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ABSTRACT

The discovery of giant quasar Ly « nebulae at z > 2 has opened up the possibility to directly study in emission the Circumgalactic
and Intergalactic Medium (CGM/IGM). However, the resonant nature of the Ly « line and its different emission mechanisms
hamper the ability to constrain both the kinematics and physical properties of the CGM/IGM. Here, we present results of a pilot
project aiming at the detection of CGM H « emission, a line which does not suffer from these limitations. To this end, we first
used KCWTI to detect Ly o emission around three bright quasars with 2.25 < z < 2.27, a range which is free from bright IR
sky lines for He, and then selected the most extended nebula for Ha follow-up with MOSFIRE. Within the MOSFIRE slit,
we detected H v emission extending up to 20 physical kpc with a total Ha flux of Fyy, = (9.5 £ 0.9) x 1078 ergs~' cm™2.
Considering the Ly o flux in the same region, we found Fryo/Fi, = 3.7 &= 0.3 consistent with that obtained for the Slug Nebula
at z = 2.275 and with recombination radiation. This implies high densities or a very broad density distribution within the CGM
of high-redshift quasars. Moreover, the H « line profile suggests the presence of multiple emitting components overlapping along
our line of sight and relatively quiescent kinematics, which seems incompatible with either quasar outflows capable of escaping
the potential well of the host halo or disc-like rotation in a massive halo (>10'> My).

Key words: galaxies: haloes— galaxies: high-redshift—intergalactic medium — galaxies: kinematics and dynamics—quasars:

emission lines —infrared: ISM.

1 INTRODUCTION

Current theories of galaxy formation and evolution predict that
galaxies should be fuelled by gas accretion from their surrounding
medium, namely the Circumgalactic or Intergalactic Medium (CGM
or IGM). The detailed physical properties of the gas in terms of, e.g.
density, temperature, and angular momentum are thus fundamental
variables for our understanding of structure formation in the universe.
Some cosmological simulations (Bond, Kofman & Pogosyan 1996;
Fukugita, Hogan & Peebles 1998; Birnboim & Dekel 2003; Kere§
et al. 2005; Dekel & Birnboim 2006) suggest that for redshift 1.5 <z
< 4 most of the accreting material should be relatively cold (7 ~
10* K) and confined to filaments penetrating the hotter haloes (Dekel
et al. 2009). It is however still debated whether such cold filaments
could survive the hydrodynamical interaction with the hot halo gas
(e.g. Mandelker et al. 2017; Vossberg, Cantalupo & Pezzulli 2019), or
being instead disrupted into a series of smaller and denser structures
forming a ‘mist’ within the hot haloes. In order to understand the
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morphology and physical properties of the CGM, it is therefore
essential to directly map the cold gas emission.

In recent years, the ubiquitous detection of bright and extended
Ly o emission around quasars at z > 2 from narrow-band imaging and
integral field spectroscopy has opened up the possibility to directly
study the morphology, kinematics, and density distribution of the
CGM and IGM at high redshift on both small (kpc) and large scales
(Mpc) (e.g. Cantalupo et al. 2014; Hennawi et al. 2015; Borisova et al.
2016; Fumagalli et al. 2017; Arrigoni Battaia et al. 2019; Cai et al.
2019; Martin et al. 2019; O’Sullivan et al. 2019; Fossati et al. 2021).
In addition to the availability of new instruments such as MUSE (see
Bacon et al. 2010) and KCWI (see Morrissey et al. 2018), the success
of these surveys targeting the Ly & emission is due to the intrinsic
luminosity of the line expected when dense gas is ionized directly
by a quasar.

However, directly translating the observed Ly o emission into gas
densities and kinematics is challenging without knowing the detailed
contribution of the individual Ly & emission mechanisms to the total
and because of the resonant nature of the Ly « transition. In addition
to being produced by the recombination of a free electron with
ionized hydrogen, Ly « photons can also be produced by collisional
excitation between a free electron and a neutral hydrogen atom or
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by ‘continuum pumping’. In the latter process, a photon produced
by, e.g. the accretion disc of the quasar, and doppler-shifted to the
frequency of Ly « radiation in the rest frame of a hydrogen atom in the
CGM or IGM would be re-absorbed and re-emitted (scattered) by the
atom, effectively contributing to the extended Ly « emission around
the quasar. Both collisional excitation and ‘continuum pumping’
require the presence of neutral hydrogen atoms in the CGM/IGM and
very favourable conditions in terms of free electron temperatures or
gas kinematics (e.g. Fardal et al. 2001; Cantalupo, Porciani & Lilly
2008; Cantalupo et al. 2014; Dijkstra 2019; Pezzulli & Cantalupo
2019). From the Ly « line alone, it is however difficult to estimate the
possible contribution of these two emission mechanisms compared to
recombination radiation. For the typical densities of the CGM/IGM
up to interstellar medium densities, the Ha emission of hydrogen
or hydrogen-like atom, such as Hell, is expected to be effectively
produced by atomic recombinations only, due to the non-resonant
nature of this line. Note also that the collisional excitation rates to
the 3s, 3p, and 3d levels of HI (which result in H o photons or Ly B
photons) are about 20 times smaller than the collisional excitation
rate to the 2p level (which result in Ly o photons) at 7 ~ 10* K (see
e.g. Osterbrock 1962; Spitzer Jr 1978; Giovanardi, Natta & Palla
1987; Gould & Weinberg 1996; Cantalupo et al. 2008), which would
result in Ly o/H o flux ratios >100. The detection and measurement
of hydrogen H & or He 11 1640 flux can therefore be used to constrain
the emission mechanism and therefore gas densities. Unfortunately,
hydrogen Ho emission is undetectable from the ground at z > 3,
where the vast majority of quasar Ly o nebulae have been detected
so far, because of atmospheric absorption and emission lines and
requires space-based facilities such as JWST. He Il 1640 emission,
which falls in the optical for z > 3, has proven difficult to detect (e.g.
Borisova et al. 2016; Langen, Cantalupo & Marino 2019; Fossati
et al. 2021) with typical Hell A1640/Ly« < 0.1 (instead of 0.3
expected from fully ionized helium and hydrogen and recombination
radiation). This small Hell/Ly o ratio is expected, even in the
pure recombination scenario, if CGM/IGM gas has a broad density
distribution with tails extending to values at which helium becomes
completely self-shielded to the HelIl-ionizing photons (~54eV)
produced by the quasar, as demonstrated by Cantalupo et al. (2019).
The detection of hydrogen H « emission becomes therefore the main
requirement for a secure confirmation of the recombination origin of
the Ly o emission.

The Slug Nebula at z ~ 2.3 (Cantalupo et al. 2014) is so far the only
quasar Ly o nebula, to our knowledge, for which H o emission has
been searched for and detected (e.g. Leibler et al. 2018). In particular,
using MOSFIRE slit-spectroscopy, H o was detected coincident with
the brightest Ly o emission both spatially (within the MOSFIRE slit)
and kinematically. Unfortunately, the presence of a bright sky line
hampered the measurement of the spatial and spectral profile of
the emission, limiting our ability to constrain both the morphology
of the emission on kpc scale and its kinematic properties. None
the less, by heavy smoothing both spatially and spectrally a high
signal-to-noise measurement has been possible showing a Ly «/H «
flux ratio of 5.5 &+ 1.1. As discussed by Leibler et al. (2018),
such a line ratio is fully compatible with a recombination origin of
Ly a emission (including slit-loss effects due to local Ly « radiative
transfer) and strongly excludes any significant contribution from
‘photon-pumping/scattering’ or ‘collisional excitation/cooling’.

Can this conclusion be applied generally to Ly « nebulae or is it
only the case for the Slug Nebula? In order to address this question,
it is essential to build up a larger sample of nebulae with observations
of H o emission. Moreover, in order to take full advantage of the non-
resonant nature of H o emission as a kinematic tracer, it is essential to
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avoid overlapping with sky lines. Here, we present results of a pilot
project, using both KCWI and MOSFIRE specifically designed to
meet the above requirements. The successful results of this project,
as described in detail below, lay the foundation for building up a larger
sample of extended H v emission around quasars in future surveys.

The paper is structured as follows. In Section 2, we describe our
survey strategy and target selection. In Section 3, we present the
KCWTI observations for extended Ly o emission. The MOSFIRE
observations are described in Section 4. In Section 5, we present a
detailed analysis of Ly & and H o emission. Finally, we discuss the
nebular emission mechanisms in Section 6. Conclusions and future
prospects are reported in Section 7.

2 SURVEY STRATEGY AND TARGET
SELECTION

The goal of our survey is the measurement of large-scale Ho
emission around quasars at high spatial and spectral resolution.
For this reason, it is essential that the expected H « emission falls
in a wavelength range with high atmospheric transparency in the
IR without the presence of any significant sky line. Based on the
expected IR sky emission at Mauna Kea, we estimated that the
optimal emission redshift range that satisfies the requirement above
would be 2.25 < z < 2.27.

Given the need to place the slit for MOSFIRE H « observation, a
prior knowledge is required of the morphology and extension of the
possibly emitting gas, as traced, e.g. by Ly o emission. Moreover,
in order to maximize detectability and to address the main scientific
question of our project, the Ly « emission should be sufficiently
bright that even an H & non-detection would place useful constraints
on the emission mechanism.

Unfortunately, no previously discovered quasar Ly o nebula with
bright and extended emission falls in the optimal redshift range
described above (within the window of observability for our survey).
For this reason, and taking advantage of the demonstrated ubiquity of
Ly o nebulae around quasars, we selected new fields around quasars
with redshifts within the selected range as targets for KCWI Ly o0
emission observations. In the expectations that the brightest quasars
would have the most luminous nebulae, although so far only a weak
trend with luminosity has been found (see Mackenzie et al. 2021), we
restricted our selection to quasars with magnitudes i < 18.5. Finally,
we made a selection in Right Ascension (RA) to guarantee that the
targets would be visible during scheduled runs with KCWI (2019
September 26, 27, 28) and MOSFIRE (2019 November 4).

Based on these criteria, we selected three SDSS quasars from the
12th data release (Paris et al. 2017) for the KCWI observations as
described in Table 1 . They are listed from left to right in order of
preference regarding the selection criteria.

The catalogue redshifts are z = 2.2594 4 0.002, 2.2643 £ 0.001,
and 2.26329 + 0.0001 for J2316, J0030, and JOO10, respectively,
which were estimated using the method explained by the SDSS
redshift and classification documentation. '

3 LYMAN « OBSERVATIONS

In this section, we present our Ly o observations using the Keck
Cosmic Web Imager (KCWI) integral field spectrograph, including a
brief description of the chosen KCWI instrument configuration, data
reduction, and analysis.

Uhttps://www.sdss.org/dr12/algorithms/redshifts/
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Table 1. Selected targets for our observing runs. The targets were observed
during three nights, one for each night. All nights had similar sky conditions
with a mean seeing between 0.54 and 0.94 arcsec and no clouds.

12316409 JO030+05 JO010+06
RA 23:16:49.5 00:30:21.8 00:10:5.7
Declination +09:06:34.82 +05:30:52.93 +06:17:20.63
(DEC)
Z8pss 2.2633 £0.0001 2.2644 + 0.0001 2.2595 4 0.0002
Magnitude i - 18.01 18.14 18.49
band
Exp. Time 40 40 40
KCWTI® [min]
Mean seeing 0.54 0.49 0.94
[arcsec]

Notes.“SDSS redshift obtained from rest-frame principal-component anal-
yses (PCA), see Bolton et al. (2012) and SDSS redshift and classification
documentation.
bThe exposure time of 40 min total is composed of four individual exposures
of 10 min each.

3.1 KCWI configuration and observations

KCWI is an integral field spectrograph installed on the Keck
II telescope on Mauna Kea, Hawaii, using a configuration that
provides the spectral range 3500-4600 A, which is ideal to search
for Ly o emission in our selected redshift range. The design provides
configurable spectral resolution from R = 1000-20 000 with a field
of view (FoV) up to 20 x 33 arcsec? (for further details see Morrissey
et al. 2018). For our observations, we choose a spectral resolution of
R = 4100, corresponding to a full width at half-maximum (FWHM)
~ 73 km s~! with the ‘medium slicer’ which provides an FoV of 16.5
x 20 arcsec? and the ‘BM’ grating, corresponding to ~132 x 166
physical kpc?. The selected configuration is ideal for the purposes
of our study providing both a high sensitivity for diffuse and faint
emission over a large area and the ability to resolve spectrally narrow-
line emission.

The targets were observed over the course of three nights, one
during each night. The nights had similar weather conditions and
a mean seeing of 0.54, 0.49, and 0.94 arcsec for first, second, and
third night, respectively. The total exposure time on source for each
field is 40 min, divided into four individual exposures of 10 min
each, reaching a depth in surface brightness (SB) of about 107"
ergs~!cm~2arcsec 2. The FoV has been offset by 3 arcsec and
rotated by 90° between individual exposures in order to improve the
spatial sampling and to reduce possible systematics due to flat fielding
and sky subtraction, as described in more detail in Section 3.2.

3.2 Data reduction

Data reduction has been performed using the Standard KCWI Data
Reduction Pipeline (DRP),? released on 2018 March 17 (see Morris-
sey et al. 2018). Twilight flats taken at the beginning or the ending
of the same nights have been used for flat-fielding, while wavelength
calibration has been performed using a Thorium—Argon lamp. For
flux calibration, we used the photometric standard star (G191b2b),
which was observed during the same nights as the science exposures.
The standard DRP was complemented by custom-made scripts to
perform the empirical low-order background subtraction, in which
a sky model was obtained from a median-filtered cube. Moreover,
all cubes were reduced to vacuum wavelength and corrected for the
heliocentric velocity.

2https://github.com/kcwidev/kderp/
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Prior to the stacking process, the astrometric solution was cor-
rected by cross-correlating white-light images of the fields (obtained
by integrating the cubes along the wavelength direction) with r-
band SDSS images. Pipeline-reduced cubes for each exposure were
resampled into a common grid with 0.2 arcsec x 0.2 arcsec x 0.5 A
pixel size, using a ‘Drizzle’ algorithm implemented with Montage.?
Details on the above-mentioned custom procedures in addition to
the DRP can be found in Chen et al. (2021). Finally, in order to
improve sky subtractions, we have used the white-light images of
each individual cube to correct for flat-fielding and illumination
residuals using a procedure similar to the tool CubeFix, part of
the cuBexTRACTOR package (Cantalupo et al. 2019).

3.3 Extraction of the nebular emission

3.3.1 Quasar point spread function and source continuum removal

As commonly done in previous studies, the extraction of faint nebular
emission around quasars requires the prior removal of the quasar
Point Spread Function (PSF) which would otherwise dominate over
the diffuse emission, especially in the central regions. For this task,
we used the CubePSFSub procedure (part of the CUBEXTRACTOR
package) with the following parameters: a spectral width of 100
layers for the pseudo-broad-band images, a spectral PSF size of 500
layers and a spatial PSF rescaling-region of two pixels, corresponding
to 0.4 arcsec. Note that we mask the range of layers where extended
emission is expected to avoid affecting the empirically reconstructed
PSF by the nebular emission and hence to avoid oversubtraction.
These parameters are different than the typical choices for MUSE
data cubes (e.g. Cantalupo et al. 2014, 2019; Borisova et al. 2016;
Arrigoni Battaia et al. 2019) in order to take into account the different
spectral and spatial resolution of KCWI and other differences
between KCWI and MUSE. Note that a central region with size 0.4
x 0.4 arcsec’ is assumed to be dominated by the quasar PSF and
it is used for the empirical rescaling procedure of CubePSFSub
(see Cantalupo et al. 2019, for details). This area was masked in our
scientific analysis as commonly done in previous studies.

After PSF subtraction, we removed the continuum from other
sources in the field using the cuBExTRACTOR procedure CubeBKG-
Sub performing median filtering with the following parameters: a bin
size of 200 spectral pixel (corresponding to 100 A) and a smoothing
radius of two spectral pixel. As mentioned for the PSF subtraction,
the spectral range of extended emission has been masked to avoid
oversubtraction.

3.3.2 Detection and extraction of extended Ly o emission

The detection and extraction of the nebular emission was performed
using the cuBEXTRACTOR software (see Cantalupo et al. 2019, for
a description). Prior to detection, a 2D Gaussian smoothing kernel
with radius = 1 pixel was applied to the data and corresponding
variance cube. Then, objects from the 3D cubes were extracted if
they contain at least 200 connected voxels (3D pixels) with signal-
to-noise (S/N) threshold >2.2 per voxel. The information about
the voxels associated with the detected sources is stored in a 3D
segmentation mask that is then used to obtain optimally extracted
images similar to previous studies, i.e. by integrating along the
wavelength direction over only the voxels associated with the sources
(e.g. Cantalupo et al. 2014, 2019; Borisova et al. 2016; Arrigoni
Battaia et al. 2019). In order to improve the final S/N, a further

3http:/montage.ipac.caltech.edu/
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Table 2. Main properties of the giant Ly o nebulae detected with KCWI around the quasar fields J2316+09, J0030+-05,

and JO0104-06.

JOO10+06 J0030+05 J2316+09
Flux [10~7erg s~ lem™2) (48.1 £0.3) (40.6 £0.3) (66.9 £0.3)
Projected Area” [arcsec?] ~46 ~48 ~43
Average SB [cgs]” (1.0+0.2) (0.8 +£0.3) (1.6 £0.3)
Peak SB [cgs] (10.8 £0.2) (12.9 £ 0.3) (22.6 £0.2)
ZSDSS 2.2633 £ 0.0001 2.2644 £ 0.0001 2.2595 4+ 0.0002
25 ebula 2.257 £ 0.005 2.27 +0.01 2.26 +0.01

Notes.“The spatial extent refers to the area bound by the outer contour of the binary mask obtained with cueex for which
an SNR threshold of 2.2 was used.
begs: 10717 ergs™' em =2 arcsec ™2
“The redshift was calculated via the equation z = Agbserved /Avacuum — 1, Where Agbserved 1S the position of the maximum
of the integrated Ly « flux of the nebular emission in vacuum and Ayacuum is the vacuum wavelength. The uncertainty

has been estimated by the FWHM of the integrated Ly « flux of the nebula emission.
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Figure 1. SB Ly « emission maps. The nebular emission has been optimally extracted using the 3D segmentation mask obtained by cuex with an SNR threshold
of 2.2 (see Section 3.3.2 for more details), and was smoothed using a box car filter with a width of ~0.4 arcsec. Note that the colour scale is logarithmic. A noise
layer at the position of the flux-weighted centroid of the nebula is shown in the background for visualization purposes. The zero position in the x and y dimensions
corresponds to the quasar position used in the PSF subtraction. The black filled circle masks the area used for the PSF rescaling (see Section 3.3.1), which is thus

unusable for our scientific analysis. The thick outermost contour corresponds to an SB level of 0.15 x 1077 erg's
arcsec 2 and are also represented by the colourbar tick marks.

represent levels of 0.25, 0.5 1, 2.5, 5, and 10 in units of 10" erg s7lem™2

spatial boxcar filter smoothing with a size of 0.4 x 0.4 arcsec? has
been applied to the cubes before integrating along the wavelength
direction.

Following this procedure, we detected bright Ly o nebulae around
all three targets at a similar redshift with respect to the quasars.
In two cases the nebulae reached a projected size up to 50 kpc,
corresponding to about 6 arcsec in the sky for the given redshift. We
present the optimally extracted images of the detected Ly « nebulae
within each field in Fig. 1 and report the key physical quantities
in Table 2. Continuum images of these fields (before and after the
quasar PSF subtraction) are presented in Appendix B. The Ly«
emission detected around the three Quasi-Stellar Objects (QSOs) has
integrated fluxes between F 1y, = (40.6 £0.3) x 1077 ergs~' cm™>
and F 1y, = (66.9 £ 0.3) x 1077 erg s~! cm~2 and measure average
SB between SBry, = (0.8 £ 0.3) x 107" erg s~ em~? arcsec 2
and SBiy, = (1.6 £ 0.3) x 1077 ergs™' cm™? arcsec™, again as
summarized in Table 2. The fluxes were calculated by integrating
the SB over the area defined by the 3D segmentation mask obtained
by CUBEXTRACTOR. The peak SB is typically reached close to the
QSO position. The parameter zgpss refers to the quasar redshift
listed in the SDSS catalogue, whereas zpepyla indicates the nebular
redshift calculated using the peak in the integrated Ly o spectrum.
As observed in previous studies, these two measurements differ from
each other. In particular, we observe a positive offset of ~510 and
~600 km s~! for JOO10 and J0O030, respectively, between the Ly o
redshift and the quasar SDSS redshift, whereas J2316+09 shows
instead a blueshift of ~570 km s~!.
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~!'em~2 arcsec 2. The subsequent contours

Consistent with previous observations of Ly « nebulae at similar
redshift (e.g. Cai et al. 2017; O’Sullivan et al. 2019), our detected
nebulae present very asymmetric morphology. Such asymmetry is
especially prominent for J0010+06 for which the region with the
highest SB is elongated towards north-east (NE).

J0010+-06 contains the most extended and luminous Ly « filament
at a redshift that would place the associated Ha emission in the
best part of the infrared spectrum in terms of absence of sky lines.
The extended emission is not associated with any visible continuum
object (see Fig. B1 in Appendix B), ensuring that the detected
emission is indeed circumgalactic or intergalactic.

For these reasons, J0010+06 was selected as the target for a MOS-
FIRE follow-up search for extended H « emission as described below.

4 HYDROGEN Ha OBSERVATIONS

The following sections describe our MOSFIRE observation aimed at
the detection of extended H o emission near J00104-06. In particular,
we describe here the instrument configuration, the data reduction,
analysis, and final results.

4.1 MOSFIRE configuration

The Multi-Object Spectrograph for Infrared Exploration (MOS-
FIRE) is a slit spectrograph which is particularly suited for the
detection of faint emission in the infrared and installed on the Keck I
telescope on Mauna Kea, Hawaii (described in detail in McLean et al.
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Figure 2. The MOSFIRE slit position for JO010 (grey lines). The background
Ly « map is the same as in Fig. 1. The slit has been placed at 80° from the
vertical towards the NE direction such that it covers the brightest part of the
Ly a emission and has a width of 1 arcsec. The positive direction along the
slit is defined as NE.

2012 and Steidel et al. 2014). The spectrograph covers a wavelength
range of 9700 to 24100 A, an FoV of 6.1 x 6.1 arcmin?, and
has a resolving power of R = 3660 for a slit width of 0.7 arcsec
(0.508 mm). Order-sorting filters provide spectra that covers the K,
H, J, or the Y band by selecting the third, fourth, fifth, or sixth order,
respectively. The K band supports a range at centre of 19 450-23 970
A, which can be extended down to 19210 A, or up to 24 060 A, by
optimizing the slit mask design; the dispersion is 2.1691 A pixel~".
Given the redshift range targeted in our study, we expect to detect
Ha near Agps = (142)Avac ~ 21450 A, where Ay = 6564.61 A,
and hence selected the K-band configuration. Taking advantage of
the configurable MOSFIRE slit bars, we chose a single slit with a
width of 1 arcsec and a length of 2 arcmin, centred on the position
of the JO010+06 quasar. With a 1 arcsec slit, the spectral resolution
power is R ~ 2600 (Av ~ 115 km s~1). This resolution maximizes
the detectability of the expected diffuse, and spectrally narrow H o0
emission allowing us to detect possible multiple velocity components
(Cantalupo et al. 2019; Price et al. 2019). The position angle (PA)
of the slit (80 degrees) has been chosen in such a way to cover the
brightest part of the JO0104-06 nebula and further optimize the H
detectability, as can be verified in Fig. 2. In case of non-detection,
targeting the brightest part of the Ly & nebula would give us in any
case a Ly a/H o lower limit which would be high enough to address
our main scientific question.

The target JO010+06 was observed on the night of 2019 November
3. The sky conditions were good at the time of observations with
a mean seeing of 0.65 arcsec. A total exposure time of 5400 s
(380 x 30) was obtained with two separate exposure sequences
of 45 min each. During both exposures, we applied an ABAB dither
sequence of short individual exposures for which the frame was
moved perpendicular to the slit between position A and B every
3 min, as further explained in the next section.

4.1.1 MOSFIRE data reduction

Data reduction, including flat-fielding, wavelength calibration, and
sky subtraction, was performed using the MOSFIRE DRP, publicly
available and developed by the instrument team, see McLean et
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al.(2012).* Flux calibration as well as astrometric solutions were
performed using ‘MOSPEC’, an IDL-based 2D spectral analysis tool
developed specifically for the MOSFIRE instrument, described in
detail by Strom et al. (2017). The further reduction was performed in
two stages. During the first stage, we subtracted pairwise interleaved,
dis-registered stacks, which are obtained using the ABAB dither
sequence of short individual exposures and combining frames taken
in positions A and B separately. This routine ensures a good back-
ground subtraction, obtained by a simple subtraction (i.e. A-B or B-
A) minimizing possible sky variations during the night. Residuals are
then removed by fitting a 2D b-spline model to the remaining back-
ground, with a method similar to Kelson (2003). The DRP further
produces flat-fielded, wavelength-calibrated, rectified, and stacked
2D spectrograms for each slit on a given mask. The 2D wavelength
solutions for the K band were obtained using a combination of the
night sky and Neon arc lamp spectra, automatically executed by the
DRP. All spectra were reduced to vacuum wavelength and corrected
to the heliocentric frame. The two individual measurements, which
were taken on two different nights, were combined using inverse-
variance weighting to form the final 2D spectra. Finally, using
MOSPEC, 1D spectra together with their associated 1o error spectra,
were extracted from the final background-subtracted frame. Flux
calibration was accomplished using AO stars observed on the same
nights.

4.1.2 Quasar continuum and H a emission subtraction

Similar to the Ly o emission, the detection and study of faint H«
intergalactic emission close to the quasar requires the prior removal
of the quasar continuum and broad H « emission. For this purpose, we
developed a quasar line-spread-function subtraction tool specifically
for the MOSFIRE two-dimensional data format. The algorithm
follows a similar approach as CubPSFSub (see Section 3.3.1 and the
procedures used by O’Sullivan et al. 2019), as we describe in detail
below. For each wavelength position in the 2D spectra, a 1D spatial
emission profile is created by summing over 46 A, centred around the
current wavelength masking bright sky residuals. This wavelength
window was chosen in order to obtain a sufficient signal-to-noise
ratio that is sensitive to spectral fluctuations in the QSO continuum
and broad emission lines.

The 1D spatial emission profiles at each wavelength were then
fitted with a Moffat profile, rescaled in order to match the flux
contained within a radius of 0.5 arcsec® around the quasar and then
subtracted from the data. After a first passage, we iteratively re-apply
our procedure by masking any detectable line emission features.

4.2 The H « emission of the nebula

Fig. 3 shows the MOSFIRE slit 2D spectrum on JO0104-06 around the
expected Ha wavelength position (converted to velocity) and after
the subtraction of the quasar emission. The zero velocity corresponds
to the redshift of the Ly « peak of the nebula. The central regions
used for the rescaling and subtraction of quasar emission are masked

4MOSFIRE DRP Documentation: https://keck-datareductionpipelines.gith
ub.io/MosfireDRP/

SNote that the rescaling region for the MOSFIRE data is almost twice as
large as the one for the KCWI data. This difference is due to higher noise
fluctuations in the MOSFIRE data such that selecting a median out of 5 pixel
as rescaling factor leads a better reduction that averaging over 2 pixel as in
the case for KCWI.
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Figure 3. The flux density of H o along the slit, where the y-axis indicates
the spatial distance to the quasar centre and the zero represents the centre
calculated as described in Section 4.1.2. The black bar covers the rescaling
region used for the PSF subtraction and can hence not be used for scientific
analysis. The x-axis indicates the line-of-sight velocity relative to the redshift
of the Ly « nebula in Fig. 1. Hereafter, the zero velocity is defined as the peak
Ly o emission in the integrated spectra. The contour lines follow constant
SB levels of the emission of 2.5, 4.0, 6.0, 8.0, and 10.0 x 107 erg
s~ em=2 A= arcsec2.

and not used for our scientific analysis. H o emission at high signal-
to-noise level (above an SNR = 3 per spectral and spatial resolution
element) is detected near zero velocity and extending by ~2.5 arcsec,
corresponding to about 20 kpc, from the quasar (see also Fig. Al
for a clearer indication of the extent) along the NE side of the slit
(denoted by positive y-axis values). This emission is not associated
with any visible continuum source or galactic companions to the
quasar (Appendix B). Emission is also present on the opposite side
at about 1.5 arcsec from the quasar.

We point out, however, that this feature is accompanied by a
neighbouring negative region of similar size and magnitude (covered
under the black rescaling region mask in Fig. 3), thus we cannot
exclude the possibility that it is an artefact of the PSF subtraction.

Spectrally, the emission appears relatively narrow with an FWHM
< 300 km s~! with the presence of multiple emission peaks. Such
complex spectral shape appears clearer in the 1D spectral profiles
extracted at different positions, presented in Fig. 4. The most
prominent double peak appears in the region closer to the quasar (0.5
to 1 arcsec), with a smaller peak near —106 km s~! and a slightly
brighter peak near +15 km s~!. A similar double-peaked structure
is also present in the two middle regions between 1 and 2 arcsec
with a gradually increasing redshifted velocity to larger distances.
The last spatial bin (2 to 3 arcsec) present a single, broader peak
around zero velocity and the possibility of a second emission peak
at +-400 km s~!. Given the MOSFIRE spectral resolution of 115 km
s~!, the double peaks close to zero velocity within the inner 2 arcsec
are always resolved with the possible exception of the [1.5 arcsec, 2
arcsec] region for which higher spectral resolution would be needed
for a higher confidence confirmation.
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5 COMPARISON BETWEEN THE LY « AND THE
H o EMISSION

In this section, we compare the Ly o and the H o emission in order
to constrain both the Ly & emission mechanism and gas kinematics.
For a proper comparison, we first extract the Ly o emission through
a pseudo-slit in the KCWI data matching as close as possible the slit
used in the MOSFIRE observation. Then, we calculate the flux ratios
and compare the spectral profiles extracted within different regions
in the MOSFIRE slit and the KCWI pseudo-slit.

5.1 Ly o emission extraction in the region of the MOSFIRE slit

In order to directly compare the Ly & and H o observations obtained
with different techniques and instruments, we ‘re-observe’ the Ly o
emission using a pseudo-slit applied to the 3D KCWI data.

More specifically, we construct a pseudo-slit with the same length,
width, and PA of the MOSFIRE slit as projected on the plane of the
sky as illustrated in Fig. 2. The Ly o emission is then integrated along
the direction of the pseudo-slit minor axis, resulting in a 2D spectral
image. The same procedure has been used to obtain the corresponding
2D spectral image of the variance by taking into account appropriate
error propagation. Finally, the astrometry has been matched using the
quasar position (present in both data sets), which has been determined
through a fit of the quasar PSF.

The Ly o emission within the pseudo-slits extends beyond 4 arcsec
away from the quasar corresponding to about 35 kpc. By comparing
the Ha flux density seen in Fig. 3 and the Ly« flux density in
Fig. 5, we observe that at each spatial location along the slit the
velocity peak of the H o emission traces very closely that of the Ly «
emission, with velocity shifts smaller than 100 km s~'. Finally, we
note that, although the Ly @ emission appears spectrally broader by
a few hundred km s~! than H «, the overall shape of the 2D spectral
images are remarkably similar. A detailed analysis and quantitative
comparison of the spectral profiles will be presented in Section 5.3.

5.2 Flux ratios

We detected a total flux within the 1 arcsec slit aperture of Fy, =
(0.95 £ 0.09) x 1077 ergs™' ecm™ for H and a total flux of Fyy,
= (3.540.06) x 1077 ergs~' cm~2 within the 1 arcsec pseudo-slit
aperture for Ly . The flux was extracted from a spatial region of [0
arcsec, 5.5 arcsec] from the centre and velocity windows of 500 and
1200 km s~! for Ha and Ly «, respectively. The regions were both
centred around the peak of the Ly « and H  emission respectively,
see Fig. Al. Combining these measurements, we obtain a total flux
ratio of

FLyot
FHoc

This value is consistent with the only other quasar Ly o nebula
observed so far in Ho emission, i.e. the Slug Nebula (Leibler et al.
2018) and indicative of a recombination origin of Ly & emission as
discussed in detail in Section 6.1. Due to the high signal to noise of
our H o detection, we can further explore the line ratio within smaller
spatial regions as a function of distance from the quasar. In Fig. 6,
we present the flux ratios as a function of distance from the quasar
obtained within spatial windows of size Ar, as indicated by the hori-
zontal, dark blue bars, and the same velocity windows as used above
for the estimate of the integrated flux ratio. The position and size of
these windows are further illustrated in Fig. A1l. We find ratios with
values around 3 and 2.5 for the first two regions, whereas further out
the ratios increase up to a value of 5 for the third and the fourth region.

=3.7+0.3. ey
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Figure 4. The projection of the flux density shown in Fig. 3 collapsed along the spatial axis (y-axis). We have summed over four different windows with two
different spatial sizes. As illustrated in Fig. A3 and denoted with the labels within the figure, the first three regions have a width of 0.5 arcsec running from 0.5
to 1 arcsec, 1 to 1.5 arcsec, and 1.5 to 2 arcsec. The last region has a width of 1 arcsec and goes from 2 to 3 arcsec. The window sizes were motivated by the
peak regions of the flux seen in Fig. 3 such that they encompass the brightest regions for the emission line. Note that the first window was chosen to align with
the outer part of the rescaling region from the subtraction. The zero position in velocity space corresponds to the redshift of the Ly & nebula shown in Fig. 1. The
sigma of the spectra, indicated with the shaded band, was estimated using the output of the final result of the data reduction process which has been propagated
taking into account the subtraction of the quasar PSF, as explained in Sections 4.1.1 and 4.1.2.

For the spatial window [3.5, 4.5], we can only obtain lower limits on
the flux ratio of about 6, which is still consistent with an increasing
ratio towards the outer regions. Beyond 4.5 arcsec our MOSFIRE
data are not deep enough for a stringent constraint of the line ratios.

In Fig. 7, we present the cumulative flux ratios as a function of
distance from the quasar. The integration regions are illustrated in
Fig. A2. As expected from the integrated flux ratio measurement,
the cumulative values converge to a value of about 4. Closer to the
centre, the ratio is instead much smaller. We discuss in Section 5.3
the possible physical origin of such a trend. The black horizontal line
and the grey area show the values expected for pure recombination
emission without any Ly« absorption or radiative transfer (RT)
effects as discussed in Section 1. A value within or below the grey area
exclude ‘scattering’ or collisional excitation as possible contribution
to the Ly o emission. We will further discuss the implication of this
result in Section 6.

5.3 Comparison of the line shapes

In this section, we examine the shape of the emission lines as well
as their width in velocity space more closely. In order to do that, we

integrate along the spatial direction the 2D spectral images within
the same regions as used for the flux ratios in Fig. 6 (illustrated in
Fig. A3) obtaining 1D spectral profiles. In Fig. 8, we present the
comparison of the 1D spectral profiles of Ho and Ly o emission
within the same spatial apertures. To facilitate the comparison, we
have normalized each 1D spectral profile by the value of its peak
emission.

We notice again the presence of two narrow emission peaks around
the zero velocity in the Ha spectra which are not present in the
corresponding Ly o emission. This difference cannot be explained
by an instrumental effect since the spectral resolution of our KCWI
data (~75 km s~!) is higher than the resolution of our MOSFIRE
observation (~115 km s!). Instead, this discrepancy may hint once
again at the presence of radiative transfer effects which change the
spectral (and spatial) shape of the Ly « line. These same effects are
likely responsible for the broader spectral width of the Ly o spectral
profile. Despite these differences, the Ly o appears in any case to be
a good tracer of the overall gas kinematics (i.e. in terms of peak posi-
tion, line width, and line shape, as constrained by H «) given the good
correspondence between Ho and Ly o peak positions and the fact
that Ly « is only slightly broader than H « (i.e. less than a factor 2).
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Figure 5. The left panel shows the Ly « emission extracted from the pseudo-slit shown in Fig. 2 in units of flux density. The x-axis, y-axis, and the black regions

represent the same as in Fig. 3. The contours indicate SB levels of 2.5, 5, 8, 12, and 18 in units of 10" erg s
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ticks on the colourbar. In the right panel, we adapted Fig. 3 to compare both emission in spatial extend and emission density. Note that the same contour levels
and scales in colourbars are applied to both figures and they share the same units of the colourbar.

10.0

8.5 1

7.0 A

5.5 1

Frya | FralAr)

o | 219

2.5 A

1.0

0.5 er 1j5 2:0 2t5 3j5 4t5 5.5
Ar [arcsec]

Figure 6. Ly o/Ho flux ratios obtained by the integration over a fixed
velocity window and within different spatial regions. The velocity windows
were chosen in a way that they include the majority of the emission
minimizing the flux noise as described in the text, leading to a 500 km
s~! window and a 1200 km s~! window centred at zero for Ha and Lya,
respectively, (see Figs 3 and 5 as reference for the centre positions). The
size and position of the windows in the spatial dimension along the slit are
indicated on the x-axis by the dark blue horizontal bars (for visualization see
Fig. Al). The vertical light blue bars represent the error of each measurement.
Also note that the outermost ratios are lower limits. The grey shaded area show
the expected values in the low gas density limit for the case B recombination
scenario with a temperature range of 7= (0.5-4) x 10* K in absence of local
Ly o RT effects (see Section 6.1). The expected ratios for both collisional
excitation and ‘photon-pumping’ are above 100 and the corresponding lines
are not reported here in the figure for clarity since all the observed flux
ratios are well below these values. Such low observed flux ratios compared
to the theoretical expectations suggest that recombination radiation alone, in
addition to local radiative transfer effects, is fully able to explain the observed
Ly o emission without the need to invoke additional contributions from other
emission mechanisms.
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Figure 7. Each point shows the flux ratio with fluxes integrated up to the
radius indicated on the x-axis. In particular, the last value at 5.5 arcsec from
the QSO contains the majority of the detected Ha and Ly o emission. The
black horizontal line and the grey area show the values expected for pure
recombination emission without any Ly o absorption or radiative transfer
effects as discussed in Section 1. As in Fig. 6, we are not showing here the
expected line ratios from other emission mechanisms since they are all above
a value of about 100 which is well above the observed flux ratios.

6 DISCUSSION

The detection of circum-QSO H « emission at high signal-to-noise
level from a quasar Ly o nebula at z = 2.257 £ 0.005 gives us the
unique opportunity to constrain both the Ly « emission mechanism
(and thus the gas density distribution) and the gas kinematics as
discussed in detail below. Before discussing the implication of our
results, we will review and discuss the Ly oo emission mechanism
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Figure 8. Presented here is a comparison between the Ly & and H « spectral shape. We projected the Ly & emission on to the spectral dimension as it has been
done for the results shown in Fig. 4, using also the same spatial regions. Furthermore, each of the spectra has been normalized to a peak value of 1 in order to
facilitate the comparison. The zero velocity on the x-axis is fixed to the redshift of the Ly o nebula measured as the peak of the integrated Ly « spectrum.

and calculate their contribution to the expected Ly o/H o flux ratios
in the context of the CGM and IGM.

6.1 Ly o emission mechanisms and Ly «/H « ratios

There are three physical processes that can produce a Ly o photon;
(i) recombination radiation arising from photoionized hydrogen; (ii)
‘continuum-pumping’ in which Ly « photons are produced, e.g. in
the quasar broad-line region and are scattered into our line of sight;
and (iii) Ly @ ‘cooling radiation’, in which the emission is generated
through collisional excitation of a neutral hydrogen atom by a free
electron (see also Section 1 for further details). When the emitting
gas is photoionized by an external source, e.g. in the case of a
quasar illuminating the CGM and the IGM, the radiation produced
by process (i) is usually referred to as ‘fluorescent’ in the literature,
e.g. Gould & Weinberg (1996), Cantalupo et al. (2005), Cantalupo,
Lilly & Haehnelt (2012), and Borisova et al. (2016). This is because
it can be described as a reprocessing of external ionizing photons,
with lambda <912 A, into photons with lower energy and longer
wavelength (e.g. Ly« or He). This is not the case for process (ii)
nor for process (iii), which is not initiated by radiation.

The actual number of Ly o or Ha photons produced on average
for each recombination event in a gas cloud depends on the fate of the
Lyman continuum and the resonant Lyman series photons (excluding

Ly &), which are also generated during atomic recombination. Two
extreme cases are usually assumed in the literature (starting from
Baker & Menzel 1938): ‘case A’, for which all Lyman continuum
and Lyman series line photons completely escape the emitting region
without interacting with the gas, and the opposite situation, referred
as ‘case B’. We consider that in ‘case B’ Ly « photons will eventually
escape the emitting region through a series of absorption and re-
emission events (scatterings) since they cannot be ‘transformed’
to any other line emission during these events for the densities
relevant to the CGM/IGM (and also ISM). In most realistic situations,
neither of the two cases provide a good representation of the actual
recombination rates, e.g. Cantalupo et al. (2008), however they are
useful to bracket the possible ranges of interest.

In the literature, the Lyow/Ha flux ratios for recombination
radiation is often quoted to be in the range 8.1-11.6 for temperatures
between 5 x 10 and 2 x 10* K and electron density in the range
ne = 10°-10* cm™3 from the work of Hummer & Storey (1987),
e.g. Hayes (2015). A typical value of Ly «/H o = 8.7 (corresponding
to a temperature of 10* K and n. = 350 cm™) is often used. In
particular, these values have been derived considering the typical
densities of nebulae in the ISM of galaxies and therefore could be
more representative of line ratios for galaxies rather than the CGM or
IGM. Above a critical density, atomic collisions are responsible for
the mixing of orbital angular momentum levels (/-mixing collisions).
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In particular, higher densities typically correspond to an increase in
Ly a production rate due to collisional transfer between the 2s and
2p states. This is due to the much longer lifetime of the metastable
2s state (which can only decay to 1s through two-photon emission)
compared to 2p. Collisions have a smaller impact on H & emissivities
since the 3s, 3p, and 3d are not metastable. Therefore, higher densities
typically result in larger Ly o/H « flux ratios at a given temperature.

Since typical CGM and IGM densities are expected to be much
lower than 7, = 10> cm™> we have re-estimated the Ly a/H o flux
ratios in the low density limit (i.e. ignoring /-mixing collisions) using
the effective recombination coefficients obtained by Martin (1988)
at T < 2 x 10* K and by Pengelly & Seaton (1964) at higher
temperatures for both Case A and Case B. In particular, we have

used the tabulated &y, values for Ly & and the sum of o5, ¥, and

o) for the Ha effective recombination coefficient, multiplying 01(3;)
by the 3p to 2s branching ratio of about 0.1183 in Case A only, in
order to take into account the production of Ly 8 photons. As a result,
we have obtained Ly o/H o flux ratios ranging between 7.8 and 8.5
for temperatures between 5 x 10° and 4 x 10* K in Case B with
a value of 8.3 at T = 2 x 10* K. Considering Case A, we obtain
instead a flux ratio in the range 10.5 to 13.7 in the temperature range
between 5 x 10° and 4 x 10* K, with a value of 12.7 at T=2 x 10*
K. The difference between these two cases is almost entirely due to
the assumed fate of the Ly 8 photons originated from the 3p state.
Indeed, in Case B, all Ly B photons are eventually converted into H ¢
photons, resulting in a significant boost of the H « flux. On the other
hand, the Ly « flux is boosted only modestly, as a consequence of
(only partial) re-conversion of the (less numerous) Ly y photons (and
higher n Lyman series). For the precise values, we refer the reader to
the tables in Pengelly & Seaton (1964).

We assume that the flux ratios provided by Case B are the most
relevant in our situation because of the high Ly  absorption cross
section (about 19 per cent of the Ly o absorption cross section at line
centre). Indeed, Ly B opacity could be relatively high even for modest
H1 column densities which are possible even for the highly ionized
gas around quasars. Note that, although we consider case B to be
more likely, assuming case A would only reinforce our conclusions.

The other two processes which could generate Ly« photons
are instead expected to produce either negligible (for ‘collisional
excitation’) or no Ha emission at all (continuum-pumping). In
particular, we have used the fits as a function of temperature of
the effective collision strength provided by Giovanardi et al. (1987)
to calculate the collisional excitation rates producing Ly ¢ and Ho
photons including the contribution from levels up to n = 4 in
the low density limit as above. The expected Ly /H « flux ratios
from collisional excitations range from values of 100 to 120 for
temperatures between 1.5 x 10* and 4 x 10* K in Case B.® Even
higher values of the flux ratios are obtained in Case A, for the
same reasons as in the discussion above. Ha photons cannot be
produced by ‘continuum-pumping’ at the CGM (and even ISM)
densities. Thus, if there is any contribution to the Ly o emission
from mechanisms different than recombination we should expect a
flux ratio Ly«/Ho > 8.5. Any increase of this ratio with respect
to the expectations from recombination radiation could be used in
principle to estimate the relative contribution of the different emission
mechanisms.

©Temperatures lower than 1.5 x 10* K do not produce Lya photons
efficiently. Therefore, lower temperatures could result in lower line ratios,
but would not produce sufficiently bright emission in first place.
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Are there, on the other hand, any processes or effects that could
instead reduce the measured Ly o/H o flux ratios with respect to the
recombination case? Dust absorption is expected to be much more
significant for Ly « than for Ho given the bluer Ly ¢ wavelength
reducing the line ratios. The actual effect of dust depends on
two factors: 1) the amount and spatial distribution of the dust, ii)
the number of scatterings which Ly « suffers before escaping the
medium. Both these factors are very difficult to estimate but they
are in general expected to be very relevant in the ISM of galaxies,
reducing the observed Ly o emission (and thus the Ly o/H o flux
ratios) by about one order of magnitude (e.g. Hayes et al. 2010).
Although there are no direct observational constraints on the dust
content of the CGM and IGM, the smaller metallicity with respect
to the ISM as commonly suggested by cosmological simulations
(e.g. Wright et al. 2021; Mitchell & Schaye 2022) might indicate
also a much smaller dust content. Moreover, the strong UV, FUV
and X-ray flux produced by the quasar might also contribute to
dust evaporation. In summary, dust attenuation may contribute to the
smaller line ratios; however, we do not expect the same reduction as
observed for Ly «-emitting galaxies.

Even in absence of dust, the local scattering of Ly« photons
(radiative transfer effects) is expected to produce a reduction in
the Ly SB while the Ha SB will be unaffected. This is due
to both scatterings within the medium and to intervening material
at large distances depending on its velocity field relative to the
emitting region. While in the first case the total Ly« emission
could be recovered, e.g. by integrating within a larger aperture, in
the case of intervening material, the Ly o photons are effectively
lost from our line of sight (similar to what happens in the case of
absorption lines in quasar spectra). The effective decrease in Ly o
SB due to these radiative transfer effects will depend on the detailed
geometrical and kinematical properties of the medium and its large-
scale environment, in addition to the local ionization parameters.
Early numerical simulations of fluorescent emission showed that
such effects can account for large SB variations (see Cantalupo et al.
2005); however, more detailed numerical studies are needed for a
proper estimation. If Ly « radiative transfer effects are important, we
expect that comparison between Ly @ and H « fluxes made on fixed
apertures, as in our case, will result in Ly o/H o flux ratios lower than
the recombination ratio discussed above.

6.2 Implications of the measured Ly «/H « flux ratio

The measured Ly o/Ho flux ratio in our case is about 4 when
integrated within the slit aperture of our MOSFIRE observations,
i.e. about a factor of 2 smaller than the Case B recombination ratio
(and about a factor of 3 smaller than the Case A recombination ratio).
The total fluxes of both Ly « and H« are dominated by the regions
closer to the QSO. From the discussion above, the first implication
of our results is the presence of Ly « radiative transfer effects in the
(inner) CGM of J00104-06 quasar. This is not surprising, given that
gas becomes opaque to Ly o photons at very modest neutral column
densities, e.g. about 10" cm™2, which are typically observed even
in proximity of bright quasars. The observed differences between
the Ly o« and H « line shapes also suggest the presence of radiative
transfer effects. However, the fact that these line shapes are much
more similar (in terms of, e.g. line width, symmetry of the line,
and the wavelength location of the peak) than observed in galaxies
suggest smaller HI column densities and thus weaker radiative
transfer effects in our case. Such smaller HI column densities are
expected given the strong quasar ionizing radiation and the lower
densities of the CGM/IGM with respect to the ISM case. A detailed
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description of strong radiative transfer typically observed in the ISM
of galaxies can be found in (Dijkstra, Haiman & Spaans 2006).
We note that our results appear to indicate a larger Ly o/H o flux
ratio, possibly approaching the case B recombination value, at larger
distances from the quasar. This could be an indication that (more)
neutral gas or dust is present in the inner CGM (despite the closer
proximity to the quasar’). Alternatively, it could simply reflect a
geometrical factor, i.e. the larger path-length travelled by the Ly o
photons along our lines of sight in order to escape the quasar host
halo.

In all cases, the measured H v flux, which can only be produced
by recombinations as discussed above, could be used to recover
the expected Ly @ SB produced by recombinations in absence of
scattering effects. We will refer to the Ly« emission produced
through recombination as the ‘intrinsic’ fluorescent Ly « SB. Our
results imply a correction factor of up to about 2 to convert the
observed Ly o SB into the intrinsic fluorescent Ly o SB in the region
covered by the MOSFIRE slit (in the likely situation approximated
by Case B). A similar correction factor was also obtained for the
Slug Nebula as observed through the MOSFIRE slit. Assuming that
such correction factors apply also to other regions of the nebulae
not covered by the MOSFIRE slits and to the other bright quasar
Ly o nebula allows us to translate the observed Ly « SB into their
‘intrinsic’ counterparts. In turn, the ‘intrinsic’ fluorescent Ly « SB
can be used to estimate gas densities, gas clumpiness, and other
properties of the CGM as discussed, e.g. in Cantalupo et al. (2014,
2019) and Pezzulli & Cantalupo (2019), confirming the need for
broad gas density distributions or very ‘clumpy’ and dense medium
(i.e. with log-normal o > 2 if a log-normal density distribution is
assumed) in the CGM of bright quasars. In addition, taking into
account the analytical model of Pezzulli & Cantalupo (2019), the
fact that recombination radiation is the dominant mechanism would
imply that close to 100 per cent of the expected baryons are retained
within the virial radius of QSO-hosting haloes; it would also indicate
that either the bright quasars live in much more massive haloes
than currently expected from clustering measurements or that cold
emitting gas in the CGM is out of pressure equilibrium with the
ambient hotter halo gas (see Pezzulli & Cantalupo 2019 for details).
The latter situation is verified in particular if a broad gas density
distribution is responsible for the Ly « emission in the CGM. Such
broad density distributions could be generated by hydrodynamical
effects (e.g. Vossberg et al. (2019), Vossberg et al., in preparation).
Finally, another possibility could be that the emitting gas did not have
time to reach pressure equilibrium yet, short after being photoionized
(and heated) by the QSO radiation, depending on the QSO ‘age’
and/or the size of the cold gas emitting structures (e.g. Pezzulli &
Cantalupo 2019; Sarpas et al., in preparation). As shown in Fig. 6,
our results could also indicate that the correction factors decrease at
larger distances from the quasar. If this trend will be confirmed by
additional data, this could also imply a ‘steepening’ of the intrinsic
Ly o SB profiles with respect to the observed Ly o SB profile which
the models should take into account for a proper comparison (as
addressed in section 6.2 of Pezzulli & Cantalupo (2019).

6.3 Gas kinematics

In this paragraph, we discuss the kinematics of the gas. We would like
to stress again that Ly « is in principle not an ideal tracer of kinematics

7We do not expect more neutral gas if the density increases with decreasing
distance stronger then d—2.
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due to its resonant nature and hence a detailed examination in the
light of a non-resonant emission line, as has been done in this work,
is crucial. The first thing we notice is that none of the H « line profiles
has the shape of a single Gaussian, suggesting a more complex origin
than a simple gas cloud, e.g. the presence of multiple structures in
projection as also observed for the Slug Nebula (e.g. Cantalupo et al.
2019). In order to study the gas kinematics in more detail, we focus
on three quantities: (i) the shift of the line peaks relative to each
other, (ii) the nebula centroid as a function of distance from the
quasar, and (iii) the Ho line width, which could be related to the
overall kinematics along our line of sight or gas turbulence.

We relate our results to two different scenarios of strong bulk
motions: quasar outflows and disc-like rotation. In case of a strong gas
outflows, we would expect gas outflow velocities v, > 1000 km 57!
near the QSO, as argued in Arrigoni Battaia et al. (2019) and modelled
in Allen et al. (2008), Carniani et al. (2015), and Valentini, Gallerani
& Ferrara (2021). However, some theoretical studies suggest that
outflow velocities could diminish with distance from the central
source, see e.g. Faucher-Giguere & Quataert (2012), Richings &
Faucher-Giguere (2018), and Menci et al. (2019).

Disc-like rotation requires a monotonically increasing velocity
with increasing distance (along the kinematic major axis, which
in our case may or may not coincide with the direction of the
MOSFIRE slit), and a flattening at larger distances as modelled and
in detailed described in Martin et al. (2019) including a discussion
of observational criteria, and as has been considered in Martin et al.
(2016) and Arrigoni Battaia et al. (2018). We want to emphasize
however then these models of classical galaxy rotation curves assume
thin discs on kpc or even sub-kpc scales, which may not be applicable
for the nebula studied in this work.

In particular, we have obtained the H « line profiles in four different
distance bins from the QSO, as shown in Fig. 4. The primary
(brightest) peaks move very little as a function of distance to the
quasar: we measure no velocity shift moving from bin [0.5 arcsec,
1 arcsec] to [1 arcsec, 1.5 arcsec], a shift of about 30 and 60 km
57! moving from [1 arcsec, 1.5 arcsec] to [1.5 arcsec, 2 arcsec] and
[1.5 arcsec, 2 arcsec] to [2 arcsec, 3 arcsec], respectively. Given
our spectral resolution of 115 kms~!, these shifts can be considered
insignificant. All peaks are centred close to the Ly « nebula redshift:
we calculate velocity shifts relative to the systemic for the H« line
of +14, +14, —16, and +45 km s~! and the Ly o line of —38,
—75, +75, and +113 km s~! for the bins [0.5 arcsec, 1 arcsec], [1
arcsec, 1.5 arcsec], [1.5 arcsec, 2 arcsec], and [2 arcsec, 3 arcsec],
respectively. Hence, bulk motions of the gas on large scales along
the direction parallel to our line of sight, typically observed for
both outflows and disc-like rotation, are disfavoured. Perhaps even
more than by the absence of significant spatial gradients, disc-like
rotation is disfavoured by the presence of multiple components, as
the rotation models require one connected structure and smooth
velocity gradients, likewise described in Martin et al. (2015, 2016)
and observed in Arrigoni Battaia et al. (2018). Strong outflows,
on the other hand, are disfavoured by the small shift compared to
systemic and mostly by the small FWHM of the H « line: we measure
FWHM of about 273, 243, 303, and 212 km s~! for the bins [0.5
arcsec, 1 arcsec], [1 arcsec, 1.5 arcsec], [1.5 arcsec, 2 arcsec], and
[2 arcsec, 3 arcsec], respectively. Note that these values encompass
both peaks. Correcting for the effect of instrumental broadening,
given our resolution of 115 km s~!, would further decrease this
value. Moreover, the H« profiles show multiple peaks which imply
that the FWHM of each individual kinematic component is even
narrower. An exception to the above conclusion is posed by the
second peak in the last bin [2 arcsec, 3 arcsec] located at about
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+400 km s~!, which could be either an inflow or outflow depending
on its location along our line of sight. We would like to stress that we
cannot draw definitive conclusions on the gas kinematic given our
current spatial resolution. We can however notice that none of the
observed components seem to exceed the expected outflow escape
velocity, expected around ~500 km s~ for typical host haloes of
quasars at this redshift. This implies that if an outflow is in place,
most energy and metal content should remain in the CGM and that
inflows could prevail in determining the CGM gas content.

Despite the slightly larger width of the Ly « spectral profiles, they
give none the less a good representation of the overall kinematics on
large scales. We find FWHM of about 302, 415, 377, and 415 km
s~! for the bins [0.5 arcsec, 1 arcsec], [1 arcsec, 1.5 arcsec], [1.5
arcsec, 2 arcsec], and [2 arcsec, 3 arcsec], respectively. However,
detailed features such as the double peaks (as seen in the Ho
profiles) corresponding to multiple velocity components are likely
washed out by radiative transfer effects. In any case, except for the
outermost region (i.e. [2 to 3 arcsec]) for which the SNR is modest,
the Ly o peak velocity traces fairly well the average velocity of the
H « double-peaks, suggesting that local radiative transfer effects are
only ‘smoothing’ the profiles rather than red-shifting them as in the
case of Ly o emitting galaxies. Together with the information on the
line ratio, this could imply that the Ly & photons experience only a
modest number of scattering events in a low-opacity medium and
therefore they mostly diffuse spatially rather than spectrally. This is
the opposite situation with respect to a high-Ly a-opacity medium
such as the ISM for which the most effective escape route for the
Ly « photons is to diffuse away from the line centre through a large
number (of the order of 10* or larger) of close-by ‘scattering’ events.

Future Ho Integral-Field Studies and analysis encompassing a
larger area of single nebulae or a larger sample of nebulae will
provide more information about the detailed kinematics of the gas
which can then be compared to numerical models of fluorescent
Ho emission in a cosmological context. Such a comparison with
numerical models (which are expected to be much more reliable
for non-resonant recombination lines such as Ha with respect to
Ly ) will give us the opportunity to constrain both the quasar halo
mass and the origin of the cold CGM component in terms, e.g. of
cosmological inflows or quasar/galactic outflows.

7 SUMMARY

The recent discovery of ubiquitous giant Ly o nebulae around quasars
at z > 2 has opened up the possibility to directly study, in emission,
the CGM, and IGM. However, the resonant nature of the Ly«
line and its different possible emission mechanisms complicate the
constraining of the kinematics and physical properties of the detected
gas, in terms, e.g. of its density.

We have presented here the results of a pilot observational survey
which overcame these limitations by combining specifically designed
KCWI Ly o emission and MOSFIRE H & emission observations of
quasar nebulae at z ~ 2.2. Because H & emission is shifted into the IR
atz>2, the presence of bright sky lines limits the possibility of detect-
ing it for the vast majority of previously detected quasar Ly « nebulae.

For this reason, we have first searched with KCWI for extended
Ly« emission around three bright SDSS quasars with estimated
systemic redshifts (from SDSS pipeline) within the optimal range
2.25 < z < 2.27, which is free from bright IR sky lines for Ho.
Among the three fields, which all show Ly « emission extending on
scales larger than 40 physical kpc, we have selected the brightest
and most extended nebula with a confirmed nebular Ly « redshift in
the range 2.25 < z < 2.27 (JO010) for follow-up H & spectroscopic
observation with MOSFIRE.

MNRAS 519, 5099-5113 (2023)

Within the MOSFIRE slit on J0O010, we detected Ha emission
extending up to about 20 physical kpc from the quasar with a total
H a flux of Fy = (7.33 4 0.04) x 10 8erg s~ cm™2. By extracting
the Ly o flux from the same spatial aperture, we calculated a line
flux ratio of Fry./Fu,=3.7 £ 0.3, consistently with the results
obtained for the Slug Nebula at z = 2.275 (whose H « measurement
is affected, however, by the presence of a sky line). This relatively
low line ratio compared to our expectations from different emission
mechanisms (see Section 6.2) suggests that recombination radiation
is the dominant Ly « mechanisms confirming the need for broad gas
density distributions or very ‘clumpy’ and dense medium in the CGM
of bright quasars (e.g. Cantalupo et al. 2019) (i.e. with a log-normal
o > 2 if alog-normal density distribution is assumed).

In addition, our MOSFIRE spectroscopic observation allowed us
to measure the detailed spectral profiles of H« emission in several
regions within the slit and to compare them to the Ly « profiles. In
particular, we observed in several regions a complex H « line profile
with at least two separated components. These components, not
present in the Ly « spectrum, show a relatively narrow line width and
no significant velocity shifts as a function of distance from the quasar.
Their narrow-line profiles suggest rather quiescent kinematics in the
CGM of J0010 which seems incompatible with quasar outflows capa-
ble of escaping the potential well of the host halo, while the presence
of multiple kinematic components along the same line of sight also
disfavours a scenario of disc-like rotation in a massive halo (>10'?
Mp). Our results pave the way to future surveys for intergalactic H o
emission, e.g. using IR Integral-Field spectroscopy with VLT/ERIS
or JWST, which have the potential to provide a high-spatial-resolution
view and, at the same time, detailed kinematical properties of the
CGM/IGM. These properties can then be compared to numerical
models of fluorescent H o emission in a cosmological context without
the current complications associated with the Ly @ emission mod-
elling. Such a comparison will give us the opportunity to constrain
both the quasar halo mass and the origin of the cold CGM component
in terms, e.g. of cosmological inflows and galactic outflows.
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APPENDIX A: FLUX EXTRACTION
APERTURES

Here, we present the apertures that have been used to extract the
Lya and Ha fluxes. In particular, we show the three different
configurations used for our analysis of the flux ratios in function of
distance to QSO, of the cumulative flux ratios and of the projection
along the spatial axis, shown in Figs A1, A2, and A3, respectively.
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the slit, see Fig. Al.
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Figure A3. Presented here are the extraction regions for the spectral projections of the flux densities along the spatial axis.
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external continuum source can be associated with our detected H o
emission. Hence, we can conclude our detection to originate from
In the following text, we present the white-light (WL) images of all the intrinsic nebula emission.
three fields ones with and without PSF subtraction, in the upper and

APPENDIX B: WHITE LIGHT IMAGES

lower row of Fig. B1, respectively. We want to emphasize that no
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Figure B1. The upper row shows from left to right the WL images of the unsubtracted images of J0010, JO030, and J2316, respectively. The lower three panels
are PSF subtracted and hence they show the continuum around the three QSO. Note that the images are plotted in log-scale.
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