. Figure 2 illustrates how the
QSO MUSEUM survey now covers the parameter space of the
SDSS quasar population. Specifically, the 120 quasars in QSO
MUSEUM I encompass a wide range of quasar UV luminosi-
ties (six orders in M;(z = 2)) and in peak Lya quasar luminosity
L‘L";ﬁiQSO (three orders).

Further, for all the QSO MUSEUM III targeted quasars
we estimated their black hole mass, bolometric luminosity and
accretion rates. The first is calculated using the only available
broad emission line observed for all the sample, CIv, and that
allow us to derive single-epoch black hole masses using the
Vestergaard & Peterson (2006) estimator,

o 40.53
FWHM(C V) |* [ AL1(1350 A)
logMgu(C1V) = 1
ogMpn(CIv) = log { 1000kms™' | | 10%ergs™!
+ 6.66, (D

where FWHM(C 1V) is the width of the C IV line and L,(1350 A)
is the monochromatic luminosity of the quasar at rest-frame
1350 A. The values of FWHM(C1v) and L;(1350A) are
obtained using the output from the fit to the quasar spectra
using the public Python code PYQSOFIT! (Guo et al. 2018) as
described in Appendix B. The typical uncertainties on the esti-
mate of the black hole masses (Equation 1) are about 0.5 dex.
With the Mgy, we can compute the theoretical maximum
luminosity for the case when radiation pressure and gravity are
in equilibrium in a spherical geometry, that is, the Eddington

! https://github.com/legolason/PyQSOFit
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Fig. 3. Eddington ratio vs. black hole mass for the targeted sample.
The data points for the QSO MUSEUM III sample (same symbols as
in Figure 2) are compared with the values for SDSS quasars in the
same redshift range (blue, 2-D number density histogram; Rakshit et al.
2020). The contours indicate the iso-proportions of the density at 0.2,
0.4, 0.68 and 0.95 levels, indicating that 20%, 40%, 68%, and 95% of
the quasars are outside that contour, respectively.

luminosity (Eddington 1926) as

47rGMBHmpc

gT

M
Fad = =1.26x10® (%) ergs™!, 2

©

where o1 is the Thomson-scattering cross section, G is the grav-
itational constant, my, is the proton mass, and c is the speed of
light. The Eddington luminosity is usually compared with the
quasar bolometric luminosity (Lyo) to assess the activity and
hence accretion rate of the SMBH. A so-called Eddington ratio
is usually defined as

Agdd = Liol/ Lidd- (3)
We computed Ly, using the monochromatic Iuminosity
L (1350 A) as done in Rakshit et al. (2020) using the bolometric

correction factor given in Shen et al. (2011) and adapted from
Richards et al. (2006),

Lig = 3.81 X AL, (1350 A). 4)
This estimate can have up to 0.3 dex of intrinsic uncertainty. The
values computed of Ly, together with Mgy and Aggq are listed
in Tables B.1 and B.2 together with their statistical uncertain-
ties, which are much smaller than the aforementioned intrinsic
uncertainties.

Figure 3 shows the Eddington ratio as a function of black
hole mass for the QSO MUSEUM III sample with the same sym-
bols as in Figure 2. Additionally, we show the number density
for SDSS quasars in the same redshift range from Rakshit et al.
(2020), who used almost the same fitting method to estimate
such quantities (see details in Appendix B). Finally, we show
the relation between the quasar peak Ly« luminosity density and
their bolometric luminosity for the 120 quasars in Figure 4.
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Fig. 4. Peak Lya luminosity density vs. bolometric luminosity of the
targeted quasars. The same symbols as Figure 2 indicate the bolometric
luminosity of the quasar, which is is computed using the monochro-
matic luminosity L,(1350 A) (see Appendix B). Systems where no Lya
nebulae were detected are marked with a white dot (see Section 3.2).
The dashed red line represents a power law fit to the data of the form

log(LE;szso/erg s7' A1) = 8.96 + 0.73 log(Lyoi /erg s™).

2.3. Observations

The observations were carried out with the MUSE instrument on
the VLT 8.2m telescope YEPUN (UT4) over roughly 6.5 years
(2014-2021). The data for the faint sample were taken as part
of the European Southern Observatory (ESO) program 0106.A-
0297(A) (PI: F. Arrigoni Battaia) in service mode on UT dates
between 06-11-2020 and 10-03-2021 with good weather condi-
tions (46.5% with clear sky, 46.5% with photometric sky, 7%
with thin clouds; details in Table A.1)> The observations were
taken using the Wide Field Mode of MUSE, which covers a field
of view of 1’ X 1’ with a 0.2” pixel scale and a spectral range
of 4750-9350 A with a channel width of 1.25 A and resolving
power of R ~ 1750 at 4984 A (the expected Lya wavelength
at the median redshift of the sample). The observational strat-
egy is the same as in QSO MUSEUM 1, and consists of three
exposures of 900 seconds each per field with a dither of <5”
and 90 degree rotations with respect to each other. We sum-
marize these observations in Table A.1. In particular, we report
the absolute i-band magnitude normalized at z = 2 following
Ross et al. (2013), the seeing at the expected Ly wavelength
(average of the 59 systems is 1.03”) the surface brightness limit
within 1 arcsec? and a 30 A narrow band, and the Galactic v-
band extinction (Ay) from Schlegel et al. (1998). Similarly to
Arrigoni Battaia et al. (2019a), we do not correct the fluxes and
magnitudes by Galactic extinction. Using the reported A, and
the relation from Cardelli et al. (1989), however, we derived a
median flux increase of 11% at the observed Ly« wavelength of
the sample. This factor does not affect our conclusions.
Additionally, we included in this work the MUSE obser-
vations of the 61 quasars from QSO MUSEUM I (see their
Table 2). These data were taken as part of the ESO programmes
094.A-0585(A), 095.A-0615(A/B), and 096.A-0937(B) (PI: F.
Arrigoni Battaia). The 120 systems are reduced and analyzed

2 From the acquired data under this ESO program we removed two
unusable observations for this science case: the field corresponding to
J0244-0059 was incorrectly observed and contains the acquisition star
instead of the faint proposed quasar in the science data cube, and the
field of J1103+0913 which shows fringes in all its data cubes.
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in this work using the exact same methods as described in Sec-
tions 2.4 and 2.5.

2.4. Data reduction

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

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

The average 20~ SB limit within 1arcsec? in a 30 A narrow
band (NB) at the observed Lya wavelength of the sample is 2.2 X
1078 erg s~! arcsec™ cm ™2 (see Table A.1 for the individual SB
limits). Per channel (1.25 A) and within the same aperture and
at the same wavelength, the data have an average 20~ SB limit of
4.3 x 107" ergs~! arcsec™® cm™2. These SB limits agree to those
reported in Arrigoni Battaia et al. (2019a) despite the different
analysis tools used in this work.

2

2.5. Revealing extended emission around quasars

The unresolved bright emission from a quasar can easily out-
shine the fainter emission from the surrounding CGM (e.g.,
Heckman et al. 1991b,a; Mgller 2000). Therefore, we need
to subtract the point spread function (PSF) of the quasar,
as it has been frequently described in the literature (e.g.,
Borisova et al. 2016; Husemann et al. 2018; Farina et al. 2019;
O’Sullivan et al. 2020; Gonzalez Lobos et al. 2023), in order
to characterize the extended CGM emission. In this work,
we modified the Python routines developed and described
in Gonzdlez Lobos et al. (2023) to reveal extended emission
around quasars with different luminosities. For the bright objects
we used parameters similar to those in Borisova et al. (2016)
and Arrigoni Battaia et al. (2019a), while for the faint sample
we used parameters similar to the ones used by Mackenzie et al.
(2021).

Specifically, the PSF for faint quasars is constructed empiri-
cally using pseudo-NBs of 400 channels computed at each wave-
length of the data cubes. This choice of pseudo-NB width is
made to increase the signal to noise in the constructed PSF, simi-
lar to the 300 channels used in Mackenzie et al. (2021) and larger
than the 150 channels used for brighter quasars (Borisova et al.
2016; Arrigoni Battaia et al. 2019a). Each pseudo-NB is normal-
ized to the emission inside a region of 1 arcsec® centered at the

3 The fields of ID 8 and 37 had in total 12 and 6 exposures respectively
(see Table 2 of Arrigoni Battaia et al. 2019a).
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quasar coordinates, computed from the sigma clipped (30) aver-
age, and then subtracted from the data cube at the quasar position
out to a radius of three times the seeing (see Table A.1).

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

After the PSF-subtraction, any extended emission could
be still contaminated by the presence of continuum sources.
We removed them using a median-filtering approach (e.g.,
Borisova et al. 2016) using the contsubfits function (with
default parameters) within the ZAP* (Soto et al. 2016) software.
Such a method has been already used in other works target-
ing extended emission around quasars (Arrigoni Battaia et al.
2019b; Herwig et al. 2024).

3. Results

The final data cubes obtained in Section 2.5 contain only
extended line emission, if detectable. In this study, we limit our
investigation to the Lya transition, and we defer the analysis of
additional emission lines (HeII, C1V) to subsequent works. We
built Ly SB maps, integrated spectra, velocity shift and veloc-
ity dispersion maps using such PSF- and continuum-subtracted
data cubes, and present them in Figures 5, 6, A.1, A.2, 7 and 8,
respectively. In the following sections, we describe how nebulae
are detected and analyzed.

3.1. Nebula detection

Using the PSF- and continuum subtracted data cubes, we
extracted a spectrum inside a 1.5” radius aperture centered at the
quasar location, after masking the 1 arcsec? normalization region
(see Section 2.5). We used this spectrum to find Ly emission
by setting a 30~ detection threshold based on the variance asso-
ciated to the spectrum within the same aperture, then finding the
peak emission above this threshold. This method is more sensi-
tive to circular nebulae, however we expect the nebular emission
to be rather uniform within this region (see Section 3.3). We set
the redshift of the detected nebulae using the wavelength of the
peak Lya emission from this method and list them in Table A.2,
where nondetections are marked with dashed lines. We report the
detection of 110 nebulae out of the 120 targeted quasars. All the
nondetections occur in the fainter quasar sample, first presented
in this work. We further check both the detections and nonde-
tections by building SB maps from 30 A pseudo-NB images and
consider detected nebulae above 20 as usually done in the liter-
ature (Section 3.2).

3.2. Lyman-a surface brightness maps and spectra

We used the redshift of the nebulae identified in Section 3.1
to build Ly SB maps computed from 30 A pseudo-NBs cen-
tered at the Ly line. This wavelength range is chosen to allow
comparison with previous studies. As in all former works (e.g.,
Borisova et al. 2016), we computed the residual background of
each SB map after masking the location of continuum sources
present in the original white image. We then subtracted the back-
ground level from each SB map.

The resulting SB maps for the 59 faint quasars and the 61
bright quasars are shown in Figures 5 and C.1, respectively, after

4 https://github.com/musevlt/zap
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smoothing using a 2D Box kernel of 3 pixels. For nondetections,
we built the SB maps in a 30 A pseudo-NB centered at the peak
Lya emission of the quasar spectra. The SB maps of Figure 5
correspond to ~150kpc x 150 kpc at the median redshift of the
sample and show that the Lya emission surrounding the fainter
quasars appear dimmer and more compact than that observed
around their bright quasar counterparts (Figure C.1), consistent
with the findings of Mackenzie et al. (2021). As done in previous
works, the detected nebulae are defined out to their 20~ isophote
in the Lya SB maps. We used this isophote to characterize the
nebulae physical properties in Section 3.3. We note that there
can be signal below this level but it would be at very low signif-
icance, and hence not quantified reliably.

For the 59 faint quasars, we integrated the spectra inside the
20 isophotes and present the obtained one-dimensional spectra
in Figures 6, A.1 and A.2 with red curves. For the nondetec-
tions, we show the spectrum integrated within a 1.5” radius aper-
ture in gray. The quasar spectra within a 1.5” radius aperture are
shown in black for comparison. The dashed blue line represents
the wavelength of the peak Lya emission of the quasar. In most
cases, the Ly« emission of the detected nebulae resembles those
of their associated quasars, even though the former is narrower,
i.e, with similar absorption features and small shifts in wave-
length compared to the Ly« line of the quasar. Moreover, some
systems display absorption features in the quasar and nebula
spectra at the same wavelength (e.g., ID 87, 96, 103, and 113),
which could arise due to Lya radiative transfer effects, outflows
or dense material in front of the system (e.g., van Ojik et al.
1997; Gronke et al. 2015; Cai et al. 2018; Arrigoni Battaia et al.
2019b). The detailed modeling of these individual features is not
the focus of this paper, however, and we defer their interpreta-
tion for future research. Finally, there are cases (e.g., ID 71, 73,
81, and 92) in which the Lya emission occurs at wavelengths
corresponding to absorption in the quasar spectrum. This result
is similar to what has been found in the smaller sample stud-
ied in Mackenzie et al. (2021). The resulting spectra for the 61
bright quasars from the QSO MUSEUM I sample are presented
in Figures C.2, C.3 and C.4 of Appendix C, and shows that our
analysis is consistent with that work.

3.3. Nebulae morphologies, areas, integrated luminosities,
and kinematics

We characterized the extended Lya emission surrounding each
quasar by integrating its Lye luminosity, area within the 20
isophote, morphology, velocity shift with respect to the quasar
Lya line and linewidth, which we summarize in Table A.2. Addi-
tionally, we obtained the spatial kinematics of the nebulae using
the first and second moment maps which are presented in Fig-
ures 7 and 8.

First, we characterized the Ly« line spectra integrated inside
the 20 isophotes by fitting a Gaussian function, from which we
computed the centroid wavelength and full width at half max-
imum (FWHM). We estimated the total Lya luminosity of the
nebulae by integrating the spectra within a wavelength range of
+FWHM (£2.3550°) centered on the Lya line. This choice of
wavelength range is selected so that we are considering most
of the flux distribution into the calculation of the luminosity
while excluding the noisiest part. The centroid of the Gaus-
sian fit is used to compute the velocity shift of the nebula with
respect to the peak Lya emission of the quasar. All these quan-
tities are also listed in Table A.2. We set an upper limit of 14 A
for the standard deviation when performing the Gaussian fit in
some nebulae that show multiple components and/or absorption
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Fig. 5. QSO MUSEUM 111 atlas of the faint quasar Lya nebulae. The Ly SB maps around the 59 faint quasars after PSF and continuum subtraction
(see Section 2.5), computed from 30 A pseudo-NBs centered at the peak Lya wavelength of the nebula. All images show maps with projected sizes
of 20” x 20” (~150kpc x 150kpc at the median redshift of the sample). In each map, a black crosshair indicates the location of the quasar and
their ID number is indicated in top left corner. For systems with no detected nebula (Section 3.1), their ID number is indicated in color gray. The
contours indicate levels of [2,4, 10, 20, 50] times the Lya SB limit within the pseudo-NB (Table A.1).
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Fig. 6. One-dimensional spectrum covering the Lya line for ID 62-85 in the new faint quasar sample. The ID of each quasar is shown in the top
left corner of each panel. Each panel shows the spectrum integrated from the MUSE data cube inside a 1.5” radius aperture centered at the quasar
location (black line) and the integrated spectrum of each detected nebula integrated from the PSF- and continuum-subtracted data cubes within the
20 isophotes from Figure 5 (red line), respectively. The wavelength of the peak of the Lya emission of each quasar is indicated with a blue vertical
line. The gray lines are the spectra integrated within a 1.5” radius aperture from subtracted data cubes where we found no extended Ly emission.
We mask the 1” x 1” PSF normalization region when extracting a spectrum using the PSF- and continuum-subtracted data cubes. All the spectra
are shown with the same y-axis scale and we indicate with a label in the top right corner of the panel if the quasar spectra has been rescaled by
0.6x or 0.3% for visualization. The reminder of the spectra (IDs 86 to 120) are shown in Figures A.1 and A.2.

features in their integrated spectrum (see Table C.1 and Fig- mate the line centroid and linewidth within the +FWHM range
ures C.2, C.3 and C.4), therefore focusing the fit on the brightest obtained from the Gaussian fit above. We found good agreement
component. within uncertainties between the estimates from the Gaussian fit

We also note that a Gaussian function is, in general, not a and flux weighted moments of the Ly« line flux distribution. We
good representation of the Ly« line profile due to absorption fea- list in Table A.2 the flux weighted first moment of the line in
tures and possible radiative transfer effects affecting the propa- terms of the velocity shift with respect to the quasar peak Ly«
gation of Lya photons. Therefore, we computed, for comparison, wavelength and the linewidth obtained from the second moment
the first and second moment of the Lya flux distribution to esti- of the flux distribution.
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Fig. 7. Ly« velocity shift maps of the detected nebulae around z ~ 3 faint quasars. The Lya velocity shift map is computed from the first moment
of the PSF- and continuum-subtracted data cubes within a +FWHM,, with respect to the wavelength of the peak of the Lya emission of the
nebula (Table A.2). The panels are shown using the same projected scale as Figure 5 (~150 x 150 kpc) and a white crosshair indicates the location
of the quasar. The ID of each system is shown at the top left corner of each panel.

In order to describe the kinematics of the observed neb-
ulae, we computed the velocity shift and velocity dispersion
maps shown in Figures 7 and 8 for the faint quasars and
Figures C.5 and C.6 for the bright quasars. These maps are
computed using the first and second moment of data cubes con-
structed within the +tFWHM range obtained from the Gaussian
fit and centered at the peak Ly« wavelength of the nebulae. The
calculation of the moment maps is restricted only to regions
with a signal-to-noise ratio S/N >3 in the respective SB maps

obtained using a 30 A pseudo-NB from the aforementioned data
cubes, after applying a spatial smoothing with a Gaussian ker-
nel of 0.5”. This spatial S/N >3 mask is applied to the PSF- and
continuum- subtracted cubes before computing the first and sec-
ond moment maps>. The velocities are computed relative to the
wavelength of the peak of each extended Ly« emission spectra.

5 The chosen conservative procedure leads to the exclusion of the neb-
ula surrounding ID 81, as it has emission detected at a lower significance
in the corresponding SB map.
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Fig. 8. Lya velocity dispersion maps of the detected nebulae around z ~ 3 faint quasars. The Ly« velocity dispersion map is computed from the
second moment of the PSF- and continuum-subtracted datacubes within a +FWHM);, centered at the wavelength of the peak of the Ly« emission
of the nebula (Table A.2). The panels are shown with the same projected scale as Figure 5 (~150 x 150 kpc) and a white crosshair indicates the
location of the quasar. The ID of each system and the average velocity dispersion within the mask are shown at the top and bottom left corner of
each panel, respectively. The velocity dispersion of the faint quasars is on average lower than their bright counterparts (Figure C.6).

The velocity shift maps of the faint sample (Figure 7)
are complex and diverse, with some nebulae presenting veloc-
ity components that roughly span the range —200kms~' to
+200kms~! with respect to the peak Ly of the nebula (e.g., ID
66, 73, 96). Other nebulae appear to have more quiescent kine-
matics with velocity variations smaller than 100 km s~! from the
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Lya (e.g., ID 68, 80). On the other hand, the velocity shift maps
of the bright sample (Figure C.5) display similar variety of com-
plex velocity structures, with both quiescent and disturbed fea-
tures in their nebulae. In particular, the largest velocity gradients
for the bright quasars span a larger range than the faint nebulae
of up to ~600 kms~! across the peak Lya wavelength.
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Most of the velocity dispersion maps of the faint quasars neb-
ulae (Figure 8) show quiescent kinematics with velocity disper-
sions around 100-200kms~! and a tendency to increase up to
300-400 kms~! toward the location of the quasar. On the other
hand, the bright quasar nebulae (Figure C.6) have on average
larger velocity dispersions ~300km s~! and a similar tendency to
increase up to 500—600 kms~! toward the center. For both sam-
ples we see some cases where the velocity dispersion quickly
increases to much higher values (800—1000km s~!) at the center
(radius smaller than ~25 kpc). We further explore these findings
in Section 3.4. Finally, we test how the velocity dispersion maps
would change when decreasing the integrated S/N of the line
emission in Appendix D. In summary, since the velocity range
used to compute the second moment map is given by the inte-
grated Lya line Gaussian fit, then at a lower S/N there is a higher
chance of fitting a broad linewidth. We show in Appendix D that
S/N > 3 is a robust choice, which would give good results espe-
cially toward the centers of the maps.

The Lye SB maps in Figures 5 and C.1 display a wide
variety of morphologies, with some nebulae appearing centrally
concentrated around the quasar position (e.g., ID 1, 39, 68, 80
among others), some seem to appear lopsided toward one direc-
tion from the quasar (e.g., ID 11, 36, 66, 109, 112) and finally
some cases show large scale coherent structures (e.g., ID 13,
50, 56, 96). The strength of these effects could have an origin
on the different powering mechanisms of extended Lya nebulae,
such as photoionization due to anisotropic quasar radiation (e.g,
Obreja et al. 2024) or Ly« photons propagation (e.g, Costa et al.
2022). Moreover, the origin could be related to the gas distribu-
tion around each system (e.g., Cai et al. 2019) or viewing angle
(e.g, Costa et al. 2022). Finally, the environment or presence of
companions could affect the observed Lya nebulae morphol-
ogy (see e.g., Arrigoni Battaia et al. 2022; Gonzélez Lobos et al.
2023; Herwig et al. 2024). We further discuss these scenarios in
Section 4 and here we attempt to quantify the observed nebulae
morphologies using two different measurements.

First, we quantify the asymmetry of the SB maps as previ-
ously done in the literature (e.g., Arrigoni Battaia et al. 2019a;
Herwig et al. 2024), defined as the ratio of the semi-minor and
semi-major axis within the 20 isophotes used to describe the
area of the detected nebulae (Tables A.2 and C.1). The ratio can
be obtained as

a_(l_‘/QZJ’UZ)
N

where Q and U are the stokes parameters computed from the flux
weighted second order moments of the image following Equa-
tion 1 in Arrigoni Battaia et al. (2019a) within the 20~ isophote.
The value of @ corresponds to the aspect ratio of the isophote,
with @ = 1 representing a perfectly circular distribution. The top
panel of Figure 9 shows the resulting « as a function of integrated
Ly nebula luminosity (Tables A.2 and C.1) within the same
isophote for the faint and bright quasars with orange and dark
green circles, respectively. Most (90%) of the observed nebulae
have values of @ = 0.6, that is, the nebulae tend to be rounder.
The median value of @ estimated for the bright sample (dot-
dashed green line) is also consistent with the value presented
in QSO MUSEUM I (a = 0.77), considering the different data
reduction and analysis used in this work. Similarly, we show that
the @ reported in the faint quasar sample from Mackenzie et al.
(2021) (dotted gray line) appears to be consistent with the faint
quasars presented in this work (dot-dashed orange line). Addi-
tionally, the median « of the faint sample is smaller than that of

&)

1 F=T T T1T1TT T T T T ITT T T T TTTT

Mo @.0 08 \ ..:. T

0.9 - 805° o3 7
° (6} )

0.8 :._O._.F@_?,@._&.;.._ .

© OO.. 000 o
0.6 F--5=-o R F# ve % -]
o
505 — © o ° —
o
0.4 - -
0.3 - ° _ —
—==- QSO pairs (Herwig+2024)

0.2 ..... Faint z~ 3 QSOs (Mackenzie+2021) —|
01+~ Median bright (this work) -
' Median faint (this work) A
0 = = I | | L il | | L1111l

1043 1044 1045
1 FOT Oo\é‘ OQ\ T T \\H.\‘ T T \\\HT
00 - ° 8§ ° o .
0.8+ o ¢ ¢ o 0© 0 © —
0.7 P &;Q ®°,° © _
o Q (o]
0.6 = — - ._'.c.)‘._u..'_._ —_
R ° o
< 0.5 o ° o % o*
o
0.4 |- ° o & oo —
0.3 ° e —
. ,o 0® o °
0.2 — ° ° —
o)
0.1 - o —
0 H=1 | \\H‘ 1 1 \\\H‘ 1 1 \\\HL
1043 1044 1045

LLyot; neb [erg 5_1]

Fig. 9. Level of elongation (@) and lopsidedness (1) of the observed
extended Lye emission around quasars. In both panels, the orange
and dark green points indicate the faint and bright sample of QSO
MUSEUM III, respectively. The median values of the faint and bright
samples are indicated with dot-dashed lines of the same colors. Top:
Elongation @ computed from the Stokes parameters (see Section 3.3)
within the 20~ isophote of the detected nebulae as a function of neb-
ula Lye luminosity. Larger values of @ indicate a rounder morphol-
ogy. Additionally, we show the median values of @ reported in the faint
z ~ 3 quasar sample from Mackenzie et al. (2021) and quasar pairs from
QSO MUSEUM 1II with a gray dotted and dashed red line, respectively.
Bottom: Nebula lopsidedness 7 as presented in Arrigoni Battaia et al.
(2023b) and described in the text. High values correspond to all emis-
sion within the 20 isophote being on one side of the quasar.

the bright quasars, indicating that faint quasars present slightly
more elongated nebulae. To further test this, we estimated the
average error in the calculation of a of the sample following
the method presented in Herwig et al. (2024), who randomized
the centroid coordinates in the flux weighted second moments
in Equation 1 of Arrigoni Battaia et al. (2019a) and assumed the
uncertainty is dominated by the seeing. This exercise results in
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a mean uncertainty of Ae = 0.05 which is comparable to the
difference between the two median values of the bright and faint
samples, therefore we cannot determine whether such a differ-
ence is significant. Further, we measured the Spearman rank
correlation coeflicient between @ and Lyye:nep and obtain 0.19
with a p-value of 0.062, indicating a weak positive correlation
that has low statistical significance. The same test between «
and bolometric luminosities gives a similar result as expected
due to the correlation between Lyo and Lyyqe:neb. Therefore, we
infer that there is not a dependence between the elongation
and luminosity of the nebulae or quasars. The lower median &
estimated for the faint sample is also likely due to five of the
dimmest nebulae (Lyep, < 10 erg s™!) studied here being associ-
ated with values representing more asymmetric or lopsided neb-
ulae (@ < 0.6). For comparison, we show the data-points of
Lya nebulae around associated projected quasar pairs from QSO
MUSEUM II (dashed red line). Those systems present the lowest
median @, which can be explained by the elongated morphology
tracing the direction connecting the pairs. Summarizing, we find
that there is no clear indication of a trend between @ and Ly yo:neb.
which is also reported in those three works we compared to.

In addition, we used the same 20 isophotes to compute the
asymmetry as done in Arrigoni Battaia et al. (2023b). In that
work, the authors describe the asymmetry based on the ratio of
areas ) = (ARh — A™P)/Anh . Where AlD and A™ are com-
puted as the maximum and minimum area on both sides of the
direction that crosses the quasar position and which maximizes
the difference between the two covered areas. In this case, 1 rep-
resents the level of lopsidedness of the nebulae, that is, a value of
n = 1 corresponds to all of the emission being on one side of the
quasar. We plot 1 as a function of nebula luminosity within the
20 isophote in the bottom panel of Figure 9 using the same sym-
bols as the left panel. This figure shows that the dimmest nebu-
lae appear more lopsided with respect to brighter nebulae. This
is similar to the results found in Arrigoni Battaia et al. (2023b),
where at a fixed SB threshold the smallest and dimmest nebulae
appear more lopsided. Here, we did not use a fixed SB cut, but
the systems studied here are found to lie close to the luminosity-
area relation presented in that work for a common observed SB
threshold corresponding to 2.46 x 10~ 7erg s™' cm™2 arcsec™ at
z = 2.0412 (see their Table 1). Likewise, we computed the Spear-
man rank correlation coefficient between 7 and Ly yq:nev and find
—0.29 with a p-value of 0.01 indicating a weak negative corre-
lation. Particularly, we report that the systems with @ < 0.5 and
n ~ 1 correspond to ID 62, 81 and 99 which have very low sig-
nal to noise and their emission on the SB maps appear irregular.
For these systems the constructed 20 isophote lies on one side of
the quasar, which is a consequence of their clumpy morphology
due to low SB levels. On the other hand, some bright systems
appear lopsided and this could be an indication of larger scale
structures. There is no clear trend between 7 and the nebula Ly«
luminosity for nebulae around bright quasars, however.

By combining the information in both panels, we observe
that most of the nebulae tend to have a circular morphology, but
their emission tends to be preferentially toward one side of the
quasar, that is, the nebulae emission is asymmetric with respect
to the quasar position. The values of 17 span from centered to lop-
sided nebulae, however, and there is no discernible strong trend
in relation to nebula luminosity or «. Finally, we note that the
values of « and n are sensitive to the SB limit of each observa-
tion. This effect is particularly important for fainter nebulae, for
which it is possible that the morphology would change if their
fainter outskirts could be detected. We briefly discuss the possi-
ble implications of these observations in Section 4.3.
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3.4. Radial profiles of the surface brightness and velocity
dispersion

We have shown that the nebulae uncovered in this work are char-
acterized by a diversity of morphologies, luminosities and kine-
matics. In this section, we quantify those differences by build-
ing radial profiles using the SB maps of Figures 5 and C.1
and the velocity dispersion maps of Figures 8 and C.6. The
Lye SB radial profiles are computed by averaging the maps
inside annuli with logarithmically increasing radii centered at
the quasar position, then corrected by cosmological dimming,
as usually done in the literature (Arrigoni Battaia et al. 2019a;
Gonzdlez Lobos et al. 2023). We extracted the SB radial profiles
for all systems and compute the median profile for the faint and
bright sample and show them in the top left panel of Figure 10
with orange and blue triangles, respectively. These profiles are
plotted only out to the last radius where they exceed the 20
detection limit of the stack, and the shaded areas represent their
mean uncertainty. The profile shapes for the faint and bright sam-
ples are strikingly similar, however the SB normalization factor
of the bright sample is about 6 times larger than the faint. The
median values of each AGN property within the faint and bright
sample bins are shown in the legend of Figure 11 and indicate
a correlation between AGN luminosity and Lya nebula SB. For
comparison, we show the median profile of 12 similarly faint
z ~ 3 quasars from Mackenzie et al. (2021) (yellow line), and
the analysis of the bright sample in QSO MUSEUM I (purple
line). The agreement between our analysis and those in previous
studies further substantiates the validity of our approach.

Additionally, we construct a stacked SB map for the ten non-
detections by median combining 30 A pseudo-NB images cen-
tered at the wavelength of the peak of the quasar Ly emission.
This decision is based on the frequent observation that Lya neb-
ulae peak emission occurs at a similar wavelength of the quasar
Ly« peak emission (Arrigoni Battaia et al. 2019a; Cai et al. 2019
and Section 4.3). We similarly propagate the associated vari-
ances to obtain errors. The stacked map shows a clear detection
of which we show its SB profile in the top left panel of Figure 10
with gray circles and shaded area as the mean uncertainty. This
SB profile is at the low end of all the observed individual neb-
ulae and bolometric luminosities, confirming that these sources
are just below our detection limit for individual systems and are
three times dimmer than the median profile of the faint sample.
Additionally, the nondetections have a median bolometric lumi-
nosity which is 1.3 times lower than the faint sample.

Further, the remaining panels in Figure 10 illustrate the indi-
vidual Lya SB profiles, which are color-coded according to their
quasar properties: the absolute i-band magnitude normalized at
z = 2 (top middle), the peak Ly« luminosity density of the quasar
(top right), the bolometric luminosity of the quasar (bottom left),
the black hole mass of the quasar (bottom middle), and Edding-
ton ratio (bottom right). Each profile is cut when it reaches a
value below the 20~ SB limit within a radial bin. We only show
profiles with more than two data points, which result in a total
of 108 profiles. The profiles span almost 2 orders of magnitude
in their SB level and their shapes are similar across the whole
sample. We further study the shape of the SB profiles by fit-
ting a power and exponential function in Section 4.1. Figure 10
confirms — with 4x more systems — the correlation between
quasar Lye and UV luminosities and Lya SB of the nebulae,
also found in Mackenzie et al. (2021). In general, the profiles of
nebulae around the faint sample have Lya SB about one order
of magnitude lower than the nebulae around bright quasars. The
extended Lya around the bright quasars is also detected out to
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Fig. 10. Ly« SB radial profiles of the QSO MUSEUM III nebulae. The profiles of the detected nebulae are computed by averaging the Lya SB maps
of Figures 5 and C.1 inside annuli with logarithmically increasing radius centered at the quasar location, after masking the 1” x 1" normalization
region. We cut the profiles when they reach values below the 20~ SB limit within the corresponding radial bin, and only plot profiles that have at
least two data-points satisfying this criteria (108/110 profiles). The Lya SB corrected by cosmological dimming is shown as a function of physical
(bottom axis) and comoving (top axis) projected distances. Top left: Median profiles of the faint and bright sample (orange and green triangles) and
stacked nondetections (gray). Additionally, the median profiles from Mackenzie et al. (2021) and Arrigoni Battaia et al. (2019a) are shown with
a yellow and purple line, respectively. Top middle: Color-coded profiles according to the quasar absolute i-band magnitude normalized to z = 2.
Top right: Color-coded profiles according to the peak of the Lya luminosity density of the quasar. Bottom left: Color-coded profiles according
to the bolometric luminosity of the quasar, computed from the monochromatic luminosity at 1350 A (Appendix B). Bottom middle: Color-coded
profiles according to their quasar black hole mass (Appendix B). Bottom right: Color-coded profiles according to their quasar Eddington ratio

(Appendix B).

projected distances of ~100 kpc, while for the faint quasars, the
Lya is detected mostly out to 90 kpc. Additionally, the SB pro-
file normalization factor increases as the peak Lya luminosity
and bolometric luminosity of the quasar increase. Such trend is
not as clearly apparent with the absolute magnitude, as the pro-
files present larger Ly SB scatter at a fixed quasar magnitude.
Similarly, the black hole masses show scatter across the range
of Lya SB. Finally, there is a tendency for the brighter nebulae
to also present the more extreme Eddington ratios, suggesting a
potential link between nebula SB and AGN accretion rate.

In addition, we present in Figure 11 radial profiles that were
constructed similarly to the SB profiles, but using the veloc-
ity dispersion maps of Figures 8 and C.6. These profiles are
computed by averaging inside each annuli only where there
is velocity dispersion data (within the S/N>3 mask of Fig-
ures 8 and C.6). We overlay in the figure the spectral resolution
limit of MUSE at the median Lya wavelength (oo = 72kms™!)
with a shaded gray region. Note that the profiles approach this
limit as the distance to the center increases, indicating that we
need higher spectral resolution to resolve the lines at such dis-
tances. The velocity dispersion profiles tend to increase toward
the quasar position, however. We color-coded the profiles by
their quasar properties such as the peak Lye luminosity den-
sity of the quasar (top left), the bolometric luminosity of the
quasar (top right), the black hole mass (bottom left) and Edding-
ton ratio (bottom right). We see a wide range of velocity disper-
sions, ranging from ~100km s~ up to ~1000 kms~! within the

innermost regions of the CGM of the targeted quasars (~12 kpc).
This scatter decreases to about 300kms~! as the projected dis-
tance increases (~40 kpc), due to the steep decrease on the veloc-
ity dispersion of the nebulae around the brightest quasars. The
median velocity dispersion profile for the faint and bright quasar
sample shown in Figure 11 with thicker lines indicates that the
velocity dispersion of bright quasar nebulae are about three times
larger than fainter quasars at ~12 kpc and only two times larger
at ~20 kpc. If we compare the velocity dispersion radial profiles
to properties such as black hole masses and Eddington ratios we
observe a similar behavior but less significant, probably because
of the larger scatter of these properties across the range of lumi-
nosities probed with our sample.

4. Discussion

By targeting 59 additional faint (=27 < Mj(z =2)—-24)z ~ 3
quasars, this work extends the current catalog of known Lya neb-
ulae by 49 additional detections, covering two orders of mag-
nitude fainter systems than the bolometric luminosities studied
in the QSO MUSEUM 1 survey (see Figure 4), and represent-
ing a factor of 4x more nebulae than are currently available at
these quasar luminosities. This extended dynamic range allows
us, for the first time with sufficient statistics, to study the CGM
of quasars in emission across the faint and bright ends of the
known z ~ 3 quasar population (Figure 2), and link it to their
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Fig. 11. Individual radial profiles of the Lya velocity dispersion of the QSO MUSEUM III nebulae. Each profile is computed by averaging the
Lya velocity dispersion maps from Figures 8 and C.6 inside the S/N > 3 mask, using the same annuli as the profiles from Figure 10. Top left: The
profiles are color-coded by the peak Ly luminosity density of the quasar. Top right: The profiles are color-coded by the bolometric luminosity
of the quasar. Bottom left: The profiles are color-coded by the black hole mass of the quasar. Bottom right: The profiles are color-coded by the
Eddington ratio of the quasar. Additionally, we show in each panel the median velocity dispersion profile of the faint and bright samples, color-
coded by each property with the median value of each bin indicated at the top right corner of the panel. In each panel, values below the MUSE
spectral resolution limit (oo = 72 kms~!) are shown with a dashed gray area.

AGN properties in addition to the physical mechanisms driving
the emission.

4.1. Radial profiles of the stacked surface brightness and
velocity dispersion

We design figures that summarize the main results on how the
properties of quasar nebulae scale with quasar properties. The
left panel of Figure 12 shows the bolometric luminosity as a
function of black hole mass of the 110 quasars with detections
in a log-log plot, color-coded by the peak Lya luminosity den-
sity of the quasars. In this plot, quasars with similar Edding-
ton ratios follow dashed gray diagonal lines. In the lower right
corner of the same panel, we indicate with black error bars
the intrinsic uncertainty of the log(Mpn/My) and log(Lyoi/Le)
estimators (Section 2.2), which correspond to 0.5 and 0.3 dex,
respectively. We discuss the effect of these uncertainties further
in Section 4.1.1. Additionally in this figure, the size of the sym-
bols is proportional to the ratio of the total luminosity of the Lya
nebula and its area in kpc? within their 20~ isophote, basically
tracing the average Lya SB of the nebula. This plot illustrates
both the correlation between the quasar Lya luminosity and their
bolometric luminosity (see also Figure 4), and the increase in
Lya SB for brighter systems also seen in the Lya SB profiles of
Figure 10. Additionally, we show the same properties in the right
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panel of Figure 12, but color-coded by the mean velocity disper-
sion measured in the second moment maps of Figures 8 and C.6.
The nebulae have a tendency to present larger average velocity
dispersions with increasing bolometric luminosity (and hence
also peak Lya quasar luminosity), which was also observed in
the velocity dispersion radial profiles of Figure 11. Therefore,
the nebulae become brighter and potentially more turbulent with
increasing bolometric luminosity at fixed black hole mass, or in
other words with increasing Eddington ratios. In this section we
explore the main drivers of these tendencies and the implications
of these observations.

4.1.1. Stacking data by AGN properties

We explore the principal factors responsible for the emergence
of these trends by computing the median Lya SB profiles using
several bins encompassing different quasar properties. Stacking
is done by first rebinning the profiles and their uncertainties
into a common grid of projected comoving distances using a
cubic spline interpolation, then we compute the median value at
each radial bin. Since the stacking procedure decreases the noise
potentially revealing fainter emission than in individual profiles,
we also include in the stack the data points falling below the 20
Lya SB limit of each individual profile. We compute the mean
uncertainty of each stacked radial bin by propagating their vari-
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Fig. 12. Comparison of observed quasar properties with the nebulae properties. We show for each detected nebulae, their quasar bolometric
luminosity as a function of black hole mass. The size of each point is proportional to the integrated Lya luminosity of the nebula divided by the
total nebula area in kpc?, with larger symbols having larger ratios. Different values of constant Eddington ratios (Aggq) are shown with dashed
gray lines. Left: The points are color-coded by the peak Ly luminosity density of each quasar (Table C.1). The black error bars in the lower right
corner indicate the intrinsic uncertainty of the Mgy and Ly, estimators (see Section 2.2). Right: The points are color-coded by the mean velocity
dispersion shown in the maps of Figures 8 and C.6. Additionally, we overlay in the left panel the bins covering different quasar properties described

in Section 4.1.

ances. Similarly, we rescaled the 20~ Ly SB limit in the stacked
bins and used it to cut the stacked profile at the radial distance at
which it falls below the 20~ detection limit.

First, we built equally spaced bins of the peak Lya lumi-
nosity density of the quasar and show their median Lya SB
profiles in the top left panel of Figure 13 and color-code
them by the median peak Lya luminosity of the quasars
within the bin using the same color scale as the radial profiles
shown in the middle panel of Figure 10. The bins range from

log(Lie i /Tergs™ A7) = 42.5 to 44 with sizes of 0.3 dex,
resulting in 6 bins with 20, 23, 16, 9, 23 and 29 stacked pro-
files each. Within this range of peak Lya luminosity densities,
the SB level of the stacked profiles has a tendency to increase
from SBro(1+2)* ~ 107 to 107 erg s~ cm™ arcsec™ in their
inner ~12.5 kpc (or comoving ~50kpc) regions and maintains a
similar order of magnitude difference as the projected distance
increases. This suggest that the profiles all have similar shape.

Additionally, we stacked the profiles in the same way but
using equally spaced bolometric luminosity bins starting with
log(Lyor/[erg s™'1) = 45 to 48.7 and sizes of 0.6 dex, resulting
in 5 bins with 8, 31, 21, 31 and 28 profiles each. We do not
show these profiles, but we note that a similar trend is observed
between the SB level and the bolometric luminosity as expected
from the relationship between the bolometric luminosity and the
peak Lya luminosity density of the quasar (Figure 4).

It is clear from these observations that the Lya SB level of
the nebulae is correlated with the quasar luminosities. We test
whether other AGN properties could also be responsible for the
changes in SB level. For this, we constructed additional bins at
different black hole masses and Eddington ratios that span the
range of properties of the targeted quasars. These bins are over-
laid and labeled in the left panel of Figure 12. Bins Al and A2
are constructed to cover the low end of bolometric luminosities
(Lpgy ~ 10% erg s71) and black hole masses between Mgy ~
1031786 and ~10%9793 My, respectively. Bins A3, A4 and A5 are
constructed to cover the higher end of bolometric luminosities
(Lpg) ~ 10%73 erg s~1) and black hole masses of Mgy ~ 10°0794,
~10%4%7 and ~10%7-192 M, respectively. Bins B1, B2, B3 and
B4 are constructed to cover the lower end of Eddington rations
(Agaa ~ 0.2) and black hole mass bins of log(Mpy/Mg) = 8.3
to 10.3 and sizes of 0.5 dex. Finally, bins BS and B6 are con-

structed to cover the higher end of Eddington ratios (dggg ~ 1.0)
and black hole mass bins of log(Mpy/Mg) = 8.9-9.4t09.4-9.9.
We stress once again that the uncertainties in the estimation of
the black hole masses and bolometric luminosities are about 0.5
and 0.3 dex, respectively (Section 2.2). This is why we conser-
vatively adopt these large bin sizes.

We stacked the Lya SB profiles inside these bins using the
same aforementioned method and plot the resulting profiles in
Figure 13, where each panel corresponds to a set of bins indi-
cated in their legend. The top middle panel of this figure shows
that the increasing black hole mass at low bolometric luminos-
ity (bins A1l and A2) does not have an impact in the median SB
profile, indicating that the Ly« radiation around faint quasars is
independent of the black hole mass. Similarly, at high bolomet-
ric luminosity but different black hole mass (bins A3, A4, AS)
there is no apparent evolution of the profiles. The bottom left
panel of Figure 13 shows, however, that at fixed black hole mass
(Mg ~ 10° My), the lower end of bolometric luminosities (bin
A2) has around 7 times dimmer nebulae than the higher end of
bolometric luminosities (bin A3), confirming the trend observed
between individual radial profiles and bolometric luminosity of
Figure 10. On the other hand, if we compare the bins with low
Eddington ratios and different black hole masses (bins B1, B2,
B3 and B4) we see a slight increase in the SB level of the stacked
profiles, more likely originating from the increase in bolometric
luminosity than the increase in black hole mass, as we do not
see changes in profiles due to black hole mass in other plots.
Finally the two bins at high Eddington ratio (B5 and B6) show
very similar profiles despite the different black hole mass and
slightly different bolometric luminosity.

Additionally, we used the same bins to compute median Ly«
velocity dispersion radial profiles which are shown in Figure 14
using the same colors as in Figure 13. The stack is carried out by
computing the median value at each projected distance bin and
masking out values that fall below the spectral resolution limit
(0 = 72km s~ at the median redshift for Lya). These plots show
that all profiles seem to approach the resolution limit at projected
comoving distances between 100 and 200 kpc. Additionally, we
see that the velocity dispersion profiles follow similar trends as
the SB radial profiles as a function of bolometric luminosity.
The velocity dispersions become higher toward the center with
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Fig. 13. Median radial profiles of the Ly« SB for bins of different quasar properties. The panels show the median Lya SB corrected by cosmological
dimming as a function of projected comoving distances within different bins, the error bars represent the mean 10~ uncertainty of the stacked data
points. Top left: Median profiles within equally spaced bins of peak Lye luminosity density of the quasars (see Section 4.1), color-coded by the
median Lgyso?;peak of the bin (same color as used for the individual radial profiles as Figure 10). The exponential fits (see Section 4.1.2) of the profiles
are shown by the associated shaded areas. Top middle: Median profiles within bins A1 and A2 of Figure 12. Top right: Median profiles within bins
A3, A4 and AS. Bottom left: Median profiles within bins A2 and A3. Bottom middle: Median profiles within bins B1, B2, B3 and B4. Bottom right:
Median profiles within bins B5 and B6. The median bolometric luminosity and black hole mass of bins A1-5 and B1-6 are indicated in the legend
of each panel. Additionally, we show in the leftmost column the resulting fits to an exponential function of the form SByy,(1 + z)* = SB, x e/R#)
to the median profiles with a solid curve and shaded regions indicating their 1o uncertainties (see text for details), using the same colors as the
data points.

increasing peak Ly luminosity density of the quasar and bolo- profiles inside the quasar luminosity bins described above. We
metric luminosity. This effect is clearly seen in the bottom left performed the fits using a Markov Chain Monte Carlo (MCMC)
panel where the velocity dispersion increases from 300 km/s to  approach, which is implemented in the emcee® module for
500 km/s in the center for bins A2 and A3, respectively. This Python (Foreman-Mackey et al. 2013). First, we fitted the data
trend can be understood as an effect of AGN activity on the CGM  using the curve_£fit function of scipy (Virtanen et al. 2020)
kinematics. Similarly to Figure 13, the profiles do not seem to be  and use these to initialize the positions of the MCMC walkers.
strongly affected by the change in black hole mass. We generated 50 samples of each parameter and run the MCMC

Finally, given the large intrinsic uncertainties in the quasar process on 20000 steps. For reference, we show in the top left
parameters, we test how the stacked profiles change by varying panels of Figures 13 and 14 the resulting exponential and power
the positions of each system in the log(Mpy/Mg)-log(Lyo/Le) law fits, respectively, with a solid line and shaded regions rep-
plane (Figure 12). Specifically, we verify this for the bins where resenting their 1o~ uncertainty and using the same colors as the
we see most of the variation: bins A2 and A3. We generated A2 data points of each corresponding median profile. Additionally,
and A3 samples by randomly drawing the individual values from we fitted the median profiles of the nondetections, bin A2 and
Gaussian distributions defined by the intrinsic uncertainties in  bin A3 with the same method. For the Ly SB corrected by cos-
the estimators and centered on the data points in Figure 12. For mological dimming, we fitted the profiles (in comoving units)
each random realization of the plot in Figure 12 we stacked the using both a power law of the form SByy, (1 + 2)* = SByx ¥ and
profiles of sources within the A2 and A3 ranges. This process is exponential function of the form SBy,(r) = SBg X e~ /R On
repeated 2000 times. We find that the median profiles and uncer-  the other hand, for the median velocity dispersion profiles within
tainties obtained from this exercise are consistent with the ones the same comoving bins, we fitted ()n]y a power law of the form

presented in Figures 13 and 14. o = os50(r/50 ckpc)ﬁ.
We summarize in Table 1 the resulting fitted parameters to
4.1.2. Exponential and power-law fits to median profiles the radial profiles stacked in the different bins described in this

section. Additionally, Figure 15 shows the results of the MCMC

With these tests we confirm that the increase in SB level and fit to these bins. In that figure, each panel shows the fits inside

velocity dispersion of the nebulae is correlated to the bolomet-
ric luminosity, therefore we focus in quantifying these differ-
ences by fitting with a power or exponential law the median ¢ https://emcee.readthedocs.io/en/stable/index.html
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Fig. 14. Median radial profiles of the Ly« velocity dispersion for bins of different quasar properties. The panels show the median velocity dispersion
of the Ly nebular line as a function of projected comoving distances within the same bins, layout and colors as Figure 13. The error bars represent
the uncertainty obtained from the 16 to 84 percentile of the stacked data points. In each panel, the shaded gray regions mark the values below the
spectral resolution limit of the observations. Additionally, we show in the leftmost column the resulting power law fits in comoving distance units
of the form o = 059(r/50 kpc) to the median profiles with a solid curve and shaded regions indicating their 1o~ uncertainties (see text for details).

LSSC_) . and Ly bins with a dot-dashed red line and solid blue
ya;pea

line, respectively. The top row shows the power law fit param-
eters to the stacked SB profiles, where we see that the normal-
ization factor SBy of the median profiles tends to increase up
to an order of magnitude with increasing quasar luminosity and
the power (8 ranges between —2.25 to —1.75. Similarly, the mid-
dle row shows the fitted parameters for the exponential func-
tion, which shows a similar behavior in the normalization factor.
The characteristic radius Ry, of the exponential fit appears to be
constant at ~12.5kpc (~50ckpc). The fitted parameters of the
stacked nondetections are shown with a white diamond, while
the fits of bins A2 and A3 are shown with light blue and dark
blue squares. The fitted values for these three bins follow similar
tendencies as the luminosity bins. The profile obtained by stack-
ing the nondetections has a lower normalization factor than the
lowest luminosity bin (which has comparable median luminos-
ity), suggesting that these systems could be at the faint end of the
nebula distribution. It is also possible, however, that at low lumi-
nosities, some mechanisms can suppress the observed extended
Ly emission, such as host galaxy orientation (e.g., Costa et al.
2022), small opening angles (Obreja et al. 2024) and/or molec-
ular and dust content of the host galaxy (Mufioz-Elgueta et al.
2022; Gonzalez Lobos et al. 2023), which we further discuss in
Section 4.3.

Additionally, we assess the goodness of the power law versus
exponential fits to each stacked profile by calculating the root-
mean-square-deviation (RMSD) between the profiles and their
fitted functions and weighted by the data uncertainty o as

N 2
1 (SBrya;i — fity)

im1 g

The results of the RMSD calculation to each fit are presented in
Table 1. We find that the exponential function is a better fit to the
profile of stacked nondetections than a power law (RMSD of 2.9
and 4.2, respectively). Similarly, bin A2 is also better described
with an exponential than power law (RMSD of 1.6 and 3.3,
respectively). Opposite to this, bin A3 is better described with
a power law rather than an exponential law (RMSD of 3.6 and
13.04, respectively). This is a consequence of the increased SB
toward the center in comparison to the points at larger distance
(see Figure 13), which biases the fit toward larger normalization
factors. If this first point is not considered in the fit, an expo-
nential law can be a good description of the profile in bin A3.
Finally, the bottom row of Figure 15 shows the fitted parameters
to the median velocity dispersion profiles for a power law of the
form o = 050(r/50 ckpc)®. From the bottom right panel, we see
that the power remains basically constant at § ~ —1.0. On the
other hand, the normalization factor o5 is related to the bolo-
metric luminosity through a power law. Therefore, we further fit
a power law of the form 050 = 0po1(Lpbor/[E1g s71)? and show
the result in that panel with a dashed black line, together with a
list of the parameters values in the legend (o = 0.2928 +0.0003,
ol = 225.0+£0.2kms™1). This indicates that all of the observed
inner velocity dispersions have a clear scaling with the quasar
bolometric luminosities, suggesting that the Lya emission could
be tracing the impact from AGN radiation and/or winds/outflows
at these scales. This finding could be used in future works to test
AGN feedback models and their energy coupling with the gas.
To understand whether the inner velocity dispersions are a
possible sign of outflowing gas, we compare them to the average
one-dimensional root mean square (rms) velocity of a massive
Mpym ~ 10'%3 M, halo expected to host these quasars. A velocity
dispersion comparable or smaller than this value should indicate
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Fig. 15. Fit parameters from a power and exponential law to the stacked
SB and velocity dispersion profiles as functions of their median quasar
luminosities. The first row shows the fitted log(SBy) (left) and 8 (right)
parameters of a power law versus the median peak Lya luminosity
density (top axis, dot-dashed red line) and bolometric luminosity (bot-
tom axis, blue line) of the quasar, with their respective uncertainties as
shaded areas. The second row shows the log(SBy) and R}, parameters
of an exponential law fit as a function of their median quasar luminosi-
ties. The bottom row shows the fitted log(oso) and 3 of a power law fit
to the median velocity dispersion profiles as a function of their quasar
luminosity. We also show in the left panel a power law fit to the nor-
malization factor as a function of bolometric luminosity of the form
050 = Obol(Loo/[10* ergs™')® and parameters shown in the legend
with a dashed black line and 1o uncertainty shaded area. Finally, the
fitted parameters for the profile of the stacked nondetections are shown
with a white diamond and error bars representing the 1o~ uncertainty,
while the fitted parameters of bins A2 ans A3 are shown with light blue
and dark blue squares, respectively.

gravitational motions, while larger values candidate outflowing
gas. Given that the maximum of the average 1D rms velocity
Oms—1p 18 related to the maximum circular velocity within a
dark matter halo by oms-1p = Vit / V(2) (Tormen et al. 1997),
assuming such a massive halo at z ~ 3 characterized by an
NFW profile (Navarro et al. 1997) with a concentration param-
eter of ¢ = 3.7 (Dutton & Maccio 2014), the maximum circu-
lar velocity is V¥ = 360 km s71, giving oms—1p = 250km 7!
(similar calculation in Arrigoni Battaia et al. 2019a). This value
corresponds to log Ly, /Ls = 46.15 in the obtained power-
law relationship. This bolometric luminosity is similar to the
median bolometric luminosity of the QSO MUSEUM faint sam-
ple (log LE /Lo = 46.08), for which we observe lower inner

velocity dispersions (o ~ 300km s™!), suggesting that these sys-
tems could be less affected by AGN feedback. Conversely, the
more luminous quasars in the sample may have imprinted the
signature of AGN feedback in their associated extended emis-
sion, which is distinguished by elevated inner velocity disper-
sions (o0 ~ 600kmss~'; Figs. 12 right and 14). This finding has
to be tested with nonresonant lines as the velocity dispersion is
likely increased by resonant scattering effects (e.g., Figure B1 in
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Costa et al. 2022). Robustly, the Lya emitting gas at projected
distances larger than 30 kpc seems to be dominated by gravita-
tional motions (o~ < 250kms™).

4.2. Evidence of instantaneous AGN feedback on
circumgalactic scales

AGN feedback is a key ingredient of galaxy formation mod-
els, especially for reproducing the massive end of the galaxy
population (e.g., Di Matteo et al. 2005). Nevertheless, there
is still considerable debate regarding the impact of AGNs
on their host galaxies and the surrounding medium (e.g.,
Harrison & Ramos Almeida 2024). One key issue is the lack of
conclusive observations of the instantaneous, rather than cumu-
lative, effects of AGNs on large scales. Such observations are
essential to determine how the energy couples with the gas, and
ultimately how AGN feedback works. In this section, we dis-
cuss the evidence for likely instantaneous AGN feedback and its
impact on CGM scales as traced by the Lya emission, consid-
ering that all of our targets are quasars expected to be in the
radiatively-efficient regime (e.g., Harrison & Ramos Almeida
2024).

We discussed that the observed Lya and bolometric lumi-
nosity of the quasars have the strongest relation with the SB and
velocity dispersion of the extended Lya emission (Section 4.1).
In other words, brighter (more accreting) quasars, expected to
generate stronger feedback, are associated with brighter and
more turbulent extended Lya emission. These results were not
obvious a priori. The fact that these relations are in place implies
that the mechanisms responsible for the Lya emission act on
timescales similar to the known variability of quasar activity as
otherwise any relation with the observed current quasar activity
would be washed out. Given the rather short quasar variability
estimates (see Section 1), the observed relations between quasar
luminosity and CGM emission seems an indication of instanta-
neous AGN feedback.

For example, if we assume that the nebulae are predomi-
nantly powered by photoionization followed by recombination,
then a drop in luminosity due to the shutdown at the end of
their current quasar activity could cause small Ly nebulae,
or parts of them, to fade. We do not see this effect, however,.
For this to occur, the recombination time needs to be much
shorter than the period of shut-down, which has been inferred
to be about 10*~ years by some observations (e.g., Lintott et al.
2009; Davies et al. 2015). The timescale for case B recombina-
tion is t. = 1/ap(T)ny where ny is the gas number density
and ag(T) = 2.6 x 1073(T/10*K)™7 cm™> s~! is the recombi-
nation coefficient (Dijkstra 2019). Then, for this phenomenon to
occur in 2 x 10* K gas, the Lya would be tracing volume densi-
ties of nyy > 2 cm™>. The fact that we do not find nondetections
or donut-like shaped Ly nebulae (i.e., the inner portion of the
CGM would be the first to decrease in SB after the turn off of
a quasar) among most quasars seem to confirm that the quasar
shut-down phases, if any, are very short and much shorter than
the recombination time in the Ly« emitting gas. This means that
the densities of the Lya emitting gas are not as high.

Figure 16 summarizes the AGN electromagnetic impact on
the Lya SB and velocity dispersion median radial profiles by
focusing on the bins A2 and A3, which were constructed at
roughly fixed black hole mass (Mpy ~ 10° M) and increas-
ing bolometric luminosity, hence Eddington ratio 4 = 0.2 and
A = 0.9, respectively. The left panel shows the median Lya
SB corrected by cosmological dimming as a function of pro-
jected distance, with the shaded areas representing the 25 and
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Table 1. Best parameters of the MCMC fits to the median radial profi
bins.

les of Ly SB and the velocity dispersion for different quasar luminosity

Peak Lya luminosity density bins

SB profile power law fit

SB profile exponential fit Velocity dispersion power law fit

Median # Profiles®@
1og(L8yS£peak /Lo) log SBy® @ RMSD®  log SBy® Ry@ RMSD®  log 50 B RMSD©
42.38 20 -11.65+0.58 -1.88+0.31 0.39 -14.65+0.11 73.78+14.80  0.99 2.22+0.09 -1.61 +1.11 1.83
42.64 23 -11.18 £0.32 -1.94+0.17 1.03 —14.08+0.06 47.89+4.38 0.73 1.34+0.16 —-1.96 +1.33 1.75
4293 16 -10.65+0.23 -2.11+0.13 1.02 -13.82+0.04 46.02+2.83 0.89 2.42+0.11 -0.90+0.28 0.76
43.29 9 -11.19+0.16 -1.74+0.09 1.19 -13.92+0.03 68.96+3.42 1.21 2.55+0.11 -0.87+0.25 0.48
43.55 23 -10.62+£0.06 -1.91+0.03 4.99 -13.57£0.01 57.61+1.03 4.12 2.77+£0.09 -1.2+0.25 1.11
43.89 29 -9.58 £0.04 -2.37+0.02 4.73 -13.39+£0.01 67.19+0.61 2293 2.87+0.13  1.23+0.37 0.31
Bolometric luminosity bins
Median 4 Profiles@ SB profile power law fit SB profile exponential fit Velocity dispersion profile power law it
log(Lbol /Lo) log SBo® a RMSD®  log SBy® Ry@ RMSD®  log os50© B RMSD©
45.28 8 -10.83 +£1.46 -2.28+0.83 0.20 —14.54+0.36 85.48+62.75 1.43 2.15+£0.06 —0.63+0.4 0.24
45.95 31 -1092+£0.27 -2.09+0.15 1.12 -14.02+£0.05 42.95+3.06 0.68 2.29+1.15 -1.0+0.67 1.14
46.34 21 -11.17+£0.22 -1.897 £0.12 1.26 -14.04+£0.05 51.4+£3.29 0.70  2.43+0.11 -1.03+0.28 0.40
47.2 31 -10.27£0.06 -2.08 +0.03 2.27 —13.55+0.01 56.66+0.86 5.48 2.71£0.1  -1.0+0.23 0.28
47.53 28 -10.13£0.08 -2.15+0.04 1.22 —13.58+0.02 60.58+1.34 5.29 2.78+0.11 -1.02+0.19 3.01
Other bins

# Profiles@ SB power law SB exponential Velocity dispersion power law
Bin log SBy® a RMSD®  log SBy® Ry RMSD©  log os0(© B RMSD©
Stack NDV) 10 -12.32+£0.19  -1.570.1 1.9  -14.63£0.04 56.33+3.65 1.3 - - -
A2 21 -11.13+0.24  -1.93%0.13 1.2 —-14.00+£0.05 47.78+3.24 0.6 2.42+0.13 -1.25+0.54 0.73
A3 19 -9.84+0.08 —2.25+0.04 1.3 -13.35£0.02 50.47+1.04 4.6 2.77+0.1 -1.12+0.22 0.29

Notes. The top section shows bins in median peak Lya luminosity density log(LSys(S peak /Lo). The middle section shows median bolometric lumi-

nosity log(Ly/Lo) bins. The bottom section lists bins A2, A3 defined

in Section 4.1.1 and the stacked nondetections Section 3.4). Each section

shows the parameters obtained to fit the SB profiles and velocity dispersion profiles. The SB profiles are fit, after correcting for cosmological
dimming and in comoving units, with both a power-law and exponential model of the form SBy, (1 + 2)* = SBy x r* and SBpy.(r) = SBg X e rRw,
respectively. While the median velocity dispersion profiles are fit with a power law of form o = 059(r/50 ckpc)? (see Section 4.1.2). “Number of

individual profiles within bin. ”SBy in units of erg s~' cm~2 arcsec

in units of kpe. @osg in units of kms™!. ¥'ND = nondetections

75 percentiles of the stacked profiles. Additionally, we show
the median Lya SB profile of the stacked nondetections with
gray dots and shaded region indicating its 1o uncertainty. For
comparison, we show in the same panel the simulated profile
obtained in Obreja et al. (2024) by assuming that the cool CGM
of a high-resolution zoom-in 10'>43 M, halo is only illuminated
by the ultraviolet background (UVB) (dashed red curve). The
simulation has been run only with stellar feedback down to z ~ 3,
but it is in agreement with the halo mass — stellar mass rela-
tion (Moster et al. 2018). This profile has a similar scaling to the
stacked profile of nondetections, but decays more steeply with
increasing radius. Suggesting that even faint quasars can affect
the surrounding cool CGM emission.

Last, as reference, the Lya SB profile around Lyman break
galaxies (LBGs; Steidel et al. 2011) is shown in the same panel
with a solid magenta line. LBGs are expected to be hosted in
less massive (Mpy ~ 10'2My) and less active halos than those
hosting quasars.

The right panel of Figure 16 shows the median velocity disper-
sion profiles within the same bins, with shaded areas representing
their 25 and 75 percentiles. The velocity dispersion in bin A2 is
on average a factor of 2x lower than the velocity dispersion of bin
A3. Both profiles drop quickly from the inner regions and seem
to plateau at larger radii, with the latter effect likely due to the
instrument spectral resolution. Given that bins A2 and A3 span
a similar range of black hole masses, the difference in the central
velocity dispersion (<40 kpc) could indicate that the inner CGM
turbulence is modulated by the intensity of AGN feedback in these
systems, and that the Ly emission better traces the violent AGN

-2, (YRMSD = Root mean square deviation between the fit and the profile. @Ry,

impact on these inner CGM scales. The quasar lifetimes quoted in
Section 1 (~107 years) are compatible with the time that an out-
flow with 1000—5000 km s~ requires to reach the observed CGM
scales (10-50kpc). Therefore, the found power law relating the
velocity dispersion to the bolometric luminosity (section 4.1 and
Figure 15) could be used in future works to test AGN feedback
models and their energy coupling with the cool gas.

It is important to note that the velocity dispersion of extended
Lye emission around quasars has been frequently associated
with gravitational motions within massive halos of Mpg,
10'2> My, both using averages over the full detected nebulae
(Arrigoni Battaia et al. 2019a; Farina et al. 2019) and the ratio
of the median velocity dispersion in two specifically selected
radial annuli (de Beer et al. 2023). The latter work assumed that
the intrinsic Lya velocity dispersion profiles obtained from their
cosmological hydrodynamic simulations under the assumption
of only quasar photoionization followed by recombination can
be simply scaled in normalization to match observations, and
therefore estimate the halo mass. The right panel of Figure 16
shows the simulated intrinsic Lya velocity dispersion (o) from
de Beer et al. (2023) using mock observations of cosmological
simulations of halos of M = 10'? and 10'>M,, at z = 3.017
with a dashed black line and dot-dashed red line, respectively,
after rescaling them to match the observed velocity dispersion
at an average projected distance of 17 kpc (or ~70 ckpc) of bin
A2. This normalization considers that de Beer et al. (2023) used
as first radial annuli for their ratio calculation the range of pro-
jected comoving distances of 40—-100 kpc, corresponding to 9.76-
24.4 kpc at the median redshift of our sample. Their simulated pro-

~
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Fig. 16. Median Lya SB and velocity dispersion of the stacked radial profiles. Left: Lya SB corrected by cosmological dimming as a function
of projected comoving distance for the stacked nondetections in gray dots and bins A2 and A3 with orange and blue triangles, respectively. The
simulated Ly profile obtained from the illumination of a 10'>* M, halo by only the UVB (Obreja et al. 2024) is shown with a dashed red line. The
profile around LBGs (Steidel et al. 2011) is shown with a magenta line. Right: Velocity dispersion as a function of projected comoving distances
of bins A2 and A3 with orange and blue triangles, respectively, and their shaded region representing the 25" to 75" percentiles. Additionally, we
show with a dashed black line and a dot-dashed red line the intrinsic Lya velocity dispersion (o7, ) from de Beer et al. (2023) using cosmological
simulations of halos at z = 3.017 with My, = 10'> and 10'>% M, respectively, after rescaling to match the velocity dispersion at 17 kpc of bin A2
(see Section 4.3). The median bolometric luminosity and Eddington ratio for the sources in bins A2 and A3 are indicated in the legend.

file is much broader than the one observed here, indicating that
their working assumptions cannot be entirely valid.

Additionally, it has been long ago proposed a correlation
between the SMBH mass and the mass of the host dark matter
halo (Ferrarese 2002), and this relation should be tighter at earlier
cosmic times (Volonteri et al. 2011). As proposed by Farina et al.
(2022) one could obtain a first estimate of the halo circular veloc-
ity under the assumption that the extended Lya emission traces on
average gas in gravitational motion within the dark matter halo.
We attempted such a calculation for our sample and found no
strong correlation and a similarly large scatter as in Farina et al.
(2022) (see their Figure 13). This fact could be due to the large
uncertainties in SMBH mass values and on the use of an average
velocity dispersion which could be dominated by more violent
kinematics around highly accreting sources. Observations target-
ing lower SMBH masses are needed to test the presence of this
relation and its evolution (if any) at z ~ 3.

Given the lack of agreement with gravitational effects, we pro-
pose that other mechanisms, like the AGN activity earlier dis-
cussed, could be contributing to the observed inner shape of the
velocity dispersion profile. Particularly, the regions more sensi-
tive to AGN impact (R < 40kpc) seem to be where the nebulae
appear more circular, while larger scales are tracing more quies-
cent material. In the following section, we discuss the different
possible roles of this AGN feedback in powering extended Lya
emission.

4.3. Insight into the mechanisms that power the extended
Lya emission

As mentioned in Section 1, there are several physical mecha-
nisms that can collectively power the observed extended Ly«
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emission, such as photoionization due to the quasar (and nearby
sources) radiation followed by recombination, resonant scatter-
ing of Lya photons originating from the BLR of the quasar,
shocks due to galactic/AGN winds and outflows, and gravita-
tional cooling. In Section 4.1, we proposed that the observed Lya
SB and velocity dispersion are modulated by the central AGN
due to their dependence with the bolometric luminosities of the
quasars at fixed black hole masses. Given this dependence, we
exclude a gravitational cooling scenario, which would instead
depend mainly on the halo mass of the system studied (e.g.,
Dijkstra & Loeb 2008; Faucher-Giguere et al. 2010). Next, we
discuss the interplay that can happen between AGN luminosities
and the remaining powering mechanisms, and ultimately their
possible contribution to the observed extended emission.

4.3.1. Photoionization due to AGN radiation followed by
recombination

In this scenario, gas illuminated by any quasar considered in this
work is expected to be almost fully ionized (Mackenzie et al.
2021), and optically thin to ionizing radiation. This results in
a Lya SB level that depends on the gas properties such as hydro-
gen volume and column densities (SBry, o« nyNg; Equation
10 in Hennawi & Prochaska 2013), translating to a dependence
in ny and mass reservoir in the cool phase My. First, we can
assume a fixed My represented by the median value of column
density obtained in absorption studies of quasar CGM, Ny =
10%%3 cm2 (Lau et al. 2016). This value is obtained from opti-
cally thick absorbers located along transverse directions to the
quasars, and hence likely not illuminated (Hennawi & Prochaska
2007). However we assume that the total hydrogen column is



Gonziélez Lobos, J., et al.:

the same for illuminated and not illuminated regions. Using this
value of Ny, we find that the median Lya SB profiles of the
faint and bright quasar nebulae imply gas densities of ny ~ 0.5
and 2 cm™3, respectively, assuming a fixed projected distance of
R ~ 20kpc, the median redshift of our sample, and a covering
fraction of fc = 1 (Arrigoni Battaia et al. 2015a). As expected,
these values are consistent with the densities estimated in pre-
vious works (e.g., Hennawi et al. 2015; Arrigoni Battaia et al.
2019b). Thus, if the recombination scenario in optically thin gas
were the dominant mechanism powering the nebulae, then the
observed Lya SB may imply that the bright quasars reside in
denser gas reservoirs. Similarly, if we repeated the same calcu-
lation, but fixed ny, the change in SB could be due to a more
(4x) massive reservoir of cool gas around bright quasars. The
faint and bright quasars at z ~ 3 seem to reside in similarly
massive halos, however, as estimated by clustering measure-
ments (White et al. 2012; Timlin et al. 2018). At low redshift,
the black hole mass also scales with the halo X-ray tempera-
ture, hence halo mass (e.g., Gaspari et al. 2019). If this relation
holds also out to z ~ 3, we should see a trend of increasing
velocity dispersion as a function of black hole mass if the veloc-
ity dispersion of Lya nebulae is a proxy of quasar halo mass
(Arrigoni Battaia et al. 2019a; Farina et al. 2019; de Beer et al.
2023). Here, we do not see strong evidence for such a trend
(see Figure 14). Hence, we do not expect drastic changes in
ny and My in the targeted quasars, unless the effect of quasar
feedback is considered. Brighter quasars might increase densi-
ties in the inner halo because of entrained material in stronger
winds/outflows (e.g., Costa et al. 2014), but can simultaneously
reduce the reservoir of cool gas due to stronger ionizing radiation
(e.g., Obreja et al. 2024). Alternatively, other mechanisms, such
as stripped satellite galaxies, could supply additional gas mass to
power the observed nebulae. This effect would need to be more
pronounced around brighter quasars, however, which requires
further observational tests (e.g., Chen et al. 2021; Bischetti et al.
2021). Another way to vary the cool gas mass as a function of
quasar luminosity is to assume a change in the fraction of gas
illuminated by the AGN (Obreja et al. 2024), e.g., by requiring
that the ionization cone angle increases with bolometric lumi-
nosity. We further discuss this in Section 4.3.4.

4.3.2. Resonant scattering of Ly« photons from the BLR of
the quasar

In this scenario, Lya photons originating from the BLR of the
quasar scatter through the surrounding medium until they escape
the CGM. Therefore, the observed flux distribution contains
information on the Lya source as well as the location and kine-
matics of the last scattering event (see e.g., Blaizot et al. 2023).
In this case, we expect that the Lya luminosity of the nebulae
is correlated to the amount of Lya photons originating from the
quasar (and consequently Ly, Figure 4).

To test this scenario, we compare with a high-resolution cos-
mological, radiation-hydrodynamic simulation of a quasar host
halo at z > 6 post-processed with a Ly« radiative transfer code
Costa et al. (2022). Their predictions were able to match the Lya
emission out to scales of ~100kpc in z ~ 6 quasar host halos.
These simulations indicated that BLR photons, even alone, can
power Lya nebulae. Additionally, they proposed that AGN out-
flows are essential for the formation of extended Lya emission,
by clearing out the gas within the galactic nucleus and allowing
Lya photons to scatter through the CGM. This could be con-
sistent with our observations, which show that an increase in
the luminosity of the quasar or its Eddington ratio (hence AGN
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feedback) corresponds to brighter nebulae with larger velocity
dispersions at their center, which could arise in the case of AGN
winds/outflows injecting turbulence into the ISM and CGM cool
gas. The simulations from Costa et al. (2022) predicted that only
quasar photons with |Av| < 1000km s~ scatter and create Lya
nebulae, while photons in the broad wings usually freely stream
through the CGM. We test this by comparing in the top panel
of Figure 17 the ratio of the Lya FWHM of the nebulae (com-
puted from the average of the second moment maps) and the Lya
FWHM of the quasars (see Appendix B for an explanation of its
calculation) as a function of Ly, where the data points are col-
ored by their black hole mass. In the same panel, the median
values of bins A2 and A3 are shown using blue squares and
error bars representing the full range of values within the bin.
The plot shows that the Lya extended emission always has a
width narrower than that of the quasar line, ranging from about
50% to 2%, in agreement with the expectations from this sce-
nario. Additionally, at fixed black hole mass (bins A2 and A3), a
higher Eddington ratio corresponds to an increase of the ratio of

the FWHMSs. Once taking into account the drop in FWHMSySaO
for these bins, there is still a residual increasing trend suggesting
that the FWHM,,}, around more accreting systems encodes infor-
mation on the impact from AGN feedback on the CGM kine-
matics as we have discussed earlier in Section 4.2. Alternatively,
it could also be possible that larger FWHM,, appear around
brighter quasars because of the increased amount of BLR Ly«
photons available for scattering and/or higher amounts of gas
(and optical depth) in the vicinity of these AGNs.

The bottom panel of Figure 17 shows that faint and bright

quasars span the whole range of measured FWHMS;? and there
is no clear indication of a correlation with their bolometric lumi-
nosity. Quasars displaying a stronger Ly FWHM tend to also
have relatively higher black hole masses at fixed bolometric
luminosity, however, as expected from BH virial mass estima-
tors. For comparison, the data points from the z ~ 6 cosmologi-
cal simulation of Costa et al. (2022) (Table 2 in that work) con-
sidering all powering mechanisms (recombination, collisions,
broad-line region scattering) and only broad-line-region scatter-
ing of Lya photons are shown in the top panel with a white plus
sign and white cross, respectively. These simulations assumed

in input for the radiative transfer calculation that FWHMSyS;) =

2400km s, Mgy ~ 10° Mg and Ly = 3 x 10Y erg s~1, which
are comparable to the values of the high accreting bin A3. The
linewidth ratios from the simulation are comparable to the mea-
sured values, but from this observation it is not possible to dis-
entangle the mechanisms. This is even more true considering the
variations in the FWHM when observing the simulated system
adopting different line of sights (the standard deviation of the
FWHM values along the six line of sights studied in Costa et al.
(2022) is of about 150 km/s).

Having demonstrated that the FWHM ratio is comparable
with predictions for a broad-line region photon scattering sce-
nario, we further test this case by using the same approach
from Gonzélez Lobos et al. (2023) and compute in first approx-
imation the number of BLR Lya photons available for scat-

tering L(L?ysf. For this, we integrated the quasar spectra within
+FWHM of the nebular Ly« line and compare it with the inte-
grated Lya luminosity of the nebula within the same veloc-
ity range (Tables A.2 and C.1). The top panel of Figure 18
shows that these two quantities are positively correlated, con-
sistent with Gonzalez Lobos et al. (2023) and our results on the

SB profiles. Moreover, the Spearman rank correlation coefficient
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Fig. 17. Lye FWHM vs. bolometric luminosity. In both panels each
star represents a system with nebula detected and colors indicating the
black hole mass. Additionally, we show in both panels the median val-
ues of bins A2 and A3, with their error bars representing the full range
of values in the bin. Top: Ratio of the Lya FWHM of the nebula, com-
puted from the mean velocity dispersion of the second moment maps
(Figures 8 and C.6), and the Ly FWHM of the quasar as a function of
bolometric luminosity. Data points obtained from the z ~ 6 cosmolog-
ical simulations in Costa et al. (2022) considering all powering mech-
anisms (white plus) and scattering from the BLR only (white cross).
Bottom: FWHM of the Ly« line of the quasar (Tables B.1 and B.2) as a
function of the bolometric luminosity of the quasar (see Appendix B).

between LE‘;Z and LSYS(? is 0.8, indicating a very strong posi-
tive correlation. The relationship is fitted with a power law of
the form Lj) J[10% ergs™'] = Lo(Lpot/[10* ergs™)®, where
Lo = 0.70 £ 0.05 and @ = 0.51 + 0.05, and shown with a
dashed black line. Additionally, the values of bins A2 and A3 are
shown with blue squares and error bars indicating the full range
of values within each bin. The found relation could be a hint that
broad-line region photons scattering is in place. Because quasars
with stronger ionizing radiation can reduce the amount of neutral
hydrogen (Obreja et al. 2024) available for scattering, however,

the ratio of LE;‘; and LSS(S should decrease with increasing ion-

izing radiation. The bottom panel of Figure 18 shows this behav-
ior, where the Ly luminosity ratio (fraction of scattered quasar
photons) tends to decrease with increasing Lyo. For this case
we also computed the Spearman rank correlation coefficient and
find a value of —0.73, indicating a strong negative correlation. A

power law fit of the form (L;;‘;/Lfysf) = ALy /[10¥ ergs™1)
with values A = 0.07 £ 0.01 and 8 = —0.43 + 0.05 is shown with
a dashed black line. Together, these relations are suggestive of
a contribution from resonant scattering of the quasar Lya pho-

tons to the overall extended Lya emission. We note that the ratio
LE;';‘Y /LSYS(? is a proxy for the scattered photon fraction, but not
its actual value, due to the way it has been estimated, especially

the lack of modeling of the intrinsic Lya emission of the quasar.
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Fig. 18. Comparison of nebular luminosities as a function of quasar
luminosities. Top: Lya luminosity of the detected nebulae versus Lya
luminosity of the quasar, integrated within the +tFWHM range of the
nebular Lya line (see Section 3.3 and Tables A.2 and C.1) and error
bars representing the 1o uncertainty of the measurements. The median
luminosities of bins A2 and A3 are shown with blue squares and their
error bars represent the full range of values within each bin. Addi-
tionally, we plot with a dashed black line a power law fit of the form
LE;'(’F J[10* ergs™'] = Lo(Lpoi/[10% ergs™'])* and list the fitted param-
eters in the legend. Bottom: Ratio of Lya luminosities between the
nebula and quasar as a function of the bolometric luminosity of the
quasar. Similarly, the median values and full range within bins A2 and
A3 are shown with blue squares and error bars, respectively. We also
plot with a dashed black line a power law fit of the form (LEZ / LSYS{?) =
A(Lpoi /[10% erg s™'])¥ and show the fitted parameters in the legend.

In a pure resonant scattering scenario, the fraction of scattered
photons should depend on the Lya optical depth of the residual
neutral fraction, which would be inversely proportional to the
ionizing luminosity. The shallower slope of 5 = —0.43 that we
observe is likely influenced by uncertainties in the estimation
of both the ratio (i.e., the quoted Ll?ysf does not represent the
total intrinsic quasar luminosity) and L. With a more reliable
estimate of the ratio, a shallow slope would suggest that other
mechanisms besides resonant scattering are also at play.

Finally, as a last test, we hypothesize that resonant scattering
of Lya should result in an increase in nebular FWHM compared
to a recombination-only scenario (see, for example, Costa et al.
2022), and that this increase should be more pronounced when
more Lya photons are available. The top panel of Figure 19
shows the FWHM of the Ly« line for each nebula as a function of
the bolometric quasar luminosity, color-coded according to the
percentage of the quasar Ly luminosity (integrated within the

-L-FWHME‘;Z, see Section 3.3) relative to the bolometric quasar
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Fig. 19. Lya FWHM as a function of quasar luminosities. In both pan-
els each star represents a system with nebula detected and colors corre-
spond to the percentage of the quasar Lya luminosity (integrated within
the +FWHM of the nebula) with respect to the bolometric luminosity.
Top: Ly FWHM at the center of the nebula, computed from the first
point in the velocity dispersion radial profiles (Figure 11) as a function
of bolometric luminosity of the quasar. The median values of bins A2
and A3 are indicated with blue squares and error-bars indicating the
range of Ly, within each bin. The dashed gray line represents a power
law fit to the data points. Bottom: Distance from the data points to the
power law fit shown in the top panel.

luminosity (see Section 2.2). The median values of bins A2 and
A3 are shown as blue squares, with error bars representing the
uncertainty in Ly . At fixed Ly, the ratio of the two luminosities
increases in average. This indicates that quasars with more Lya
photons available for scattering have broader nebulae. To quan-
tify this further, we fitted a power-law relationship between the
nebular FWHM and L, (dashed gray line) and computed the
distance if FWHM to it. The result is shown in the bottom panel
of Figure 19, where darker points (larger luminosity ratio) have,
on average, positive differences with respect to the dashed line.
There is significant scatter, however.

4.3.3. Shocks due to galactic/AGN outflows

Fast shocks are expected to provide additional ionizing photons
and boost collisions. In such a case, the Lya flux is expected
to scale as Fry, o nHvzhock, where vghock 18 the shock speed
(Allen et al. 2008). Given the presence of increased Lya SB
around more accreting and hence active quasars, we cannot
exclude shocks and collisions in powering the observed Lya neb-
ulae. If only shock speed would be responsible for the difference
in Ly SB in the A2 and A3 bins, bright quasars would push
2x faster outflows at fixed ny. This is not far from the debated
scaling invoked by Fiore et al. (2017) between Ly, and the out-
flow velocity vy, With vgy o Lll)é ]5 While this relation, if valid, is
computed on smaller scales, it could be that shock velocities may
follow similar relations and therefore contribute to the powering
of the Lya nebulae. The exquisite spatial resolution of JWST
(Gardner et al. 2006) may help us in uncovering morphological
and velocity signatures of shocks in the Lya nebulae surround-
ing quasars as traced by rest-frame optical emission lines (e.g.,
[OIII], Peng et al. 2025).
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Fig. 20. Distribution of the Lya nebula velocity shift with respect to
the quasar Lya emission peak. The plot shows histograms of the veloc-
ity shifts (vy) computed from the first moment of the flux distribution
(Tables A.2 and C.1) for the extended Lya emission around the bright
(green) and faint (orange) QSO MUSEUM samples. The size of each
histogram bin corresponds to 163 km s7!. We also show the median vy,
for bins A2 and A3 (Figure 12) at the respective number of systems.
Their error bars indicate the full range of velocity shifts within A2 and
A3.

Further, winds/outflows from an AGN can cause the peak
of the observed Lya flux distribution to appear redshifted with
respect to the intrinsic emission due to Lya resonant scatter-
ing (see e.g., Changetal. 2023; Chang & Gronke 2024). In
Figure 20, we show the distribution of velocity shifts (Avp;)
of the nebulae computed from the first moment of their Lya
flux distribution with respect to the peak Lya wavelength of
the quasar listed in Tables A.2 and C.1 of the faint and bright
quasars with green and orange bins, respectively. Additionally,
the number of nebulae in bins A2 and A3 as a function of their
median Avy,; with error bars representing the velocity range
covered by each bin are shown with blue squares. Most of
the nebulae have redshifts similar to the quasar Lya, but the
bright quasar sample shows more systems with velocity shifts
>200kms~!. This would be consistent with the proposed sce-
nario in which the most luminous quasars are producing stronger
feedback, resulting in a more redshifted Lya emission with
respect to fainter quasars. Additionally, we also studied the dis-
tribution of velocity shifts derived from the Gaussian fits (Avgauss
in Tables A.2 and C.1) and found consistent results. More precise
information on the systemic redshifts of the quasars is needed to
draw further conclusions.

4.3.4. A plausible simple scenario of an increasing quasar
opening angle with bolometric luminosity

The previous subsections discussed evidence in favor of all the
Lya powering mechanisms related to AGN feedback, whether
it pertains to electromagnetic (photoionization, BLR Lya pho-
ton scattering) or mechanical (shocks) processes. In this subsec-
tion we assume that all these processes could act together and
present a simple calculation to explain the uncovered observa-
tional trends.

The calculation is based on the idea proposed by Costa et al.
(2022), which indicates that the observation of a Lya nebula in
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the vicinity of a quasar requires the presence of an AGN outflow.
Therefore, we compute whether the targeted quasars are capa-
ble of clearing out part of their host galaxy ISM. Specifically,
Costa et al. (2018) estimated a bolometric luminosity threshold
over which an AGN is able to power momentum-driven mechan-
ical outflows, which can be computed as the luminosity at which
the outbound radiation pressure acceleration balances the inward
gravitational acceleration on the entirety of the ISM gas,

Lins  GM3y Misy Misy + My + Mpp(< Rism)
=— , @)
c Ry Moo My

where G is the gravitational constant, ¢ the speed of light,
Rism = 0.1Ryq is the outer boundary of the ISM, and Mgy,
My and Mpy(< Rism) are the gas, star and dark matter masses
within the ISM region. A typical z ~ 3 quasar host dark matter
halo has My = 10'>° My, and Rao =~ 100kpc. If we assume a
Navarro-Frenk-White dark matter profile (Navarro et al. 1997)
and use the concentration—halo mass relation for z = 3 of
Dutton & Maccio (2014) Mpm(< Rism)/Mage =~ 0.056, we
can estimate the ISM mass fraction Misym/Mago using the
EAGLE simulation (the dashed green curve in figure 2 of
Mitchell & Schaye 2022, for z = 2) to be 8% for our tar-
get halo mass, where we assumed the cosmic baryon fraction
value of the Planck cosmology f, = Q,/Qy = 0.157. For
the stellar mass fraction, we can use the z-appropriate relation
of Moster et al. (2018) to get My /My =~ 0.027. Plugging all
these numbers in the equation above, an AGN at z = 3 has to
have a bolometric luminosity of at least Ly, = 1.08 x 10* erg/s
for radiation pressure to push away all of the ISM. This limit
luminosity is computed assuming a spherical symmetric ISM
distribution. Quasars are typically associated with star-forming
galaxies, however, which have their ISM organized in a disk.
Therefore, the amount of ISM within the ionization bi-cone
that needs to be removed for the AGN radiation to escape in
free channels is lower. For example, if we assume the AGN
needs to remove only the ISM within a typical ionization bi-
cone of angle @ = 60° (e.g. Obreja et al. 2024), the luminosity
limit becomes [1-cos(a/2)] x 1.08 x 10* erg/s = 1.4 x 10*” erg/s.
Interestingly, this new luminosity threshold has the same order
of magnitude of the minimum luminosity of the QSO MUSEUM
I (bright quasar) sample’, which has larger average Lya SB than
the QSO MUSEUM faint sample as given, e.g., by the points’
sizes in Figure 12. The observed Ly SB of the bright nebulae
could then be produced because the AGN has been able to push
enough ISM material. In turn this would make more efficient all
the powering mechanisms related to AGN feedback: there will
be (i) more ionizing photons escaping the galaxy and ionizing a
higher mass of CGM gas (subsection 4.3.1), (ii) larger channels
of least resistance for the propagation of Ly« photons (subsec-
tion 4.3.2), and (iii) faster shocks (subsection 4.3.3).

We stress that the CGM observations are sensitive to the
illuminated volume or opening angle on halo scales after the
AGN radiation escapes the host galaxy. While the unified model
of AGN states that the opening angle is set by the small-scale
torus (e.g., Netzer 2015), there is a growing body of literature
showing that at higher redshift the host galaxies can contribute
to the AGN obscuration, resulting in smaller opening angles
or smaller fractions of illuminated volume (e.g., Circosta et al.
2019; Gilli et al. 2022). Therefore, AGN outflows are needed to

7 We caution that the bolometric luminosities are quite uncertain, and
are also computed assuming an isotropic source. Hence, they likely
overestimate the true luminosity if the quasars emission is within a bi-
cone.
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clear the host ISM, and this will happen preferentially along
directions where the resistance is lower even when assuming
small scale isotropic AGN feedback (i.e., the minor axis in disk
galaxies; Costa et al. 2014; Nelson et al. 2019).

Following this framework, we can roughly estimate the
opening angle on CGM scales of the different samples by assum-
ing that all the difference in the observed SB profiles is due to
this effect. Specifically, if we assume that the observed ratio of
SB profiles (7) between the low and high accreting quasars (bins
A2 and A3, respectively) is due to the amount of AGN radia-
tion able to escape, then the volume of illuminated ISM should
scale accordingly. Approximating the ISM disk to a constant
density and with an effective height of 2 kpc and considering
an ionization bi-cone opening angle of 60° (Obreja et al. 2024)
for the A3 quasars, we find that a factor of 7 times smaller vol-
ume illuminated would correspond to an opening angle of ~25°
for the A2 quasars. We note that equation 7 is only valid if the
AGN outflow is produced due to radiation pressure, where the
outward force is produced if every photon scatters only once.
However, in very compact and dusty galaxies it is possible that
reprocessed infrared photons are scattered multiple times by dust
grains (Costa et al. 2018), which lowers the luminosity threshold
needed to push out the galaxy ISM. Additionally, in the pres-
ence of energy-driven outflows (King 2003; Ward et al. 2024) it
is possible to have an extra contribution to the outward force due
to the shocked gas, which can lower the luminosity threshold
by a factor of ~10, as shown in simulations of z > 6 quasars
(Costa et al. 2014, 2020). Taking into account these effects that
would lower the luminosity threshold by at least a factor of ten,
the A2 quasars would then have instead a bi-cone opening angle
of at least 60°, and the increase of 7 times the illuminated volume
would require opening angles of ~113° for the A3 quasars.

Such large opening angles for brighter quasars are
somewhat in tension with several previous studies (e.g.,
Hennawi & Prochaska 2013; Borisova et al. 2016; Obreja et al.
2024). However, it is acknowledged that the actual scenario may
exhibit intermediate characteristics between these two regimes.
Importantly, the scenario with smaller opening angles is consis-
tent with the stacked SB profile of the quasars associated to non-
detected nebulae (left panel of Figure 16) being slightly above
the predictions presented in Obreja et al. (2024) for a AGN host
halo illuminated by the UVB only®, which suggests that the
fainter quasars could be at the lower end of the distribution of
opening angles. In the current scenario, this implies that the
faintest quasars have not been able to clear their surrounding
ISM and produce channels for the ionizing radiation and Ly«
photons to freely escape.

It has been argued that so different quasar opening angles
might result in observable difference in the asymmetries of the
nebulae (Mackenzie et al. 2021). However, our observations do
not support the presence of such variations, which is consistent
with earlier research. We hypothesize that the absence of observ-
able differences can be attributed to the fact that at small opening
angles, the level of emission is comparable to the level of Lya
emission resulting from other mechanisms, such as host galaxy
star formation, cooling radiation, and UVB contribution, hence
washing out any geometrical difference due to quasar illumina-
tion alone. The small opening angles for faint quasars can also
explain the more frequent presence of narrow Lya nebulae with
very similar spectrum to some portions of the Ly« emission of

8 In the case of very faint AGN, we expect star formation and cooling
radiation to become more important in powering the Lya emission and
add to the UVB contribution.
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the quasar itself (see Figures 6, A.1 and A.2). Such emission is
likely due to ISM and inner CGM and potentially not illuminated
by the quasar (see also Mackenzie et al. 2021). We stress that a
luminosity dependent opening angle means that the fraction of
obscured or type-II AGN fy would vary as a function of L.
Specifically, following geometrical arguments fy = cos(a/2)

results in f]f,aim = 0.98 and ,\b}nght = 0.87 for the smaller open-
ing angle scenario. These values are larger than those obtained
using infrared luminosities and X-ray surveys (see, e.g., Figure 4
in Treister et al. 2008; Marconi et al. 2004; Merloni et al. 2014;
Hickox & Alexander 2018), which would be more in agreement
with the larger opening angle scenario. The rest frame UV might
be more affected by obscuration than the wavelengths used in
these studies, however. This can be tested with transitions in
addition to Lya.

Finally, if a change in opening angle is able to explain the
difference of the SB profiles, it would imply that the radiation
from the AGN is the main driver of the extended emission. The
detailed contribution of recombination, shocks, and scattering
of BLR Ly« photons is still unclear, however. Additional lines
besides Lya (e.g., Hell, He, [OIII]; e.g., Peng et al. 2025) or
polarization measurements (e.g., Kim et al. 2025) can further
help disentangle the different mechanisms. Even though there
are still several uncertainties at play, we argue that statistical
studies of quasar CGM could help in constraining the fraction
of obscured AGN further.

5. Summary

We have presented the largest effort to date of mapping the CGM
around quasars in Lya emission, namely 120 z ~ 3 quasars
(QSO MUSEUM I1I). This effort builds upon our first sample
around bright quasars (QSO MUSEUM I; Arrigoni Battaia et al.
2019a) and adds 59 new faint quasar fields. This results in
a global sample with a median redshift of z = 3.13 and
in bolometric luminosities, black hole masses, and Eddington
ratios in the ranges 45.1 < log(Lyo/[ergs™']) < 48.7, 7.9 <
log(My/[Mp]) < 10.3 and 0.01 < Aggq < 1.8. We were able to
detect 110 Lya nebulae around the 120 targets with a homoge-
neous strategy consisting of snapshot VLT/MUSE observations
(45 minutes/source), totalling 120 hours of MUSE time when
observation overheads are considered. All the nondetections are
associated with the new faint sample. We characterized the Lya
SB level, kinematics, and morphology (area and asymmetry) of
the extended emission, and searched for trends with quasar prop-
erties (luminosities, black hole mass, and Eddington ratio). Our
observational results are summarized below.

— The surface brightness of the CGM Lya emission depends on
the luminosities of the central quasar and therefore decreases
around fainter quasars (Section 3.4, Figure 10), but keeps
the same radial profile shape. More precisely, a decrease by
a factor of ten in the quasar bolometric luminosity (corre-
sponding to a factor of 5 in peak Lya luminosity) results in
radial profiles of the surface brightness that are dimmer by
about seven times.

— The morphology of the extended Lya emission characterized
using measures of elongation and lopsidedness showed that
the emission is circular overall, but it tends to be preferen-
tially displaced toward one side of the quasar. There are no
particularly evident trends with quasar luminosity, except for
a tentative increase in more lopsided and asymmetric sys-
tems at low luminosity (Figure 9).

— A stack of the ten nondetections revealed extended Lya
emission just below the individual SB limits (Section 3.4),
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thereby confirming that the apparent lack of Lya emission

around these systems is due to the faintness of their associ-

ated quasars, together with possible line-of-sight effects.

— The Lya velocity dispersion profiles behave similarly as
the surface brightness profiles: The velocity dispersion
around brighter quasars is higher than around faint quasars
(Section 3.4, Figure 11). Specifically, a decrease of a factor
of ten in the bolometric quasar luminosity (corresponding to
a factor of 5 in peak Ly« luminosity) results in a Ly« velocity
dispersion in the inner CGM (<40 kpc) that is at least twice
lower.

— The large sample size allowed us to apply different binnings
in quasar properties to the data, and we showed that the
bolometric quasar luminosity is the key parameter govern-
ing the changes in surface brightness levels and velocity dis-
persion. For a fixed black hole mass bin, this change corre-
sponds to a different accretion regime or Eddington ratio. For
Mgy ~ 10° Mg, a change in the accretion from Agqq = 0.2 to
0.9 results in Lya surface brightness profiles that are brighter
by a factor of seven and in a Lya velocity dispersion that is
at least twice higher (Figure 16).

— The binned Lya radial velocity dispersion profiles are well
fit by a power law of the form o = os0(r/50 ckpc)?, with
B found to be ~—1 throughout the full range of luminosi-
ties we considered. Interestingly, the normalization factor
050 clearly scales with the bolometric luminosity following
a power law 059 oc Ly |, with @ ~ 0.29 (Section 4.1).

Based on these observational findings, we propose that (i) the
relations between the current quasar bolometric luminosity and
the observed surface brightness and velocity dispersion radial
profiles are likely a probe of instantaneous AGN feedback
(Section 4.2), implying that the Lya powering mechanisms act
on timescales comparable to quasar variability; (ii) the depen-
dence of the CGM Ly« emission with the quasar luminosity
is due to different ionization cone opening angles at different
luminosities, with brighter quasars having larger opening angles
(Section 4.3.4) which can enhance the Lya signal either by
increasing the amount of ionized gas through photoionization
or by increasing the fraction of illuminated gas through reso-
nant scattering of BLR Lya photons; and (iii) a combination
of anisotropic quasar photoionization followed by recombina-
tion, resonant scattering of quasar Lya photons, resonant scat-
tering of CGM Ly« photons, and shocks appear to be required
to explain the observation of extended Lya emission around
quasars (Section 4.3).

In conclusion, our findings highlight the key importance of
using large samples of quasars for targeted investigations of their
CGM emission properties. To improve and test our findings,
future observational efforts should focus on obtaining large sam-
ples targeting line emissions in addition to Lya (e.g., Ha, He 1,
Cr1v, and [OmI]; e.g., Peng et al. 2025) to assess the balance
between Lya powering mechanisms and to firmly constrain the
physical CGM properties (e.g., densities, metal enrichment, and
ionization state). This work targeting CIV and HeII is ongoing
and will be presented in a future accompanying article.

Because these systems are complex, the comparison to cos-
mological simulations will be invaluable. In particular, QSO
MUSEUM has already enough statistics to provide tests for
AGN feedback implementations. High-resolution simulations
(e.g., Costa et al. 2022; Obreja et al. 2024) are required to be run
down to the probed redshifts, however.
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Appendix A: Summary of the MUSE faint quasar sample and properties of the extended Lya emission

In this appendix, we summarize the MUSE observations of the 59 additional faint quasar sample and the properties of the quasars and
extended Ly emission in Tables A.1 and A.2. Additionally, we show the quasar and nebular spectra (as computed in Section 3.2)
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of ID 86-120 in Figures A.1 and A.2.

Table A.1. Summary of the MUSE observations of the 59 additional faint quasars sample, which is first presented in this work.

ID Name RA Dec M;(z =2)@ Seeingryq SB limit® Sky A,©
[J2000] [J2000] [mag] [arcsec] [10-18 cgs] Conditions [mag]
62 J0203-0443 02:03:57.00 | -04:43:10.2 -24.6 0.69 2.28 PH 0.08
63 J0229-0029 02:29:56.55 -00:29:53.9 -26.1 2.02 2.26 CL 0.10
64 J0159-0032 01:59:45.45 -00:32:28.4 -24.7 0.77 2.28 CL 0.08
65 J0829+1426 | 08:29:39.91 | +14:26:25.7 -25.0 1.08 2.33 PH 0.14
66 J0200-0606 02:00:12.60 -06:06:15 -27.0 0.58 1.81 CL 0.09
67 J0247-0023 02:47:46.86 | -00:23:53.4 -26.9 0.71 1.94 PH 0.13
68 J0809+0643 | 08:09:49.16 | +06:43:10.8 -24.5 0.93 1.85 CL 0.08
69 J0834+1012 | 08:34:15.33 | +10:12:31.2 -25.4 0.83 2.06 PH 0.11
70 J0923+0011 | 09:23:00.29 | +00:11:56.7 -24.8 0.86 1.89 PH 0.08
71 J0823+0531 | 08:23:07.22 | +05:31:354 -26.2 0.97 1.97 CL 0.08
72 J0227-0113 02:27:21.91 -01:13:24.6 -24.1 0.93 2.04 PH 0.11
73 J1038+0919 10:38:40.81 | +09:19:14.3 -25.0 1.40 2.17 CL 0.08
74 J0203-0153 02:03:33.76 | -01:53:08.4 -25.6 1.52 1.92 PH 0.09
75 J0210-0945 02:10:03.52 | -09:45:20.5 -26.0 0.79 2.37 TN 0.08
76 J0155-0732 01:55:25.44 | -07:32:16.3 -26.6 1.08 1.97 PH 0.07
77 JO151+0023 | 01:51:25.83 | +00:23:32.7 -24.4 0.77 2.00 PH 0.10
78 J0030+0047 | 00:30:42.91 +00:47:43.3 -24.0 0.91 2.82 TN 0.08
79 J0148-0055 01:48:09.00 | -00:55:08.8 -24.4 0.78 1.87 PH 0.11
80 JOO174+0316 | 00:17:44.80 | +03:16:06.1 -26.9 0.87 2.31 CL 0.09
81 J0925+0344 | 09:25:41.80 | +03:44:37.0 -25.2 0.96 2.26 CL 0.10
82 J0125-0005 01:25:29.50 | -00:05:13.5 -24.1 1.23 4.75 TN 0.10
83 J0843+1916 | 08:43:19.90 | +19:16:28.8 -24.8 1.15 2.29 CL 0.09
84 J0752+1244 | 07:52:54.22 | +12:44:51.5 -25.1 0.94 2.26 PH 0.09
85 J0018-0026 00:18:17.73 -00:26:59.0 -26.2 0.88 2.00 TN 0.08
86 JO747+1429 | 07:47:14.29 | +14:29:54.3 -26.5 1.59 1.93 CL 0.11
87 J0245-0036 02:45:23.32 | -00:36:19.0 -24.9 1.00 1.82 CL 0.09
88 JO801+0534 | 08:01:30.16 | +05:34:37.0 -25.7 1.15 2.07 CL 0.07
89 J0840+0141 08:40:58.35 | +01:41:45.0 -26.0 1.15 1.73 CL 0.17
90 J1016+0833 10:16:25.72 | +08:33:09.8 -25.2 0.97 2.50 CL 0.11
91 JO159+0025 | 01:59:22.99 | +00:25:30.8 -24.3 0.69 2.28 PH 0.09
92 J0234-0044 02:34:41.17 -00:44:43.7 -24.4 1.00 2.10 PH 0.08
93 J0243-0038 02:43:00.58 -00:38:18.0 -24.5 0.86 1.98 PH 0.09
94 J0140-0202 01:40:20.33 -02:02:43.0 -25.5 0.78 1.94 PH 0.09
95 J0252-0333 02:52:42.99 | -03:33:39.4 -25.8 0.95 2.27 PH 0.11
96 J0939+0451 | 09:39:29.36 | +04:51:47.4 -25.1 0.74 2.13 PH 0.15
97 J0208-0922 02:08:02.86 | -09:22:43.0 -26.8 1.00 1.92 PH 0.07
98 J0212-0602 02:12:48.13 -06:02:16.9 -25.7 1.00 2.15 CL 0.07
99 J1205+1059 12:05:12.55 | +10:59:34.6 -24.5 2.11 2.22 CL 0.07
100 J1001-0007 10:01:22.20 | -00:07:52.7 253 0.80 241 TN 0.11
101 J1145-0209 11:45:19.45 -02:09:43.9 -25.9 0.98 2.05 CL 0.06
102 | J1057+0804 10:57:37.23 | +08:04:11.2 -26.1 0.79 2.20 CL 0.09
103 J1244-0027 12:44:08.39 | -00:27:26.1 -26.0 1.31 2.27 CL 0.07
104 | J1216+0454 12:16:29.25 | +04:54:34.8 -25.7 1.67 1.93 CL 0.06
105 | J1048+0449 10:48:04.72 | +04:49:00.3 -24.8 1.34 2.03 CL 0.09
106 J0920-0048 09:20:56.50 | -00:48:07.0 -25.8 0.86 1.65 PH 0.10
107 J0223-0309 02:23:04.27 | -03:09:51.5 -25.3 0.97 1.91 PH 0.08
108 J1301-0020 13:01:12.26 | -00:20:48.9 -26.5 1.00 2.10 PH 0.07
109 | J0823+0340 | 08:23:25.59 | +03:40:59.4 -26.7 1.00 2.03 CL 0.10
110 | JO832+0450 | 08:32:20.15 | +04:50:28.3 -25.5 0.95 2.00 CL 0.09
111 J1022+0418 10:22:25.90 | +04:18:24.2 -26.4 1.01 2.11 PH 0.08
112 | J1101+0314 11:01:05.12 | +03:14:03.9 -26.3 1.67 2.09 CL 0.17
113 J0207-0306 02:07:16.83 -03:06:48.4 -25.9 1.02 243 CL 0.08
114 | J1200+1528 12:00:26.16 | +15:28:16.1 254 0.96 1.87 CL 0.16
115 J0252-0057 02:52:53.28 -00:57:28.0 -24.4 0.67 2.07 PH 0.20
116 | J0840+0636 | 08:40:26.81 | +06:36:32.8 -26.3 1.06 2.08 CL 0.09
117 | J1244+0327 12:44:06.42 | +03:27:43.2 -24.7 1.27 1.86 CL 0.11
118 J1153-0141 11:53:02.24 | -01:41:13.2 -26.4 1.11 1.94 CL 0.07
119 | J1019+0845 10:19:17.81 | +08:45:50.0 -26.1 0.81 2.03 CL 0.10
120 | UM670-field | 01:17:22.24 | -08:41:43.5 -23.6 0.80 2.22 CL 0.12

Notes. @Absolute i—band magnitude normalized to z = 2 following Ross et al. (2013). @ 1o SB limit within 1 arcsec? and a 30 A narrow band
centered at the observed Lya wavelength in units of 10~'3 erg s~ cm=2 arcsec™2. “Galactic v-band extinction from Schlegel et al. (1998). @Sky
conditions during the observations as described in the ESO observational log: PH-photometric; CL-clear; TN-thin cirrus.
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Table A.2. Properties of each quasar and extended Lya emission.

I S I B 0@ [ Area® | Avgauss” | Ao @ | FWHMgauss® | Adio®
10*2 ergs™! Al 102 ergs™! | arcsec? kms™! kms™! kms™! kms™!

62 3.043 3.043 1.47+0.07 5.22+0.52 6+1 1675 50+81 1421+176 587+63
63 3.137 3.63+0.09

64 3.058 3.053 2.43+0.08 8.89+0.55 10+1 -105+27 -13+£28 776+65 262+31
65 3.031 3.031 4.85+0.07 23.52+0.90 2242 24+30 26+22 1044+73 41516
66 3.143 3.145 6.96:+0.09 44.31x1.13 4545 32+24 85+16 1070+56 427+13
67 3.138 3.136 6.75+0.09 17.99+0.93 18+2 51+43 31+42 1424+100 565+34
68 3.059 3.059 12.05+0.07 58.92+0.96 42+4 14711 175+8 828+28 344+6
69 3.148 3.146 4.37+0.09 23.07£1.06 20+2 -50+60 -81+44 1671142 749+29
70 3.145 3.142 4.93+0.08 15.38+0.67 15+2 31+22 70+21 859+53 365+15
71 3.186 3.201 5.38+0.09 34.79+1.45 30+3 721+58 675+46 1937+137 800+36
72 3.105 1.22+0.07

73 3.081 3.07 2.29+0.07 32.89+1.36 35+4 -510+45 | -470+39 1637+106 628+32
74 3.182 3.184 3.41+0.08 23.87x1.13 26+3 156+46 213+40 1478+108 598+29
75 2.996 2.994 8.47+0.08 44.71+1.05 30+3 95+23 129+13 963+54 401+9
76 3.193 3.196 17.93+0.1 17.54+1.02 12+1 389+46 423+49 1588+116 655+36
77 3.113 3.111 3.93+0.08 33.50+0.93 27+3 -60+18 -83x16 103142 437+12
78 3.092 3.098 2.32+0.07 19.18+1.15 12+1 409+98 388+68 1984+232 858+46
79 3.156 3.149 8.87+0.08 23.38+0.75 20+2 -232+16 | -286+15 849+38 359+10
80 3.028 3.023 24.28+0.1 74.65+£1.29 49+5 -235+11 -210+7 765+27 306+5
81 3.026 3.027 2.93+0.07 16.61+0.48 16+2 -262+7 -272+7 395+17 154+6
82 3.042 0.74+0.15

83 3.091 3.091 4.99+0.08 19.04+0.97 1542 177+41 185+42 1460+97 630+30
84 3.046 3.045 3.83+0.08 23.46+0.90 22+2 -64+26 -62+23 1037+60 427+16
85 3.139 2.58+0.08

86 3.189 3.191 7.46+0.09 38.1+£1.46 37+4 154+52 152+35 1648+122 69623
87 3.146 3.159 3.47+0.07 12.18+0.78 12+1 742+92 793+70 1956+216 788+52
88 3.035 3.029 2.46+0.07 12.85+0.77 16+2 -374+52 | -416+44 1316+122 535+31
89 3.143 3.152 2.9+0.08 5.63+0.51 8+1 467+54 493+58 1101+129 420+51
90 3.043 3.044 8.64+0.09 34.51+1.18 3343 105+21 125+19 946+49 418+12
91 3.045 5.73+0.08

92 3.115 3.112 5.31+0.08 14.78+0.81 16+2 -40+39 -47+38 1246+93 556+25
93 3.046 0.51+0.06

94 3.178 3.181 5.75+0.08 20.42+0.88 21+2 89+24 97+28 1113+57 449+20
95 3.024 1.96+0.08

96 3.118 3.12 8.57+0.08 73.94x1.44 4915 -11x17 -91x13 1203+41 477+10
97 3.092 3.096 7.41+0.08 14.47+0.77 17+2 221432 275+31 107478 394+27
98 3.074 3.077 4.26+0.07 22.24+1.02 17+2 1+48 30+46 1762+113 749+30
99 3.105 3.106 3.95+0.08 11.72+0.76 10+1 203+67 215+61 1631+156 720+40
100 3.059 3.06 2.57+0.09 8.17+0.65 7+1 179+56 278+61 1310+132 507+55
101 3.084 3.078 7.25+0.08 26.66x1.24 25+3 -233+54 | -287+50 1873+129 648+47
102 3.193 3.197 8.22+0.10 44.26+1.23 35+3 42x15 21+14 918+35 370+11
103 3.01 3.002 9.43+0.08 32.57+1.28 22+2 -23+73 97+46 2028+172 756+37
104 3.14 3.143 12.58+0.09 43.01+1.27 28+3 36+29 3+23 1439+68 634+16
105 3.188 3.188 3.4+0.08 22.51£1.02 1942 138+46 223+39 1500+108 623+30
106 3.181 3.18 2.99+0.07 5.38+0.47 8+1 111+57 145+57 1152+136 382+58
107 3.086 3.083 5.97+0.08 15.08+0.88 18+2 -109+£54 | -158+54 1617+129 623+45
108 3.092 3.092 5.77+0.09 30.23£1.23 26+3 -141+43 | -157+37 1606+102 618+29
109 3.076 3.077 5.19+0.08 29.45+1.22 27+3 60+54 180+44 1805+127 751+32
110 3.098 1.76+0.07

111 3.043 3.045 3.91+0.07 6.47+0.55 9+1 171+62 154+56 1151+146 372465
112 3.101 3.103 4.35+0.08 38.03x1.20 4114 212+24 217+19 1033+57 440+12
113 3.105 3.108 4.58+0.10 39.69+1.66 34+3 48+42 33+41 1719+99 699+31
114 3.148 2.50+0.07

115 3.116 3.116 3.25+0.07 12.71+0.49 12+1 -83x12 -97+12 567+28 240+9
116 3.069 3.069 8.03+0.08 22.27+1.00 19+2 14142 -18+40 1591+100 650+30
117 3.186 3.186 2.40+0.08 30.33+1.19 3443 67+37 60+33 1444+86 575+25
118 3.108 2.18+0.08

119 3.176 3.175 2.87+0.08 19.03+0.82 2242 -11£23 2422 87453 356x17
120 3.407 3.406 2.81+0.08 3.56+0.31 4+0 94+26 113+32 648+63 255+27

Notes. “Redshift of the observed Lya peak in a quasar spectrum integrated within an aperture of radius 1.5 arcsec centered at the quasar location.
The intrinsic uncertainty on this value is Az ~ 0.001. ®’Redshift of the observed Lya peak in the spectrum integrated within the 20~ isophote of the
nebular emission. “Observed peak Lya luminosity density of the integrated quasar spectrum. “Integrated Lya luminosity within the nebular 20
isophote. ’Area within the nebular 20 isophote. ) Velocity shift between the quasar Ly redshift and the Gaussian centroid of the nebular Lya
line. ¥ Velocity shift between the quasar Lya redshift and the flux weighted first moment of the nebular Lya line. W FWHM of the Gaussian fit to
the nebular Lyc line. The reported values are not corrected for instrumental broadening. ©Flux weighted second moment of the nebular Ly line.
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Fig. A.1. Same as Figure 6 but for ID 86-109.
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Fig. A.2. Same as Figure 6 but for ID 110-120
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Appendix B: Estimating quasar properties from
their 1-D spectra

In this appendix we describe how we obtained the FWHM values
of the broad Lya and C1V line emissions and the monochromatic
luminosity of the quasar at rest-frame 1350 A, which are used to
compute the black hole mass, Eddington ratio and bolometric
luminosity in Section 2.2 using Equations 1, 3 and 4, respec-
tively.

150 — . : .
ID27 1ogm.)=97 1150rID56 log(M.)=9.4
Agga = 0.7 Agdda =0.9
125t 1
i;100 100
|
e 75
HU . . 50
IU'] 4; T T T v v T T y T T T T
o ID72 logM.)=86 15_ID107 log(M.) = 8.8 |
q} AEdd=0-05 /\Edd=0-3
~ o 3f -
o
= 2
Fay
1

1600 1500 1600

/\rest [A]

Arest [A]

Fig. B.1. Four examples of CIV and continuum fit using PYQSOFIT.
Each panel shows the 1-D spectrum (black) of one targeted quasar (ID
in the top-left corner) together with the estimated continuum (dashed
yellow line) and the best fit (red). The black hole mass and Eddington
ratio obtained from this fit are listed in the top-right corner (see text for
details).

To obtain those quantities we use the standard technique
of modeling the 1-D quasar spectrum with a linear combina-
tion of a pseudo-continuum, broad and narrow emission lines
(e.g., Shenetal. 2019). Specifically, we fit the spectra with
PYQSOFIT (Guo et al. 2018) which gives in output the afore-
mentioned quantities. We fit for the following emission lines:
Lya, NVA1240A, C1vA1549A, C11A1909A. For these lines we
use the same fitting parameters and number of Gaussians as
specified in previous works (see Table 1 in Rakshit et al. 2020).
Upon visual inspection of each obtained model spectrum, we
(i) introduced the fit of Si1vA1397A, 14024, (ii) mask absorp-
tion features close or on top of the C IV broad emission line, and
(iii) refine the wavelength ranges for the continuum estimation,
when needed and repeated the fitting. The values obtained for
FWHM(C 1v) and AL,(1350 A) for the full sample are reported
in Tables B.1 and B.2, while we show four examples of our fit of
the C IV range in Figure B.1. The same tables list also the black
hole mass, Eddington ratio and bolometric luminosity computed
in Section 2.2. The values reported in the table are accompanied
by their statistical uncertainties, which are much smaller than the
potential systematic errors mentioned in that section.
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Fig. B.2. Comparison of SMBH properties with respect to a previous
work. The obtained Mgy, Ly, and Agyq are compared with those found
in Rakshit et al. (2020) for a subsample of the QSOMUSEUM objects
(see text for details). Data points for bright quasars studied in QSO
MUSEUM I are shown in green, while those for fainter quasars added
in this work are shown in orange. In each panel, the dotted gray line
indicates the one to one relation.

To verify the obtained Mpy and Aggg, we compared them
with the values from the automated fit of Rakshit et al. (2020)
for the sources in common between the two studies and cata-
loged as good fits in that work. Figure B.2 shows the result of
this comparison. The largest differences are found at the lowest
and highest end of the black hole mass distribution, and the low
end of the bolometric luminosities. These differences are due to
the fact that Rakshit et al. (2020) fit >500000 sources and hence
visual inspection of all the obtained models was not possible,
while we improve the fit of several sources after visual inspec-
tion.

Regarding the calculation of the FWHM of the quasars’
broad Lya emission, we used once again the values from the
aforementioned fit using PYQSOFIT. We show examples of the
fit of the Ly« line in Figure B.3. As usually done in the literature
(e.g., Rakshit et al. 2020), we use three Gaussians for the fit of
the Lye line. We note that this approach might result in overes-
timation of the FWHM for the faint objects, for which the best
fit does not pass through the peak of the observed emission (see,
e.g., IDs 72 and 107 in FigureB.3). We stress that these values do
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Fig. B.3. Four examples of Lya and continuum fit using PYQSOFIT.
Similar to figure B.1, but for the Ly« emission line of each quasar.

not represent the FWHM of the intrinsic Ly emission, but of the
observed line, which could be also affected by absorption from
the intervening intergalactic medium (e.g., Greig et al. 2024).
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Table B.1. Quasar properties for the bright sample (QSO MUSEUM I).

D [ z@ L AL, (1350 A) Lol FWHM(C1v) Mgy Add
[10¥ergs ' A1 | [10%ergs™!] | [1077 ergs™!] [kms™!] [10° Mgyn]

T [ 3.166 54+03 5.00 = 0.02 1.90 + 0.01 3724 %9 1.7T=0.0I | 0.885 0.006
2 | 3.133 6.1x03 1417 +£0.03 | 5.40+0.01 5653 + 50 6.84+0.12 | 0.627 +0.011
3 | 3.110 9.1+05 10.27 +0.03 3.91+0.01 4415+ 18 3.52+0.03 | 0.883 +0.008
4 | 3219 43+02 8.71 £ 0.02 3.32+0.01 7142 + 38 8.43+0.09 | 0.312+0.003
5 | 3320 3.6+02 5.95+0.01 2.27+0.01 6542 + 33 578 +0.06 | 0.3110.003
6 | 3.029 7.0+0.4 13.13+£0.09 | 5.00+0.03 8035 + 34 13.26+0.12 | 0.299 +0.003
7 | 3.117 8.0+0.4 10.72+0.05 | 4.09+0.02 5381 + 17 534+0.04 | 0.607 +0.005
8 | 3.132 7.1+04 4.44 +0.05 1.69 +0.02 3958 + 14 1.81+0.02 | 0.741+0.011
9 | 3.301 10.0+0.5 19.53+0.07 | 7.44+0.02 5185+ 19 6.82+0.05 | 0.866 + 0.007
10 | 3.227 8.8+0.4 7.95+0.20 3.03 £ 0.08 4976 + 26 3.90+0.07 | 0.616+0.019
11 | 3.078 9.9+0.5 1.92 +0.01 0.73 +0.01 6446 + 52 3.08+0.05 | 0.188 +0.003
12 | 3.376 49+02 9.14 + 0.04 3.48 +0.02 7284 + 33 9.00+0.09 | 0.307 +0.003
13 | 3.164 52+03 9.98 +0.01 3.80 = 0.01 5660 + 31 5.69+0.06 | 0.530+0.006
14 | 3.126 1.9+0.1 4.42+0.01 1.69 +0.01 5278 + 38 3.22+0.05 | 0.416+0.006
15 | 3.141 12+0.1 7.65 +0.02 2.91+0.01 3319+ 4 1.70 £0.01 | 1.361 +0.005
16 | 3.142 22£0.1 439 +0.01 1.67 +0.01 7152 + 61 5.88+0.10 | 0.226+0.004
17 | 3.340 22+0.1 3.72 +0.03 1.42 +0.01 6814 + 33 4.89+0.05 | 0.230 +0.003
18 | 3.265 7.6 0.4 5.98 +0.02 228 +0.01 4966 + 21 3.34+0.03 | 0.542+0.005
19 | 3.188 45+02 8.70 + 0.04 3.32+0.01 8736 + 58 12.61 £0.17 | 0.209 +0.003
20 | 3.395 56+03 10.47 +0.01 3.99 + 0.01 7594 + 43 10.51 £0.12 | 0.301 +0.003
21 | 3219 15+0.1 8.31 +0.02 3.16 = 0.01 3322+6 1.78 £0.01 | 1.412+0.007
22 | 3.176 45+02 9.36 + 0.03 3.57+0.01 9147 + 51 14.37 £0.16 | 0.197 +0.002
23 | 3.061 2.8+0.1 6.29 +0.07 2.39 +0.03 11518 +40 | 18.45+0.16 | 0.103 +0.001
24 | 3.062 9.7+05 3.56 +0.01 1.36 +0.01 3809 + 10 1.49+0.01 | 0.722 +0.005
25 | 3.307 40+0.2 7.77 + 0.04 2.96 +0.02 8552 + 41 11.38 £0.11 | 0.207 + 0.002
26 | 3.181 7.1+04 11832+ 0.44 | 45.08+0.17 5519 + 17 20.07 +0.13 | 1.783 +0.013
27 | 3318 6803 1146 £0.04 | 4.37+0.02 5244 +22 526+0.05 | 0.659 +0.006
28 | 3.344 2.6+0.1 3.77 + 0.01 1.44 +0.01 5856 + 25 3.64+0.03 | 0.313 +0.003
29 | 3.180 3.0+02 6.38 +0.05 243 +0.02 7896 + 39 8.74+0.10 | 0.221 +0.003
30 | 3.357 12+0.1 8.43 £0.03 3.21+0.01 3266 + 8 1.73+0.01 | 1.471 +0.009
31 | 3.131 5.0+02 12.56 + 0.1 478 +0.04 8700 + 55 15.19+0.20 | 0.250 + 0.004
32 | 3.069 1.8+0.1 3.16 = 0.01 1.20 +0.01 7486 + 57 5.41+0.08 | 0.176 +0.003
33 | 3.125 8.9+04 437 +0.02 1.67 +0.01 3579+ 6 1.47+0.01 | 0.900 + 0.006
34 | 3223 1.1£0.1 1.8 +0.02 0.68 +0.01 7888 + 79 446 +0.10 | 0.122 +0.003
35 | 3.247 58+03 2.67 +0.01 1.02 +0.01 3296 + 5 0.96 +0.01 | 0.842 +0.004
36 | 3.197 33+02 3.21+0.02 1.22 +0.01 3364 + 21 1.10+0.01 | 0.881+0.012
37 | 3.130 75+04 5.10 + 0.02 1.94 +0.01 3245+9 131+0.01 | 1.177 +0.008
38 | 3.348 83+04 9.10 + 0.02 3.47 £0.01 4460 + 23 3.37+0.03 | 0.818 +0.009
39 | 3.100 1.0£0.1 6.38 + 0.06 2.43 +0.02 3281 +5 1.51+0.01 | 1.278+0.014
40 | 3.342 7.7 +0.4 7.96 +0.04 3.03 +0.01 4185 + 107 276 +0.14 | 0.872 +0.045
41 | 3.321 2.8£0.1 4.84 +0.02 1.84 +0.01 5496 + 28 3.66 = 0.04 | 0.400 + 0.004
42 | 3.042 8.5+04 6.06 + 0.02 2.31+0.01 3546 + 9 1.71£0.01 | 1.068 + 0.007
43 | 3.087 2.6£0.1 3.12+0.01 1.19 +0.01 4950 + 91 2.35+0.09 | 0.401 +0.015
44 | 3.197 3.0+£02 6.68 + 0.05 2.55+0.02 6582 + 44 6.22+0.09 | 0.325+0.005
45 | 3312 3.0+02 10.88 +0.05 | 4.15+0.02 5411 + 135 5.45+028 | 0.604 +0.030
46 | 3.385 7.9 +0.4 11.30 +0.01 431+0.0 5681 + 16 6.12+0.04 | 0.558 +0.003
47 | 3.156 3.7+02 3.69 + 0.02 1.40 +0.01 3529 + 11 1.31+0.01 | 0.854 +0.008
48 | 3.197 3.7+02 3.90 +0.01 1.49 +0.01 5286 + 91 3.02+0.11 | 0.391+0.014
49 | 3.109 15+0.1 2.83 +0.01 1.08 +0.01 6275 + 57 3.59+0.07 | 0.239 +0.004
50 | 3.197 34+02 5.17 +0.02 1.97 +0.01 5585 + 50 3.91+0.07 | 0.400 + 0.007
51 | 3.138 51+03 4.19 +0.02 1.60 +0.01 3279 + 10 121 +0.01 | 1.051 +0.008
52 | 3.144 46+02 5.40 +0.03 2.06 +0.01 3975 + 35 2.03+0.04 | 0.805+0.015
53 | 3.149 2.0+0.1 1.45 +0.01 0.55+0.01 4101 + 24 1.08 +0.01 | 0.408 + 0.006
54 | 3.109 3.6+02 2.75 +0.03 1.05 +0.01 3543 + 10 1.13+0.01 | 0.739 +0.011
55 | 3.188 35£02 4.16 +£0.03 1.58 +0.01 3815 +21 1.63+0.02 | 0.774£0.01
56 | 3.089 58+03 6.87 +0.04 2.62 +0.02 3930 + 15 2.25+0.02 | 0.923 +0.009
57 | 3.406 23£0.1 6.84 +0.04 2.61 +0.02 7283 + 172 7.71+0.37 | 0.268 +0.013
58 | 3.037 59+03 8.61 +0.05 3.28 +0.02 4990 + 31 4.09+0.05 | 0.637 +0.009
59 | 3.118 3.8+0.2 7.59 +0.06 2.89 +0.02 8271 + 79 10.51 +£0.21 | 0.218 +0.005
60 | 3.183 44+02 2.74 +0.02 1.04 +0.01 4203 + 13 1.58+0.01 | 0.524 +0.005
61 | 3.061 59+03 7.74 + 0.03 2.95+0.01 4366 + 24 2.96 +0.03 | 0.791 + 0.009

Notes. Quasar systemic redshift. The intrinsic uncertainty on this value is Az ~ 0.007.
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Table B.2. Quasar properties for the faint sample (QSO MUSEUM I1I).

D [ Z@ Dol L(1350A) Lol FWHM(C1v) Mgy ABdd
[10%2ergs™ AT | [10%ergs™] | [10%ergs™] [kms™!] (108 Mgyn]

62 | 3.051 1501 0.49 = 0.06 0.19 = 0.02 3963 = 247 1.67+025 | 0.089+0.016
63 | 3.142 3.6+02 3.93 +0.06 1.50 +0.02 6806 +296 | 14.82+1.35 | 0.080 =0.007
64 | 3.064 2.4+0.1 1.54 +0.08 0.59 +0.03 3214 +25 2.01+0.06 | 0.231+0.013
65 | 3.033 49+02 1.80 +0.06 0.69 +0.02 3497 + 97 2.59+0.16 | 0.211+0.014
66 | 3.139 7.0£0.4 1225 £0.09 | 4.67+0.03 6883 +136 | 27.68+1.12 | 0.134 =0.005
67 | 3.128 6.7+0.3 7.99 +0.07 3.04 + 0.03 5450 + 59 13.84 +0.31 | 0.175 +0.004
68 | 3.062 120+ 0.6 1.52+0.05 0.58 +0.02 3420 + 20 226 +0.05 | 0.203 +0.008
69 | 3.135 44+02 5.09 +0.07 1.94 +0.03 5517+130 | 11.16 £0.54 | 0.138 +0.007
70 | 3.150 49+02 1.11 +0.04 0.42 +0.02 2823 + 59 130+ 0.06 | 0.257 £0.015
71 | 3.195 54+03 5.78 + 0.08 22 +0.03 3958 + 58 6.15+0.19 | 0.284 +0.009
72 | 3.106 12+0.1 0.76 + 0.06 0.29 +0.02 5716 + 411 438+0.71 | 0.053 +0.009
73 | 3.088 23+0.1 0.75 + 0.06 0.28 +0.02 3944 +210 2.06+0.25 | 0.109 +0.015
74 | 3.183 34£02 239 +0.07 0.91 +0.02 4090 + 94 411+020 | 0.176 +0.01
75 | 3.003 8.5+04 471 +0.06 1.79 +0.02 4517 + 89 7.18+0.29 | 0.198 + 0.008
76 | 3.199 18.0+0.9 9.64 +0.11 3.67 0.04 3881 + 32 7.75+0.14 | 0.376 +0.008
77 | 3.114 3.9+02 0.47 +0.11 0.18 +0.04 4218 + 538 1.86+0.59 | 0.077 +0.027
78 | 3.098 23+0.1 2.05 +0.07 0.78 + 0.03 4438 + 119 446 +0.26 | 0.139 +0.009
79 | 3.155 8.9+04 237 +0.06 0.90 + 0.02 3513 +25 3.02+0.06 | 0.237 +0.007
80 | 3.032 240+ 1.2 9.9 + 0.06 3.77 £ 0.02 3671 + 12 7.04+0.05 | 0.425+0.004
81 | 3.027 2.9+0.1 2.07 +0.05 0.79 + 0.02 3692 + 141 3.11+025 | 0.202+0.017
82 | 3.042 0.7 0.0 0.34 +0.08 0.13 +0.03 3207 + 657 0.90+0.48 | 0.114 +0.054
83 | 3.004 50+02 1.50 +0.07 0.57 +0.02 3193 + 106 1.96 +0.14 | 0.232+0.019
84 | 3.046 3.8+0.2 4.12+0.06 1.57 +0.02 5290 + 178 9.18+0.64 | 0.136 + 0.009
85 | 3.135 2.6+0.1 5.16 + 0.06 1.97 +£0.02 4843 + 149 8.67+0.55 | 0.180+0.011
86 | 3.190 75404 7.29 +0.06 2.78 +0.02 3517 + 32 549 +0.10 | 0.401 +0.008
87 | 3.157 35+02 1.31 +£0.05 0.50 + 0.02 4544 + 205 3.69+0.36 | 0.107+0.011
88 | 3.035 25£0.1 2.56 +0.05 0.98 +0.02 4429 + 134 5.00+032 | 0.155+0.01
89 | 3.151 2.9+0.1 3.68 + 0.09 1.40 +0.03 5327 + 230 8.77+0.80 | 0.127 +0.012
90 | 3.049 8.6+0.4 3.73 +0.06 1.42 +0.02 3713 +27 429+0.07 | 0.263 +0.006
91 | 3.044 57+03 1.24 +0.05 0.47 +0.02 3086 + 22 1.65+0.04 | 0.226 =0.011
92 | 3.119 53+03 3.26 + 0.07 1.24 +0.03 3761 + 46 410+0.11 | 0.241 +0.008
93 | 3.046 0.5+0.0 0.53 +0.06 0.20 + 0.02 10286 + 944 | 11.68+2.46 | 0.014 +0.003
94 | 3.183 57+03 2.36 +0.05 0.90 + 0.02 4059 + 48 4.02+0.11 | 0.177 +0.006
95 | 3.036 2.0+0.1 3.23 +0.07 1.23 +0.03 5170 + 243 7.70+0.77 | 0.127 £0.012
96 | 3.117 8.6+0.4 2.92 +0.06 1.11 +£0.02 3392 +26 3.15+0.06 | 0.281 +0.008
97 | 3.097 7.4+0.4 7.47 +0.07 2.85+0.03 5376 +356 | 12.99 +1.84 | 0.174 +0.023
98 | 3.075 43+02 1.41 +£0.05 0.54 +0.02 3854 + 46 2.76 +0.08 | 0.154 +0.007
99 | 3.109 40+02 1.40 +0.07 0.53 +0.03 3262 + 38 1.97+0.07 | 0.215+0.013
100 | 3.055 2.6+0.1 3.53 +0.06 1.34 +0.02 9271 +363 | 25.96+2.13 | 0.041 +0.003
101 | 3.080 73+04 5.06 + 0.06 1.93 +0.02 3288 +28 3.96 +0.07 | 0.387 +0.008
102 | 3.196 8.2+04 453 +0.07 1.73 £0.03 3773 + 87 491023 | 0279 +0.014
103 | 3.016 9.4+0.5 4.55 +0.07 1.73 +£0.02 3510 + 20 426+0.06 | 0.323 +0.006
104 | 3.140 13.0+0.7 3.04 £ 0.05 1.16 +0.02 3163 +39 2.79+0.07 | 0.329+0.01
105 | 3.193 3.4+02 2.51+0.07 0.96 + 0.03 6504+ 198 | 10.68+0.69 | 0.071 = 0.005
106 | 3.191 3.0£02 3.24 + 0.06 1.23 +0.02 4408 + 88 5.61+023 | 0.175+0.008
107 | 3.091 6.0£0.3 5.66 +0.07 2.16 +0.03 3946 + 47 6.05+0.15 | 0.283 +0.008
108 | 3.086 58+03 5.70 + 0.06 2.17 +0.02 4493 + 114 7.87+041 | 0.219+0.011
109 | 3.067 52403 6.03 +0.06 2.30 +0.02 5238 + 92 11.02 £0.40 | 0.166 = 0.006
110 | 3.120 1.7+0.1 1.54 +0.07 0.59 +0.02 5589 + 207 6.09+0.49 | 0.077 £0.007
111 | 3.033 3.9+02 437 +0.07 1.67 +0.03 3167 + 33 3.40+0.08 | 0.389+0.01
112 | 3.111 44402 2.32+0.06 0.88 +0.02 2962 + 34 2.12+0.06 | 0.330+0.012
113 | 3.105 46+02 4.85 +0.09 1.85 +0.03 7382+324 | 19.49+1.80 | 0.075=0.007
114 | 3.142 2.5+0.1 1.65 +0.05 0.63 +0.02 3530 + 66 2.51+0.11 | 0.198 +0.01
115 | 3.117 33£02 0.51 +0.06 0.20 + 0.02 7592 + 378 6.28 +0.77 | 0.025 +0.004
116 | 3.070 8.0+0.4 3.73 £ 0.07 1.42+0.03 4936 + 253 7.58+0.82 | 0.149 +0.016
117 | 3.172 2.4+0.1 1.24 +0.06 0.47 +0.02 5155+ 174 4.62+0.34 | 0.081 +0.007
118 | 3.085 22+0.1 5.72 +0.07 2.18 +0.03 9254 +373 | 33.43£281 | 0.052+0.004
119 | 3.190 29+0.1 4.59 +0.07 1.75+0.03 5232 + 185 9.50+0.70 | 0.146 +0.011
120 | 3.407 2.8+0.1 0.47 +0.07 0.18 +0.02 6354 + 817 417+1.27 | 0.034+0.01

Notes. “Quasar systemic redshift. The intrinsic uncertainty on this value is Az ~ 0.007.
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Appendix C: QSO MUSEUM |

In this Appendix we report on all the observations and analysis of the bright quasar sample already published in QSO MUSEUM I
(Arrigoni Battaia et al. 2019a).

Table C.1. Properties of the quasar and extended Lya emission of the QSO MUSEUM I

1D Zgb;(;)peak(a) zg;g;pe ak(”) SB limit® Lgys(gpeak Luminosity Area Avgauss Avm FWHMgauss Adm)
[107 8 cgs] | 10**ergs™! Al 10*2 ergs™! arcsec? kms™! kms™! kms™! kms™!
1 3.166 3.154 2.02 54.31+0.14 124.68+2.59 45+4 238+61 204+22 1950+146 884+13
2 3.161 3.164 2.07 61.3+0.21 88.27+2.78 74+7 127+47 37426 1478+113 482+25
3 3.115 3.123 1.64 91.24+0.21 166.09+2.93 81+8 345+67 304+19 1974+163 925+11
4 3.228 3.23 1.72 43.19+0.17 97.86+2.25 75+8 249+29 265+15 1110+£68 458+10
5 3.325 3.328 1.84 35.78+0.16 77.9+2.2 57+6 624+35 568+22 1351+85 519+18
6 3.041 3.04 245 69.74+0.21 17.86+1.06 8«1 956+164 974+70 2006+391 1009+36
7 3.118 3.121 2.11 79.65+0.2 105.13+2.58 39+4 369+108 359427 19724257 903+16
8 3.125 3.131 1.23 71.06+0.09 162.74+£1.79 | 137+14 511+17 487+8 1254+40 512+6
9 3.306 3.313 2.19 101.44+0.27 152.41+3.33 667 444+37 44121 1707+89 694+15
10 3.245 3.245 1.92 88.05+0.19 322.09+3.39 | 16116 -75+20 -119+8 1387+46 572+6
11 3.068 3.1 2.03 9.87+0.1 40.12+1.04 40+4 2403+17 | 2415+11 752+39 277+9
12 3.386 3.396 2.00 48.53+0.18 62.88+1.93 3343 641+23 647+20 1135+54 449+15
13 3.168 3.169 2.13 51.62+0.19 308.56+3.42 | 269+27 218+11 217+6 932+27 382+5
14 3.139 3.127 2.90 18.7+0.15 42.61+1.88 20+2 -123+93 24450 1965+220 775+40
15 3.145 3.142 1.87 118.43+0.18 235.68+3.01 | 104+10 47+17 68+9 1422+43 562+8
16 3.186 3.19 1.94 21.83+0.14 73.87+2.4 56+6 170+66 127+33 1756+154 803+21
17 3.349 3.351 1.79 22.27+0.13 142.92+2.23 | 115+12 76+13 72+8 876+30 354+5
18 3.278 3.289 2.39 76.47+0.19 296.53+3.29 98+10 892+15 863+8 1290+34 512+6
19 3.215 3.223 1.90 45.49+0.19 182.49+3.08 | 116+12 759+31 810+16 1687+74 607+14
20 342 3.447 1.77 55.79+0.19 82.56+2.45 38+4 1090+97 | 1077+33 1833+234 953+17
21 322 3.222 1.99 151.73+0.21 238.44+3.09 | 102+10 55+8 96+7 1004+20 400+5
22 3.23 3.231 2.39 44.51+0.19 151.53+2.72 73+7 81+21 65+14 1285+49 531+10
23 3.145 3.137 1.86 28.35+0.15 70.11+1.58 46+5 -300+23 -331x16 1278+55 479+13
24 3.056 3.057 1.44 96.6+0.1 191.62+2.04 86+9 104+30 123+11 1882+71 762+8
25 3.343 3.353 1.83 40.02+0.18 75.19+2.18 40+4 488+79 453+31 1869+187 866+20
26 3.179 3.177 15.65 706.79+2.05 886.44+23.8 54+5 -81+84 -70+29 1946+201 933+17
27 3.333 3.333 1.74 68.11+0.2 116.49+2.39 67+7 -1+26 -16+15 1252+64 498+11
28 3.359 3.355 1.64 25.79+0.14 47.76+1.77 3443 66+42 68+34 1662+99 667+25
29 3.222 3.223 1.73 29.94+0.16 22.0+1.62 162 306+107 339483 19241243 904+51
30 3.36 3.36 7.57 119.46+0.39 312.9+5.88 2242 -93+70 -128+20 1866+165 918+11
31 3.205 3.197 1.87 49.95+0.2 73.82+2.29 47+5 -156+51 -139+30 1702+123 689+23
32 3.099 3.102 1.80 17.53+0.11 82.97+2.02 89+9 235+25 205+19 1337+59 540+13
33 3.134 3.139 1.69 88.57+0.15 149.06+2.65 59+6 -34+19 -68+14 1561+47 641+10
34 3.243 3.254 1.56 11.49+0.10 90.7+1.86 89+9 698+17 683+14 1181+40 47411
35 3.245 3.245 1.57 57.68+0.11 162.81+2.14 72+7 161+14 205+10 1373134 538+7
36 3.191 3.204 1.64 32.56+0.11 166.12+2.3 134+13 841+15 847+10 1212+37 479+7
37 3.128 3.127 1.29 74.65+0.09 178.67+1.86 92+9 1718 -13+7 1287+43 539+5
38 3.354 3.352 1.85 82.73+0.2 123.59+2.28 18+2 -116+£88 | -216+19 1868+216 1058+9
39 3.097 3.097 2.30 103.2+0.17 166.4+2.41 66+7 160+15 24949 1145+39 415+7
40 3.339 3.341 1.82 77.42+0.18 140.41+2.56 737 59+20 54+15 151648 594+12
41 3.335 3.338 1.74 27.63+0.16 65.31+1.79 50+5 233+34 236+20 1269+79 521+14
42 3.035 3.033 2.20 84.84+0.14 154.21+£2.29 616 51+24 94+10 1286+57 539+7
43 3.125 3.124 1.82 26.27+0.12 92.2+1.76 69+7 178+21 197+14 1294+51 513+11
44 3.229 3.234 1.93 29.52+0.15 45.23+1.9 2943 681+91 829+46 1918+216 804+34
45 3.362 3.37 1.90 29.61+0.16 23.91+1.57 1942 427+89 505+57 1515+211 545+50
46 3.391 34 1.93 79.13+0.21 135.04+3.14 93+9 460+42 506+19 147198 616+14
47 3.155 3.16 2.01 37.23+0.13 372.29+2.57 | 156+16 551+6 535+3 835+14 351+2
48 3.208 3.218 1.66 37.01+0.14 102.48+2.03 89+9 839+25 794+14 1233+59 51149
49 3.135 3.14 1.59 14.62+0.09 81.02+1.58 92+9 286+18 321+13 1143142 414+12
50 3214 3.206 1.96 33.94+0.15 444.95+£2.99 | 199+20 -622+8 -613+4 106618 42443
51 3.134 3.138 2.12 51.28+0.13 47.28+1.24 47+5 227+12 203+10 668+29 269+8
52 3.139 3.137 1.70 46.3+0.14 55.56+1.64 3343 0+27 68+22 1425+65 558+17
53 3.153 3.167 1.71 19.63+0.09 52.39+1.46 717 81622 82717 1053+50 450+11
54 3.109 3.114 1.96 35.8+0.11 100.94+2.03 82+8 254+20 294+15 1333147 514+11
55 3.193 3.19 1.97 34.7+0.13 75.38+1.89 3243 -41+36 -2425 1830+87 728+18
56 3.091 3.098 2.21 57.74+0.16 200.0+2.49 110+11 428+12 414+8 1081+28 436+5
57 3.454 3.464 341 22.98+0.22 32.82+2.05 172 197+54 174+47 1313+126 559+34
58 3.05 3.047 2.07 59.12+0.18 82.02+1.49 47+5 31+12 21+7 733+29 270+6
59 3.156 3.16 2.60 37.98+0.17 122.36+2.83 636 21450 17+£22 1612+113 701+14
60 3.179 3.18 2.07 44.48+0.13 100.63+2.0 42+4 206+22 238+14 1315+53 549+11
61 3.061 3.067 2.18 58.97+0.16 113.63+2.8 79+8 586+54 571+28 1998+129 759+23

Notes. @Peak Lya redshift. The intrinsic uncertainty on this value is Az ~ 0.001. @1¢- SB limit within 1 arcsec? and a 30 A narrow band centered
at the observed Lya wavelength in units of 1078 ergs™! cm=2 arcsec™.
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Fig. C.1. Lya SB maps around QSO MUSEUM I sample after PSF- and continuum subtraction (see Section 2.5) from 30 A NBs centered at the
peak Lya wavelength of the nebula. All images show maps with projected sizes of 20” x 20” (about 150 kpc x 150 kpc at the median redshift of

the sample) centered on the quasar position. In each map, the gray crosshair indicates the location of the quasar. The contours indicate levels of
[2,4,10,20,50] times the SB limit of each observation (see Table C.1).
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Fig. C.2. One-dimensional spectrum covering the Ly line for ID 1-24 for the bright quasar sample presented in QSO MUSEUM 1. The ID of each
quasar is shown in the top left corner of each panel. Each panel shows a spectrum integrated from the MUSE data cube inside a 1.5” radius aperture
centered at the quasar location (black line) and the integrated spectrum of each detected nebula integrated from the PSF- and continuum-subtracted
data cubes within the 20 isophotes from Figure C.1 (red line). The wavelength of the peak of the Lya emission of each quasar is indicated with a
blue vertical line. We mask the 1”x1”” PSF normalization region when we extract a spectrum using the PSF- and continuum-subtracted data cubes.
All the spectra are shown as normalized to their peak emission to allow comparison to Figure 2 of Arrigoni Battaia et al. (2019a).
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Fig. C.3. Same as Figure C.2, but for IDs 29-48.
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Fig. C.4. Same as Figure C.2, but for IDs 49-61.
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Fig. C.5. Ly Velocity shift maps for QSO MUSEUM I systems. Same as Figure 7 but for the bright sample.
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Fig. C.6. Ly« Velocity dispersion maps for QSO MUSEUM I systems. Same as Figure 8 but for the bright sample.
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Appendix D: Velocity dispersion maps and S/N

In this appendix, we show how the velocity dispersion maps
computed in Section 3.3 change when varying the S/N of the
integrated Lye line. For this, we generate a normalized Gaus-
sian distribution with oo = 556 km/s (the median value of the
velocity dispersion maps) and introduce noise drawn from a nor-
mal distribution to produce a range of 5000 synthetic lines with
S/N ranging from 1 to 5. Additionally, we produce synthetic
data cubes by multiplying the synthetic spectra with a 2D nor-
malized Gaussian distribution of standard deviation of 3 arcsec.
Using the same method as in Section 3, we fit the synthetic spec-
tra with a Gaussian and use the resulting FWHM to collapse
the synthetic data cube into a second moment map. Figure D.1
shows examples of the resulting line fits (left) and velocity dis-
persion maps (right). At S/N<2, the Gaussian fit fails and the
velocity dispersion map shows random noise. At S/N=3 the fit
produces a robust result, but the map still shows significant vari-
ation which is more prominent near the 20 isophote of the emis-
sion (orange contour). At S/N=5, the fit and the velocity disper-
sion map stabilize. At each iteration, we compute the ratio of the
measured mean velocity dispersion of the map (within the 20
isophote) and the true value, and plot it as a function of the S/N
in Figure D.2. At low S/N, the mean tends to be overestimated by
up to a factor of 2. This is due to the Gaussian fit overestimating
the linewidths when the emission blends with noise. Increasing
the S/N to 3 (dashed red line) produces higher accuracy, at this
level the mean value of the map has a 75% chance to be within
a factor of 0.1 from the true value. With this test, we show that
the choice of an integrated S/N=3 produces robust results, espe-
cially at the central location of the emission. Our definition of
detection satisfy this S/N criteria and so the velocity dispersion
maps should be robust, especially for the central regions where
the S/N is higher and we find the difference between bright and
faint samples.
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Fig. D.1. Effect of varying S/N on the spectral fits and velocity disper-
sion maps. The left column shows how the input Gaussian spectrum
(gray) is degraded with noise (blue) at different S/N levels (shown at
top right corner). In each panel, the resulting Gaussian fit is shown with
a dashed red line. The right column shows the resulting velocity dis-
persion map from degrading the synthetic data cube, with an orange
contour picturing the 20 isophote of the emission.

Omean/0in

Fig. D.2. Recovered velocity dispersion as a function of S/N. The ratio
of the mean velocity dispersion measured in the noisy velocity disper-
sion maps and the true input value as a function of S/N.
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