
MNRAS 519, 5099–5113 (2023) https://doi.org/10.1093/mnras/stac3205 
Advance Access publication 2022 No v ember 7 

Characterizing the circumgalactic medium of quasars at z ∼ 2.2 through 

H α and Ly α emission 

Vivienne Langen , 1 , 2 , 3 ‹ Sebastiano Cantalupo , 2 , 4 ‹ Charles C. Steidel, 3 Yuguang Chen , 3 , 5 

Gabriele Pezzulli 2 , 6 and Sofia G. Gallego 

2 , 3 

1 L2IT, CNRS, Universit ̀e Paul Sabatier, 118 Route the Narbonne, F-31062 Toulouse, France 
2 Department of Physics, ETH Zurich, Wolfgang-Pauli-Strasse 27, CH-8093 Zurich, Switzerland 
3 Cahill Center for Astrophysics, California Institute of Technology, Pasadena, CA 91125, USA 
4 Department of Physics, University of Milan Bicocca, Piazza della Scienza 3, I-20126 Milano, Italy 
5 Department of Physics and Astronomy, University of California Davis, Davis, CA 95616, USA 
6 Kapteyn Astronomical Institute, University of Groningen, Landleven 12, NL-9747 AD Groningen, the Netherlands 

Accepted 2022 No v ember 2. Received 2022 November 2; in original form 2022 April 11 

A B S T R A C T 

The disco v ery of giant quasar Ly α nebulae at z > 2 has opened up the possibility to directly study in emission the Circumgalactic 
and Intergalactic Medium (CGM/IGM). Ho we ver, the resonant nature of the Ly α 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 α emission, a line which does not suffer from these limitations. To this end, we first 
used KCWI to detect Ly α emission around three bright quasars with 2.25 < z < 2.27, a range which is free from bright IR 

sky lines for H α, and then selected the most extended nebula for H α follow-up with MOSFIRE. Within the MOSFIRE slit, 
we detected H α emission extending up to 20 physical kpc with a total H α flux of F H α = (9.5 ± 0.9) × 10 

−18 erg s −1 cm 
−2 . 

Considering the Ly α flux in the same region, we found F Ly α/F H α = 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. Moreo v er, the H α line profile suggests the presence of multiple emitting components o v erlapping 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 
12 M �). 

Key words: galaxies: haloes – galaxies: high-redshift – intergalactic medium – galaxies: kinematics and dynamics – quasars: 
emission lines – infrared: ISM. 
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 INTRODUCTION  

urrent theories of galaxy formation and evolution predict that 
alaxies should be fuelled by gas accretion from their surrounding 
edium, namely the Circumgalactic or Intergalactic Medium (CGM 

r IGM). The detailed physical properties of the gas in terms of, e.g.
ensity, temperature, and angular momentum are thus fundamental 
ariables for our understanding of structure formation in the universe. 
ome cosmological simulations (Bond, Kofman & Pogosyan 1996 ; 
ukugita, Hogan & Peebles 1998 ; Birnboim & Dekel 2003 ; Kere ̌s
t al. 2005 ; Dekel & Birnboim 2006 ) suggest that for redshift 1.5 <z

 4 most of the accreting material should be relatively cold ( T ∼
0 4 K) and confined to filaments penetrating the hotter haloes (Dekel 
t al. 2009 ). It is ho we ver still debated whether such cold filaments
ould survive the hydrodynamical interaction with the hot halo gas 
e.g. Mandelker et al. 2017 ; Vossberg, Cantalupo & Pezzulli 2019 ), or
eing instead disrupted into a series of smaller and denser structures
orming a ‘mist’ within the hot haloes. In order to understand the
 E-mail: vivienne.langen@l2it.in2p3.fr (VL); 
ebastiano.cantalupo@unimib.it (SC) 
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orphology and physical properties of the CGM, it is therefore 
ssential to directly map the cold gas emission. 

In recent years, the ubiquitous detection of bright and extended 
y α emission around quasars at z > 2 from narrow-band imaging and 

ntegral field spectroscopy has opened up the possibility to directly 
tudy the morphology, kinematics, and density distribution of the 
GM 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.
016 ; Fumagalli et al. 2017 ; Arrigoni Battaia et al. 2019 ; Cai et al.
019 ; Martin et al. 2019 ; O’Sulli v an et al. 2019 ; Fossati et al. 2021 ).
n addition to the availability of new instruments such as MUSE (see
acon et al. 2010 ) and KCWI (see Morrissey et al. 2018 ), the success
f these surv e ys targeting the Ly α emission is due to the intrinsic
uminosity of the line expected when dense gas is ionized directly
y a quasar. 
Ho we ver, directly translating the observed Ly α emission into gas

ensities and kinematics is challenging without knowing the detailed 
ontribution of the individual Ly α emission mechanisms to the total 
nd because of the resonant nature of the Ly α transition. In addition
o being produced by the recombination of a free electron with
onized hydrogen, Ly α photons can also be produced by collisional 
xcitation between a free electron and a neutral hydrogen atom or

http://orcid.org/0000-0002-9523-3880
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y ‘continuum pumping’. In the latter process, a photon produced
y, e.g. the accretion disc of the quasar, and doppler-shifted to the
requency of Ly α radiation in the rest frame of a hydrogen atom in the
GM or IGM would be re-absorbed and re-emitted (scattered) by the
tom, ef fecti vely contributing to the extended Ly α emission around
he quasar. Both collisional excitation and ‘continuum pumping’
equire the presence of neutral hydrogen atoms in the CGM/IGM and
ery fa v ourable conditions in terms of free electron temperatures or
as kinematics (e.g. Fardal et al. 2001 ; Cantalupo, Porciani & Lilly
008 ; Cantalupo et al. 2014 ; Dijkstra 2019 ; Pezzulli & Cantalupo
019 ). From the Ly α line alone, it is ho we ver dif ficult to estimate the
ossible contribution of these two emission mechanisms compared to
ecombination radiation. For the typical densities of the CGM/IGM
p to interstellar medium densities, the H α emission of hydrogen
r hydrogen-like atom, such as He II , is expected to be ef fecti vely
roduced by atomic recombinations only, due to the non-resonant
ature of this line. Note also that the collisional excitation rates to
he 3s, 3p, and 3d levels of H I (which result in H α photons or Ly β
hotons) are about 20 times smaller than the collisional excitation
ate to the 2p level (which result in Ly α photons) at T ∼ 10 4 K (see
.g. Osterbrock 1962 ; Spitzer Jr 1978 ; Giovanardi, Natta & Palla
987 ; Gould & Weinberg 1996 ; Cantalupo et al. 2008 ), which would
esult in Ly α/H α flux ratios > 100. The detection and measurement
f hydrogen H α or He II 1640 flux can therefore be used to constrain
he emission mechanism and therefore gas densities. Unfortunately,
ydrogen H α emission is undetectable from the ground at z > 3,
here the vast majority of quasar Ly α nebulae have been detected

o far, because of atmospheric absorption and emission lines and
equires space-based facilities such as JWST . He II 1640 emission,
hich falls in the optical for z > 3, has pro v en difficult to detect (e.g.
orisova et al. 2016 ; Langen, Cantalupo & Marino 2019 ; Fossati
t al. 2021 ) with typical He II λ1640/Ly α < 0.1 (instead of 0.3
xpected from fully ionized helium and hydrogen and recombination
adiation). This small He II /Ly α ratio is e xpected, ev en in the
ure recombination scenario, if CGM/IGM gas has a broad density
istribution with tails extending to values at which helium becomes
ompletely self-shielded to the He II -ionizing photons ( ∼54eV)
roduced by the quasar, as demonstrated by Cantalupo et al. ( 2019 ).
he detection of hydrogen H α emission becomes therefore the main

equirement for a secure confirmation of the recombination origin of
he Ly α emission. 

The Slug Nebula at z ∼ 2.3 (Cantalupo et al. 2014 ) is so far the only
uasar Ly α nebula, to our knowledge, for which H α emission has
een searched for and detected (e.g. Leibler et al. 2018 ). In particular,
sing MOSFIRE slit-spectroscop y, H α w as detected coincident with
he brightest Ly α emission both spatially (within the MOSFIRE slit)
nd kinematically . Unfortunately , the presence of a bright sky line
ampered the measurement of the spatial and spectral profile of
he emission, limiting our ability to constrain both the morphology
f the emission on kpc scale and its kinematic properties. None
he less, by heavy smoothing both spatially and spectrally a high
ignal-to-noise measurement has been possible showing a Ly α/H α

ux ratio of 5.5 ± 1.1. As discussed by Leibler et al. ( 2018 ),
uch a line ratio is fully compatible with a recombination origin of
y α emission (including slit-loss effects due to local Ly α radiative

ransfer) and strongly e xcludes an y significant contribution from
photon-pumping/scattering’ or ‘collisional excitation/cooling’. 

Can this conclusion be applied generally to Ly α nebulae or is it
nly the case for the Slug Nebula? In order to address this question,
t is essential to build up a larger sample of nebulae with observations
f H α emission. Moreo v er, in order to take full advantage of the non-
esonant nature of H α emission as a kinematic tracer, it is essential to
NRAS 519, 5099–5113 (2023) 
 v oid o v erlapping with sk y lines. Here, we present results of a pilot
roject, using both KCWI and MOSFIRE specifically designed to
eet the abo v e requirements. The successful results of this project,

s described in detail below, lay the foundation for building up a larger
ample of extended H α emission around quasars in future surveys. 

The paper is structured as follows. In Section 2 , we describe our
urv e y strate gy and target selection. In Section 3 , we present the
CWI observations for extended Ly α emission. The MOSFIRE
bservations are described in Section 4 . In Section 5 , we present a
etailed analysis of Ly α and H α emission. Finally, we discuss the
ebular emission mechanisms in Section 6 . Conclusions and future
rospects are reported in Section 7 . 

 SURVEY  STRATEGY  AND  TARGET  

ELECTION  

he goal of our surv e y is the measurement of large-scale H α

mission around quasars at high spatial and spectral resolution.
or this reason, it is essential that the expected H α emission falls

n a wavelength range with high atmospheric transparency in the
R without the presence of any significant sky line. Based on the
 xpected IR sk y emission at Mauna Kea, we estimated that the
ptimal emission redshift range that satisfies the requirement abo v e
ould be 2.25 < z < 2.27. 
Given the need to place the slit for MOSFIRE H α observation, a

rior knowledge is required of the morphology and extension of the
ossibly emitting gas, as traced, e.g. by Ly α emission. Moreo v er,
n order to maximize detectability and to address the main scientific
uestion of our project, the Ly α emission should be sufficiently
right that even an H α non-detection would place useful constraints
n the emission mechanism. 
Unfortunately, no previously disco v ered quasar Ly α nebula with

right and extended emission falls in the optimal redshift range
escribed abo v e (within the windo w of observ ability for our surv e y).
or this reason, and taking advantage of the demonstrated ubiquity of
y α nebulae around quasars, we selected new fields around quasars
ith redshifts within the selected range as targets for KCWI Ly α

mission observations. In the expectations that the brightest quasars
ould have the most luminous nebulae, although so far only a weak

rend with luminosity has been found (see Mackenzie et al. 2021 ), we
estricted our selection to quasars with magnitudes i < 18.5. Finally,
e made a selection in Right Ascension (RA) to guarantee that the

argets would be visible during scheduled runs with KCWI (2019
eptember 26, 27, 28) and MOSFIRE (2019 No v ember 4). 
Based on these criteria, we selected three SDSS quasars from the

2th data release (P ̂ aris et al. 2017 ) for the KCWI observations as
escribed in Table 1 . They are listed from left to right in order of
reference regarding the selection criteria. 
The catalogue redshifts are z = 2.2594 ± 0.002, 2.2643 ± 0.001,

nd 2.26329 ± 0.0001 for J2316, J0030, and J0010, respectively,
hich were estimated using the method explained by the SDSS

edshift and classification documentation. 1 

 LYMAN  α OBSERVATIONS  

n this section, we present our Ly α observations using the Keck
osmic Web Imager (KCWI) integral field spectrograph, including a
rief description of the chosen KCWI instrument configuration, data
eduction, and analysis. 

https://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. 

J2316 + 09 J0030 + 05 J0010 + 06 

RA 23:16:49.5 00:30:21.8 00:10:5.7 
Declination 
(DEC) 

+ 09:06:34.82 + 05:30:52.93 + 06:17:20.63 

z a SDSS 2.2633 ± 0.0001 2.2644 ± 0.0001 2.2595 ± 0.0002 
Magnitude i - 
band 

18.01 18.14 18.49 

Exp. Time 
KCWI b [min] 

40 40 40 

Mean seeing 
[arcsec] 

0.54 0.49 0.94 

Notes. a SDSS redshift obtained from rest-frame principal-component anal- 
yses (PCA), see Bolton et al. ( 2012 ) and SDSS redshift and classification 
documentation. 
b The exposure time of 40 min total is composed of four individual exposures 
of 10 min each. 
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.1 KCWI configuration and obser v ations 

CWI is an integral field spectrograph installed on the Keck 
I telescope on Mauna Kea, Hawaii, using a configuration that 
rovides the spectral range 3500 –4600 Å, which is ideal to search
or Ly α emission in our selected redshift range. The design provides 
onfigurable spectral resolution from R = 1000 –20 000 with a field
f view (FoV) up to 20 × 33 arcsec 2 (for further details see Morrissey
t al. 2018 ). For our observations, we choose a spectral resolution of
 = 4100, corresponding to a full width at half-maximum (FWHM)
73 km s −1 with the ‘medium slicer’ which provides an FoV of 16.5
20 arcsec 2 and the ‘BM’ grating, corresponding to ∼132 × 166 

hysical kpc 2 . The selected configuration is ideal for the purposes
f our study providing both a high sensitivity for diffuse and faint
mission o v er a large area and the ability to resolve spectrally narrow-
ine emission. 

The targets were observed over the course of three nights, one 
uring each night. The nights had similar weather conditions and 
 mean seeing of 0.54, 0.49, and 0.94 arcsec for first, second, and
hird night, respectively. The total exposure time on source for each 
eld is 40 min, divided into four individual exposures of 10 min
ach, reaching a depth in surface brightness (SB) of about 10 −19 

rg s −1 cm 
−2 arcsec −2 . The FoV has been offset by 3 arcsec and

otated by 90 ◦ between individual exposures in order to impro v e the
patial sampling and to reduce possible systematics due to flat fielding
nd sky subtraction, as described in more detail in Section 3.2 . 

.2 Data reduction 

ata reduction has been performed using the Standard KCWI Data 
eduction Pipeline (DRP), 2 released on 2018 March 17 (see Morris- 

ey et al. 2018 ). Twilight flats taken at the beginning or the ending
f the same nights have been used for flat-fielding, while wavelength 
alibration has been performed using a Thorium–Argon lamp. For 
ux calibration, we used the photometric standard star (G191b2b), 
hich was observed during the same nights as the science exposures. 
he standard DRP was complemented by custom-made scripts to 
erform the empirical low-order background subtraction, in which 
 sky model was obtained from a median-filtered cube. Moreo v er,
ll cubes were reduced to vacuum wavelength and corrected for the 
eliocentric velocity. 
 https://github.com/k cwidev/k derp/ 3
Prior to the stacking process, the astrometric solution was cor- 
ected by cross-correlating white-light images of the fields (obtained 
y integrating the cubes along the wavelength direction) with r -
and SDSS images. Pipeline-reduced cubes for each exposure were 
esampled into a common grid with 0.2 arcsec × 0.2 arcsec × 0.5 Å
ixel size, using a ‘Drizzle’ algorithm implemented with Montage. 3 

etails on the abo v e-mentioned custom procedures in addition to
he DRP can be found in Chen et al. ( 2021 ). Finally, in order to
mpro v e sk y subtractions, we hav e used the white-light images of
ach individual cube to correct for flat-fielding and illumination 
esiduals using a procedure similar to the tool CubeFix , part of
he CUBEXTRACTOR package (Cantalupo et al. 2019 ). 

.3 Extraction of the nebular emission 

.3.1 Quasar point spread function and source continuum removal 

s commonly done in previous studies, the extraction of faint nebular
mission around quasars requires the prior removal of the quasar 
oint Spread Function (PSF) which would otherwise dominate o v er

he diffuse emission, especially in the central re gions. F or this task,
e used the CubePSFSub procedure (part of the CUBEXTRACTOR 
ackage) with the following parameters: a spectral width of 100 
ayers for the pseudo-broad-band images, a spectral PSF size of 500
ayers and a spatial PSF rescaling-region of two pixels, corresponding 
o 0.4 arcsec. Note that we mask the range of layers where extended
mission is expected to a v oid affecting the empirically reconstructed
SF by the nebular emission and hence to avoid o v ersubtraction.
hese parameters are different than the typical choices for MUSE 

ata cubes (e.g. Cantalupo et al. 2014 , 2019 ; Borisova et al. 2016 ;
rrigoni Battaia et al. 2019 ) in order to take into account the different

pectral and spatial resolution of KCWI and other differences 
etween KCWI and MUSE. Note that a central region with size 0.4

0.4 arcsec 2 is assumed to be dominated by the quasar PSF and
t is used for the empirical rescaling procedure of CubePSFSub
see Cantalupo et al. 2019 , for details). This area was masked in our
cientific analysis as commonly done in previous studies. 

After PSF subtraction, we remo v ed the continuum from other
ources in the field using the CUBEXTRACTOR procedure CubeBKG- 

ub performing median filtering with the following parameters: a bin 
ize of 200 spectral pixel (corresponding to 100 Å) and a smoothing
adius of two spectral pixel. As mentioned for the PSF subtraction,
he spectral range of extended emission has been masked to a v oid
 v ersubtraction. 

.3.2 Detection and extraction of extended Ly α emission 

he detection and extraction of the nebular emission was performed 
sing the CUBEXTRACTOR software (see Cantalupo et al. 2019 , for
 description). Prior to detection, a 2D Gaussian smoothing kernel 
ith radius = 1 pixel was applied to the data and corresponding
ariance cube. Then, objects from the 3D cubes were extracted if
hey contain at least 200 connected voxels (3D pixels) with signal-
o-noise (S/N) threshold ≥2.2 per voxel. The information about 
he voxels associated with the detected sources is stored in a 3D
egmentation mask that is then used to obtain optimally extracted 
mages similar to previous studies, i.e. by integrating along the 
av elength direction o v er only the vox els associated with the sources

e.g. Cantalupo et al. 2014 , 2019 ; Borisova et al. 2016 ; Arrigoni
attaia et al. 2019 ). In order to impro v e the final S/N, a further
MNRAS 519, 5099–5113 (2023) 
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M

Table 2. Main properties of the giant Ly α nebulae detected with KCWI around the quasar fields J2316 + 09, J0030 + 05, 
and J0010 + 06. 

J0010 + 06 J0030 + 05 J2316 + 09 
Flux [10 −17 erg s −1 cm 

−2 ] (48.1 ± 0.3) (40.6 ± 0.3) (66.9 ± 0.3) 
Projected Area a [arcsec 2 ] ∼46 ∼48 ∼43 
Average SB [cgs] b (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) 
z SDSS 2.2633 ± 0.0001 2.2644 ± 0.0001 2.2595 ± 0.0002 
z c nebula 2.257 ± 0.005 2.27 ± 0.01 2.26 ± 0.01 

Notes. a The spatial extent refers to the area bound by the outer contour of the binary mask obtained with CUBEX for which 
an SNR threshold of 2.2 was used. 
b cgs: 10 −17 erg s −1 cm 

−2 arcsec −2 

c The redshift was calculated via the equation z = λobserved /λvacuum − 1, where λobserved is the position of the maximum 

of the integrated Ly α flux of the nebular emission in vacuum and λvacuum is the vacuum wavelength. The uncertainty 
has been estimated by the FWHM of the integrated Ly α flux of the nebula emission. 

Figure 1. SB Ly α emission maps. The nebular emission has been optimally extracted using the 3D segmentation mask obtained by CUBEX 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 × 10 −17 erg s −1 cm 

−2 arcsec −2 . The subsequent contours 
represent levels of 0.25, 0.5 1, 2.5, 5, and 10 in units of 10 −17 erg s −1 cm 

−2 arcsec −2 and are also represented by the colourbar tick marks. 
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patial boxcar filter smoothing with a size of 0.4 × 0.4 arcsec 2 has
een applied to the cubes before integrating along the wavelength
irection. 
Following this procedure, we detected bright Ly α nebulae around

ll three targets at a similar redshift with respect to the quasars.
n two cases the nebulae reached a projected size up to 50 kpc,
orresponding to about 6 arcsec in the sky for the given redshift. We
resent the optimally extracted images of the detected Ly α nebulae
ithin each field in Fig. 1 and report the key physical quantities

n Table 2 . Continuum images of these fields (before and after the
uasar PSF subtraction) are presented in Appendix B . The Ly α
mission detected around the three Quasi-Stellar Objects (QSOs) has
nte grated flux es between F Ly α = (40.6 ± 0.3) × 10 −17 erg s −1 cm 

−2 

nd F Ly α = (66.9 ± 0.3) × 10 −17 erg s −1 cm 
−2 and measure average

B between SB Ly α = (0.8 ± 0.3) × 10 −17 erg s −1 cm 
−2 arcsec −2 

nd SB Ly α = (1.6 ± 0.3) × 10 −17 erg s −1 cm 
−2 arcsec −2 , again as

ummarized in Table 2 . The fluxes were calculated by integrating
he SB o v er the area defined by the 3D segmentation mask obtained
y CUBEXTRACTOR . The peak SB is typically reached close to the
SO position. The parameter z SDSS refers to the quasar redshift

isted in the SDSS catalogue, whereas z nebula indicates the nebular
edshift calculated using the peak in the integrated Ly α spectrum.
s observed in previous studies, these two measurements differ from

ach other. In particular, we observe a positive offset of ∼510 and
600 km s −1 for J0010 and J0030, respectively, between the Ly α

edshift and the quasar SDSS redshift, whereas J2316 + 09 shows
−1 
NRAS 519, 5099–5113 (2023) 

nstead a blueshift of ∼570 km s . t  
Consistent with previous observations of Ly α nebulae at similar
edshift (e.g. Cai et al. 2017 ; O’Sulli v an et al. 2019 ), our detected
ebulae present very asymmetric morphology. Such asymmetry is
specially prominent for J0010 + 06 for which the region with the
ighest SB is elongated towards north-east (NE). 
J0010 + 06 contains the most extended and luminous Ly α filament

t a redshift that would place the associated H α emission in the
est part of the infrared spectrum in terms of absence of sky lines.
he extended emission is not associated with any visible continuum
bject (see Fig. B1 in Appendix B ), ensuring that the detected
mission is indeed circumgalactic or intergalactic. 

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

 HYDROGEN  H  α OBSERVATIONS  

he following sections describe our MOSFIRE observation aimed at
he detection of extended H α emission near J0010 + 06. In particular,
e describe here the instrument configuration, the data reduction,

nalysis, and final results. 

.1 MOSFIRE configuration 

he Multi-Object Spectrograph for Infrared Exploration (MOS-
IRE) is a slit spectrograph which is particularly suited for the
etection of faint emission in the infrared and installed on the Keck I
elescope on Mauna Kea, Hawaii (described in detail in McLean et al.

art/stac3205_f1.eps
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Figure 2. The MOSFIRE slit position for J0010 (grey lines). The background 
Ly α 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 co v ers the brightest part of the 
Ly α emission and has a width of 1 arcsec. The positive direction along the 
slit is defined as NE. 
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012 and Steidel et al. 2014 ). The spectrograph co v ers a wav elength
ange of 9700 to 24 100 Å, an FoV of 6.1 × 6.1 arcmin 2 , and
as 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 ,
 , J , or the Y band by selecting the third, fourth, fifth, or sixth order,

espectively. The K band supports a range at centre of 19 450–23 970
, which can be extended down to 19 210 Å, or up to 24 060 Å, by
ptimizing the slit mask design; the dispersion is 2.1691 Å pixel −1 . 
iven the redshift range targeted in our study, we expect to detect
 α near λobs = (1 + z) λvac ∼ 21 450 Å, where λvac = 6564.61 Å,

nd hence selected the K -band configuration. Taking advantage of 
he configurable MOSFIRE slit bars, we chose a single slit with a
idth of 1 arcsec and a length of 2 arcmin, centred on the position
f the J0010 + 06 quasar. With a 1 arcsec slit, the spectral resolution
ower is R ∼ 2600 ( � v ∼ 115 km s −1 ). This resolution maximizes
he detectability of the expected diffuse, and spectrally narrow H α

mission allowing us to detect possible multiple velocity components 
Cantalupo et al. 2019 ; Price et al. 2019 ). The position angle (PA)
f the slit (80 degrees) has been chosen in such a way to cover the
rightest part of the J0010 + 06 nebula and further optimize the H α

etectability, as can be verified in Fig. 2 . In case of non-detection,
argeting the brightest part of the Ly α nebula would give us in any
ase a Ly α/H α lower limit which would be high enough to address
ur main scientific question. 
The target J0010 + 06 was observed on the night of 2019 No v ember

. The sky conditions were good at the time of observations with
 mean seeing of 0.65 arcsec. A total exposure time of 5400 s
380 × 30) was obtained with two separate exposure sequences 
f 45 min each. During both exposures, we applied an ABAB dither
equence of short individual exposures for which the frame was 
o v ed perpendicular to the slit between position A and B every
 min, as further explained in the next section. 

.1.1 MOSFIRE data reduction 

ata reduction, including flat-fielding, wavelength calibration, and 
ky subtraction, was performed using the MOSFIRE DRP, publicly 
v ailable and de veloped by the instrument team, see McLean et
l.( 2012 ). 4 Flux calibration as well as astrometric solutions were
erformed using ‘MOSPEC’, an IDL-based 2D spectral analysis tool 
eveloped specifically for the MOSFIRE instrument, described in 
etail by Strom et al. ( 2017 ). The further reduction was performed in
wo stages. During the first stage, we subtracted pairwise interleaved, 
is-registered stacks, which are obtained using the ABAB dither 
equence of short individual exposures and combining frames taken 
n positions A and B separately. This routine ensures a good back-
round subtraction, obtained by a simple subtraction (i.e. A-B or B-
) minimizing possible sky variations during the night. Residuals are 

hen remo v ed by fitting a 2D b-spline model to the remaining back-
round, with a method similar to Kelson ( 2003 ). The DRP further
roduces flat-fielded, wavelength-calibrated, rectified, and stacked 
D spectrograms for each slit on a given mask. The 2D wavelength
olutions for the K band were obtained using a combination of the
ight sky and Neon arc lamp spectra, automatically executed by the
RP. All spectra were reduced to vacuum wavelength and corrected 

o the heliocentric frame. The two individual measurements, which 
ere taken on two different nights, were combined using inverse- 
ariance weighting to form the final 2D spectra. Finally, using 
OSPEC, 1D spectra together with their associated 1 σ error spectra, 
ere extracted from the final background-subtracted frame. Flux 

alibration was accomplished using AO stars observed on the same 
ights. 

.1.2 Quasar continuum and H α emission subtraction 

imilar to the Ly α emission, the detection and study of faint H α

ntergalactic emission close to the quasar requires the prior removal 
f the quasar continuum and broad H α emission. For this purpose, we
eveloped a quasar line-spread-function subtraction tool specifically 
or the MOSFIRE two-dimensional data format. The algorithm 

ollows a similar approach as CubPSFSub (see Section 3.3.1 and the
rocedures used by O’Sulli v an et al. 2019 ), as we describe in detail
elow. For each wavelength position in the 2D spectra, a 1D spatial
mission profile is created by summing o v er 46 Å, centred around the
urrent wavelength masking bright sky residuals. This wavelength 
indow was chosen in order to obtain a sufficient signal-to-noise 

atio that is sensitive to spectral fluctuations in the QSO continuum
nd broad emission lines. 

The 1D spatial emission profiles at each wavelength were then 
tted with a Moffat profile, rescaled in order to match the flux
ontained within a radius of 0.5 arcsec 5 around the quasar and then
ubtracted from the data. After a first passage, we iteratively re-apply
ur procedure by masking any detectable line emission features. 

.2 The H α emission of the nebula 

ig. 3 shows the MOSFIRE slit 2D spectrum on J0010 + 06 around the
 xpected H α wav elength position (conv erted to v elocity) and after
he subtraction of the quasar emission. The zero velocity corresponds 
o the redshift of the Ly α peak of the nebula. The central regions
sed for the rescaling and subtraction of quasar emission are masked
MNRAS 519, 5099–5113 (2023) 
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Figure 3. The flux density of H α 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 co v ers 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 α nebula in Fig. 1 . Hereafter, the zero velocity is defined as the peak 
Ly α 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 × 10 −19 erg 
s −1 cm 

−2 Å−1 arcsec −2 . 
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nd not used for our scientific analysis. H α emission at high signal-
o-noise lev el (abo v e an SNR = 3 per spectral and spatial resolution
lement) is detected near zero velocity and extending by ∼2.5 arcsec,
orresponding to about 20 kpc, from the quasar (see also Fig. A1
or a clearer indication of the extent) along the NE side of the slit
denoted by positive y -axis values). This emission is not associated
ith any visible continuum source or galactic companions to the
uasar (Appendix B ). Emission is also present on the opposite side
t about 1.5 arcsec from the quasar. 

We point out, ho we ver, that this feature is accompanied by a
eighbouring ne gativ e re gion of similar size and magnitude (co v ered
nder the black rescaling region mask in Fig. 3 ), thus we cannot
xclude the possibility that it is an artefact of the PSF subtraction. 

Spectrally, the emission appears relati vely narro w with an FWHM
 300 km s −1 with the presence of multiple emission peaks. Such

omplex spectral shape appears clearer in the 1D spectral profiles
xtracted at different positions, presented in Fig. 4 . The most
rominent double peak appears in the region closer to the quasar (0.5
o 1 arcsec), with a smaller peak near −106 km s −1 and a slightly
righter peak near + 15 km s −1 . A similar double-peaked structure
s also present in the two middle regions between 1 and 2 arcsec
ith a gradually increasing redshifted velocity to larger distances.
he last spatial bin (2 to 3 arcsec) present a single, broader peak
round zero velocity and the possibility of a second emission peak
t + 400 km s −1 . Given the MOSFIRE spectral resolution of 115 km
 
−1 , the double peaks close to zero velocity within the inner 2 arcsec
re al w ays resolved with the possible exception of the [1.5 arcsec, 2
rcsec] region for which higher spectral resolution would be needed
or a higher confidence confirmation. 
NRAS 519, 5099–5113 (2023) 
 COMPARISON  BETWEEN  THE  LY  α AND  THE
 α EMISSION  

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

.1 Ly α emission extraction in the region of the MOSFIRE slit 

n order to directly compare the Ly α and H α observations obtained
ith different techniques and instruments, we ‘re-observe’ the Ly α

mission using a pseudo-slit applied to the 3D KCWI data. 
More specifically, we construct a pseudo-slit with the same length,

idth, and PA of the MOSFIRE slit as projected on the plane of the
ky as illustrated in Fig. 2 . The Ly α emission is then integrated along
he direction of the pseudo-slit minor axis, resulting in a 2D spectral
mage. The same procedure has been used to obtain the corresponding
D spectral image of the variance by taking into account appropriate
rror propagation. Finally, the astrometry has been matched using the
uasar position (present in both data sets), which has been determined
hrough a fit of the quasar PSF. 

The Ly α emission within the pseudo-slits extends beyond 4 arcsec
way from the quasar corresponding to about 35 kpc. By comparing
he H α flux density seen in Fig. 3 and the Ly α flux density in
ig. 5 , we observe that at each spatial location along the slit the
elocity peak of the H α emission traces very closely that of the Ly α
mission, with velocity shifts smaller than 100 km s −1 . Finally, we
ote that, although the Ly α emission appears spectrally broader by
 few hundred km s −1 than H α, the o v erall shape of the 2D spectral
mages are remarkably similar. A detailed analysis and quantitative
omparison of the spectral profiles will be presented in Section 5.3 . 

.2 Flux ratios 

e detected a total flux within the 1 arcsec slit aperture of F H α =
0.95 ± 0.09) × 10 −17 erg s −1 cm 

−2 for H α and a total flux of F Ly α

 (3.5 ± 0.06) × 10 −17 erg s −1 cm 
−2 within the 1 arcsec pseudo-slit

perture for Ly α. The flux was extracted from a spatial region of [0
rcsec, 5.5 arcsec] from the centre and velocity windows of 500 and
200 km s −1 for H α and Ly α, respectiv ely. The re gions were both
entred around the peak of the Ly α and H α emission respectively,
ee Fig. A1 . Combining these measurements, we obtain a total flux
atio of 

F Ly α

F H α
= 3 . 7 ± 0 . 3 . (1) 

his value is consistent with the only other quasar Ly α nebula
bserved so far in H α emission, i.e. the Slug Nebula (Leibler et al.
018 ) and indicative of a recombination origin of Ly α emission as
iscussed in detail in Section 6.1 . Due to the high signal to noise of
ur H α detection, we can further explore the line ratio within smaller
patial regions as a function of distance from the quasar. In Fig. 6 ,
e present the flux ratios as a function of distance from the quasar
btained within spatial windows of size � r, as indicated by the hori-
ontal, dark blue bars, and the same v elocity windows as used abo v e
or the estimate of the integrated flux ratio. The position and size of
hese windows are further illustrated in Fig. A1 . We find ratios with
alues around 3 and 2.5 for the first two regions, whereas further out
he ratios increase up to a value of 5 for the third and the fourth region.
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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 o v er 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 moti v ated 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 α 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 . 
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or the spatial window [3.5, 4.5], we can only obtain lower limits on
he flux ratio of about 6, which is still consistent with an increasing
atio towards the outer re gions. Be yond 4.5 arcsec our MOSFIRE
ata 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

istance from the quasar. The integration regions are illustrated in 
ig. A2 . As expected from the integrated flux ratio measurement, 

he cumulati ve v alues converge to a v alue of about 4. Closer to the
entre, the ratio is instead much smaller. We discuss in Section 5.3
he possible physical origin of such a trend. The black horizontal line
nd the grey area show the values expected for pure recombination 
mission without any Ly α absorption or radiative transfer (RT) 
ffects as discussed in Section 1 . A value within or below the grey area
xclude ‘scattering’ or collisional excitation as possible contribution 
o the Ly α emission. We will further discuss the implication of this
esult in Section 6 . 

.3 Comparison of the line shapes 

n this section, we examine the shape of the emission lines as well
s their width in velocity space more closely. In order to do that, we
ntegrate along the spatial direction the 2D spectral images within 
he same regions as used for the flux ratios in Fig. 6 (illustrated in
ig. A3 ) obtaining 1D spectral profiles. In Fig. 8 , we present the
omparison of the 1D spectral profiles of H α and Ly α emission
ithin the same spatial apertures. To facilitate the comparison, we 
ave normalized each 1D spectral profile by the value of its peak
mission. 

We notice again the presence of two narrow emission peaks around
he zero velocity in the H α spectra which are not present in the
orresponding Ly α emission. This difference cannot be explained 
y an instrumental effect since the spectral resolution of our KCWI
ata ( ∼75 km s −1 ) is higher than the resolution of our MOSFIRE
bservation ( ∼115 km s −1 ). Instead, this discrepancy may hint once
gain at the presence of radiative transfer effects which change the
pectral (and spatial) shape of the Ly α line. These same effects are
ikely responsible for the broader spectral width of the Ly α spectral
rofile. Despite these differences, the Ly α appears in any case to be
 good tracer of the o v erall gas kinematics (i.e. in terms of peak posi-
ion, line width, and line shape, as constrained by H α) given the good
orrespondence between H α and Ly α peak positions and the fact 
hat Ly α is only slightly broader than H α (i.e. less than a factor 2). 
MNRAS 519, 5099–5113 (2023) 
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Figure 5. The left panel shows the Ly α 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 −19 erg s −1 cm 
−2 Å

−1 
arcsec −2 , which are indicted by the 

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. 

Figure 6. Ly α/H α flux ratios obtained by the inte gration o v er a fix ed 
velocity window and within different spatial re gions. The v elocity 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 −1 window and a 1200 km s −1 window centred at zero for H α and Ly α, 
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. A1 ). 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 T = (0.5–4) × 10 4 K in absence of local 
Ly α 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 α emission without the need to invoke additional contributions from other 
emission mechanisms. 

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 H α and Ly α emission. The 
black horizontal line and the grey area show the values expected for pure 
recombination emission without any Ly α 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 abo v e 
a value of about 100 which is well abo v e the observed flux ratios. 
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 DISCUSSION  

he detection of circum-QSO H α emission at high signal-to-noise
evel from a quasar Ly α nebula at z = 2.257 ± 0.005 gives us the
nique opportunity to constrain both the Ly α emission mechanism
and thus the gas density distribution) and the gas kinematics as
iscussed in detail below. Before discussing the implication of our
esults, we will re vie w and discuss the Ly α emission mechanism
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Figure 8. Presented here is a comparison between the Ly α and H α spectral shape. We projected the Ly α 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 α nebula measured as the peak of the integrated Ly α spectrum. 
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nd calculate their contribution to the expected Ly α/H α flux ratios
n the context of the CGM and IGM. 

.1 Ly α emission mechanisms and Ly α/H α ratios 

here are three physical processes that can produce a Ly α photon; 
i) recombination radiation arising from photoionized hydrogen; (ii) 
continuum-pumping’ in which Ly α photons are produced, e.g. in 
he quasar broad-line region and are scattered into our line of sight;
nd (iii) Ly α ‘cooling radiation’, in which the emission is generated 
hrough collisional excitation of a neutral hydrogen atom by a free 
lectron (see also Section 1 for further details). When the emitting 
as is photoionized by an external source, e.g. in the case of a
uasar illuminating the CGM and the IGM, the radiation produced 
y process (i) is usually referred to as ‘fluorescent’ in the literature,
.g. Gould & Weinberg ( 1996 ), Cantalupo et al. ( 2005 ), Cantalupo,
illy & Haehnelt ( 2012 ), and Borisova et al. ( 2016 ). This is because

t can be described as a reprocessing of external ionizing photons, 
ith lambda < 912 Å, into photons with lower energy and longer
avelength (e.g. Ly α or H α). This is not the case for process (ii)
or for process (iii), which is not initiated by radiation. 
The actual number of Ly α or H α photons produced on average 

or each recombination event in a gas cloud depends on the fate of the
yman continuum and the resonant Lyman series photons (excluding 
y α), which are also generated during atomic recombination. Two 
xtreme cases are usually assumed in the literature (starting from 

aker & Menzel 1938 ): ‘case A’, for which all Lyman continuum
nd Lyman series line photons completely escape the emitting region 
ithout interacting with the gas, and the opposite situation, referred 

s ‘case B’. We consider that in ‘case B’ Ly α photons will eventually
scape the emitting region through a series of absorption and re-
mission events (scatterings) since they cannot be ‘transformed’ 
o any other line emission during these events for the densities
ele v ant to the CGM/IGM (and also ISM). In most realistic situations,
either of the two cases provide a good representation of the actual
ecombination rates, e.g. Cantalupo et al. ( 2008 ), ho we v er the y are
seful to bracket the possible ranges of interest. 
In the literature, the Ly α/H α flux ratios for recombination 

adiation is often quoted to be in the range 8.1–11.6 for temperatures
etween 5 × 10 3 and 2 × 10 4 K and electron density in the range
 e = 10 2 –10 4 cm 

−3 from the work of Hummer & Storey ( 1987 ),
.g. Hayes ( 2015 ). A typical value of Ly α/H α = 8.7 (corresponding
o a temperature of 10 4 K and n e = 350 cm 

−3 ) is often used. In
articular, these values have been derived considering the typical 
ensities of nebulae in the ISM of galaxies and therefore could be
ore representative of line ratios for galaxies rather than the CGM or

GM. Abo v e a critical density, atomic collisions are responsible for
he mixing of orbital angular momentum levels ( l -mixing collisions).
MNRAS 519, 5099–5113 (2023) 
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n particular, higher densities typically correspond to an increase in
y α production rate due to collisional transfer between the 2s and
p states. This is due to the much longer lifetime of the metastable
s state (which can only decay to 1s through two-photon emission)
ompared to 2p. Collisions have a smaller impact on H α emissivities
ince the 3s, 3p, and 3d are not metastable. Therefore, higher densities
ypically result in larger Ly α/H α flux ratios at a given temperature. 

Since typical CGM and IGM densities are expected to be much
ower than n e = 10 2 cm 

−3 we have re-estimated the Ly α/H α flux
atios in the low density limit (i.e. ignoring l -mixing collisions) using
he ef fecti ve recombination coef ficients obtained by Martin ( 1988 )
t T < 2 × 10 4 K and by Pengelly & Seaton ( 1964 ) at higher
emperatures for both Case A and Case B. In particular, we have
sed the tabulated α( c) 

2 p values for Ly α and the sum of α( c) 
3 s , α

( c) 
3 p , and

( c) 
3 d for the H α ef fecti ve recombination coef ficient, multiplying α( c) 

3 p 

y the 3p to 2s branching ratio of about 0.1183 in Case A only, in
rder to take into account the production of Ly β photons. As a result,
e have obtained Ly α/H α flux ratios ranging between 7.8 and 8.5

or temperatures between 5 × 10 3 and 4 × 10 4 K in Case B with
 value of 8.3 at T = 2 × 10 4 K. Considering Case A, we obtain
nstead a flux ratio in the range 10.5 to 13.7 in the temperature range
etween 5 × 10 3 and 4 × 10 4 K, with a value of 12.7 at T = 2 × 10 4 

. The difference between these two cases is almost entirely due to
he assumed fate of the Ly β photons originated from the 3p state.
ndeed, in Case B, all Ly β photons are eventually converted into H α

hotons, resulting in a significant boost of the H α flux. On the other
and, the Ly α flux is boosted only modestly, as a consequence of
only partial) re-conversion of the (less numerous) Ly γ photons (and
igher n Lyman series). For the precise values, we refer the reader to
he tables in Pengelly & Seaton ( 1964 ). 

We assume that the flux ratios provided by Case B are the most
ele v ant in our situation because of the high Ly β absorption cross
ection (about 19 per cent of the Ly α absorption cross section at line
entre). Indeed, Ly β opacity could be relatively high even for modest
 I column densities which are possible even for the highly ionized
as around quasars. Note that, although we consider case B to be
ore likely, assuming case A would only reinforce our conclusions.
The other two processes which could generate Ly α photons

re instead expected to produce either negligible (for ‘collisional
xcitation’) or no H α emission at all (continuum-pumping). In
articular, we have used the fits as a function of temperature of
he ef fecti ve collision strength pro vided by Gio vanardi et al. ( 1987 )
o calculate the collisional excitation rates producing Ly α and H α

hotons including the contribution from levels up to n = 4 in
he low density limit as abo v e. The e xpected Ly α/H α flux ratios
rom collisional excitations range from values of 100 to 120 for
emperatures between 1.5 × 10 4 and 4 × 10 4 K in Case B. 6 Even
igher values of the flux ratios are obtained in Case A, for the
ame reasons as in the discussion abo v e. H α photons cannot be
roduced by ‘continuum-pumping’ at the CGM (and even ISM)
ensities. Thus, if there is any contribution to the Ly α emission
rom mechanisms different than recombination we should expect a
ux ratio Ly α/H α > 8.5. Any increase of this ratio with respect

o the expectations from recombination radiation could be used in
rinciple to estimate the relative contribution of the different emission
echanisms. 
NRAS 519, 5099–5113 (2023) 

 Temperatures lower than 1.5 × 10 4 K do not produce Ly α photons 
f ficiently. Therefore, lo wer temperatures could result in lower line ratios, 
ut would not produce sufficiently bright emission in first place. 

m  

a  

s  

t  

e  

d  
Are there, on the other hand, any processes or effects that could
nstead reduce the measured Ly α/H α flux ratios with respect to the
ecombination case? Dust absorption is expected to be much more
ignificant for Ly α than for H α given the bluer Ly α wavelength
educing the line ratios. The actual effect of dust depends on
w o f actors: i) the amount and spatial distribution of the dust, ii)
he number of scatterings which Ly α suffers before escaping the

edium. Both these factors are very difficult to estimate but they
re in general expected to be very rele v ant in the ISM of galaxies,
educing the observed Ly α emission (and thus the Ly α/H α flux
atios) by about one order of magnitude (e.g. Hayes et al. 2010 ).
lthough there are no direct observational constraints on the dust

ontent of the CGM and IGM, the smaller metallicity with respect
o the ISM as commonly suggested by cosmological simulations
e.g. Wright et al. 2021 ; Mitchell & Schaye 2022 ) might indicate
lso a much smaller dust content. Moreo v er, the strong UV, FUV
nd X-ray flux produced by the quasar might also contribute to
ust e v aporation. In summary, dust attenuation may contribute to the
maller line ratios; ho we ver, we do not expect the same reduction as
bserved for Ly α-emitting galaxies. 
Even in absence of dust, the local scattering of Ly α photons

radiative transfer effects) is expected to produce a reduction in
he Ly α SB while the H α SB will be unaffected. This is due
o both scatterings within the medium and to intervening material
t large distances depending on its velocity field relative to the
mitting region. While in the first case the total Ly α emission
ould be reco v ered, e.g. by inte grating within a larger aperture, in
he case of intervening material, the Ly α photons are ef fecti vely
ost from our line of sight (similar to what happens in the case of
bsorption lines in quasar spectra). The ef fecti ve decrease in Ly α
B due to these radiative transfer effects will depend on the detailed
eometrical and kinematical properties of the medium and its large-
cale environment, in addition to the local ionization parameters.
arly numerical simulations of fluorescent emission showed that
uch effects can account for large SB variations (see Cantalupo et al.
005 ); ho we ver, more detailed numerical studies are needed for a
roper estimation. If Ly α radiative transfer effects are important, we
xpect that comparison between Ly α and H α flux es made on fix ed
pertures, as in our case, will result in Ly α/H α flux ratios lower than
he recombination ratio discussed abo v e. 

.2 Implications of the measured Ly α/H α flux ratio 

he measured Ly α/H α flux ratio in our case is about 4 when
ntegrated within the slit aperture of our MOSFIRE observations,
.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).
he total fluxes of both Ly α and H α are dominated by the regions
loser to the QSO. From the discussion abo v e, the first implication
f our results is the presence of Ly α radiative transfer effects in the
inner) CGM of J0010 + 06 quasar. This is not surprising, given that
as becomes opaque to Ly α photons at very modest neutral column
ensities, e.g. about 10 14 cm 

−2 , which are typically observ ed ev en
n proximity of bright quasars. The observed differences between
he Ly α and H α line shapes also suggest the presence of radiative
ransfer ef fects. Ho we ver, the fact that these line shapes are much

ore similar (in terms of, e.g. line width, symmetry of the line,
nd the wavelength location of the peak) than observed in galaxies
uggest smaller H I column densities and thus weaker radiative
ransfer effects in our case. Such smaller H I column densities are
 xpected giv en the strong quasar ionizing radiation and the lower
ensities of the CGM/IGM with respect to the ISM case. A detailed
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escription of strong radiative transfer typically observed in the ISM 

f galaxies can be found in (Dijkstra, Haiman & Spaans 2006 ).
e note that our results appear to indicate a larger Ly α/H α flux

atio, possibly approaching the case B recombination value, at larger 
istances from the quasar. This could be an indication that (more)
eutral gas or dust is present in the inner CGM (despite the closer
roximity to the quasar 7 ). Alternatively, it could simply reflect a 
eometrical factor, i.e. the larger path-length travelled by the Ly α
hotons along our lines of sight in order to escape the quasar host
alo. 
In all cases, the measured H α flux, which can only be produced

y recombinations as discussed abo v e, could be used to reco v er
he expected Ly α SB produced by recombinations in absence of 
cattering effects. We will refer to the Ly α emission produced 
hrough recombination as the ‘intrinsic’ fluorescent Ly α SB. Our 
esults imply a correction factor of up to about 2 to convert the
bserved Ly α SB into the intrinsic fluorescent Ly α SB in the region
o v ered by the MOSFIRE slit (in the likely situation approximated
y Case B). A similar correction factor was also obtained for the
lug Nebula as observed through the MOSFIRE slit. Assuming that 
uch correction factors apply also to other regions of the nebulae 
ot co v ered by the MOSFIRE slits and to the other bright quasar
y α nebula allows us to translate the observed Ly α SB into their
intrinsic’ counterparts. In turn, the ‘intrinsic’ fluorescent Ly α SB 

an be used to estimate gas densities, gas clumpiness, and other 
roperties of the CGM as discussed, e.g. in Cantalupo et al. ( 2014 ,
019 ) and Pezzulli & Cantalupo ( 2019 ), confirming the need for
road gas density distributions or very ‘clumpy’ and dense medium 

i.e. with log-normal σ > 2 if a log-normal density distribution is
ssumed) in the CGM of bright quasars. In addition, taking into 
ccount the analytical model of Pezzulli & Cantalupo ( 2019 ), the
act that recombination radiation is the dominant mechanism would 
mply that close to 100 per cent of the expected baryons are retained
ithin the virial radius of QSO-hosting haloes; it would also indicate 

hat either the bright quasars live in much more massive haloes 
han currently expected from clustering measurements or that cold 
mitting gas in the CGM is out of pressure equilibrium with the
mbient hotter halo gas (see Pezzulli & Cantalupo 2019 for details). 
he latter situation is verified in particular if a broad gas density
istribution is responsible for the Ly α emission in the CGM. Such 
road density distributions could be generated by hydrodynamical 
ffects (e.g. Vossberg et al. ( 2019 ), Vossberg et al., in preparation).
inally, another possibility could be that the emitting gas did not have

ime to reach pressure equilibrium yet, short after being photoionized 
and heated) by the QSO radiation, depending on the QSO ‘age’ 
nd/or the size of the cold gas emitting structures (e.g. Pezzulli &
antalupo 2019 ; Sarpas et al., in preparation). As shown in Fig. 6 ,
ur results could also indicate that the correction factors decrease at 
arger distances from the quasar. If this trend will be confirmed by
dditional data, this could also imply a ‘steepening’ of the intrinsic
y α SB profiles with respect to the observed Ly α SB profile which

he models should take into account for a proper comparison (as
ddressed in section 6.2 of Pezzulli & Cantalupo ( 2019 ). 

.3 Gas kinematics 

n this paragraph, we discuss the kinematics of the gas. We would like
o stress again that Ly α is in principle not an ideal tracer of kinematics
 We do not expect more neutral gas if the density increases with decreasing 
istance stronger then d −2 . 

v  

t
n  

s  
ue to its resonant nature and hence a detailed examination in the
ight of a non-resonant emission line, as has been done in this work,
s crucial. The first thing we notice is that none of the H α line profiles
as the shape of a single Gaussian, suggesting a more complex origin
han a simple gas cloud, e.g. the presence of multiple structures in
rojection as also observed for the Slug Nebula (e.g. Cantalupo et al.
019 ). In order to study the gas kinematics in more detail, we focus
n three quantities: (i) the shift of the line peaks relative to each
ther, (ii) the nebula centroid as a function of distance from the
uasar, and (iii) the H α line width, which could be related to the
 v erall kinematics along our line of sight or gas turbulence. 
We relate our results to two different scenarios of strong bulk
otions: quasar outflows and disc-like rotation. In case of a strong gas

utflows, we would expect gas outflow velocities v s > 1000 km s −1 

ear the QSO, as argued in Arrigoni Battaia et al. ( 2019 ) and modelled
n Allen et al. ( 2008 ), Carniani et al. ( 2015 ), and Valentini, Gallerani
 Ferrara ( 2021 ). Ho we ver, some theoretical studies suggest that

utflow velocities could diminish with distance from the central 
ource, see e.g. Faucher-Gigu ̀ere & Quataert ( 2012 ), Richings &
aucher-Gigu ̀ere ( 2018 ), and Menci et al. ( 2019 ). 
Disc-like rotation requires a monotonically increasing velocity 

ith increasing distance (along the kinematic major axis, which 
n our case may or may not coincide with the direction of the

OSFIRE slit), and a flattening at larger distances as modelled and
n detailed described in Martin et al. ( 2019 ) including a discussion
f observational criteria, and as has been considered in Martin et al.
 2016 ) and Arrigoni Battaia et al. ( 2018 ). We want to emphasize
o we ver then these models of classical galaxy rotation curves assume
hin discs on kpc or even sub-kpc scales, which may not be applicable
or the nebula studied in this work. 

In particular, we have obtained the H α line profiles in four different
istance bins from the QSO, as shown in Fig. 4 . The primary
brightest) peaks mo v e v ery little as a function of distance to the
uasar: we measure no velocity shift moving from bin [0.5 arcsec,
 arcsec] to [1 arcsec, 1.5 arcsec], a shift of about 30 and 60 km
 
−1 moving from [1 arcsec, 1.5 arcsec] to [1.5 arcsec, 2 arcsec] and
1.5 arcsec, 2 arcsec] to [2 arcsec, 3 arcsec], respecti vely. Gi ven
ur spectral resolution of 115 km s −1 , these shifts can be considered
nsignificant. All peaks are centred close to the Ly α nebula redshift:
e calculate velocity shifts relative to the systemic for the H α line
f + 14, + 14, −16, and + 45 km s −1 and the Ly α line of −38,
75, + 75, and + 113 km s −1 for the bins [0.5 arcsec, 1 arcsec], [1

rcsec, 1.5 arcsec], [1.5 arcsec, 2 arcsec], and [2 arcsec, 3 arcsec],
espectively. Hence, bulk motions of the gas on large scales along
he direction parallel to our line of sight, typically observed for
oth outflows and disc-like rotation, are disfa v oured. Perhaps even
ore than by the absence of significant spatial gradients, disc-like 

otation is disfa v oured by the presence of multiple components, as
he rotation models require one connected structure and smooth 
elocity gradients, likewise described in Martin et al. ( 2015 , 2016 )
nd observed in Arrigoni Battaia et al. ( 2018 ). Strong outflows,
n the other hand, are disfa v oured by the small shift compared to
ystemic and mostly by the small FWHM of the H α line: we measure
WHM of about 273, 243, 303, and 212 km s −1 for the bins [0.5
rcsec, 1 arcsec], [1 arcsec, 1.5 arcsec], [1.5 arcsec, 2 arcsec], and
2 arcsec, 3 arcsec], respectively. Note that these values encompass 
oth peaks. Correcting for the effect of instrumental broadening, 
iven our resolution of 115 km s −1 , would further decrease this
alue. Moreo v er, the H α profiles show multiple peaks which imply
hat the FWHM of each individual kinematic component is even 
arrower. An exception to the abo v e conclusion is posed by the
econd peak in the last bin [2 arcsec, 3 arcsec] located at about
MNRAS 519, 5099–5113 (2023) 
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 400 km s −1 , which could be either an inflow or outflow depending
n its location along our line of sight. We would like to stress that we
annot dra w definitiv e conclusions on the gas kinematic given our
urrent spatial resolution. We can ho we ver notice that none of the
bserved components seem to exceed the expected outflow escape
 elocity, e xpected around ∼500 km s −1 for typical host haloes of
uasars at this redshift. This implies that if an outflow is in place,
ost energy and metal content should remain in the CGM and that

nflows could prevail in determining the CGM gas content. 
Despite the slightly larger width of the Ly α spectral profiles, they

ive none the less a good representation of the overall kinematics on
arge scales. We find FWHM of about 302, 415, 377, and 415 km
 
−1 for the bins [0.5 arcsec, 1 arcsec], [1 arcsec, 1.5 arcsec], [1.5
rcsec, 2 arcsec], and [2 arcsec, 3 arcsec], respecti vely. Ho we ver,
etailed features such as the double peaks (as seen in the H α

rofiles) corresponding to multiple velocity components are likely
ashed out by radiative transfer effects. In any case, except for the
utermost region (i.e. [2 to 3 arcsec]) for which the SNR is modest,
he Ly α peak velocity traces fairly well the average velocity of the
 α double-peaks, suggesting that local radiative transfer effects are
nly ‘smoothing’ the profiles rather than red-shifting them as in the
ase of Ly α emitting galaxies. Together with the information on the
ine ratio, this could imply that the Ly α photons experience only a

odest number of scattering events in a low-opacity medium and
herefore they mostly diffuse spatially rather than spectrally. This is
he opposite situation with respect to a high-Ly α-opacity medium
uch as the ISM for which the most ef fecti ve escape route for the
y α photons is to diffuse away from the line centre through a large
umber (of the order of 10 4 or larger) of close-by ‘scattering’ events.
Future H α Integral-Field Studies and analysis encompassing a

arger area of single nebulae or a larger sample of nebulae will
rovide more information about the detailed kinematics of the gas
hich can then be compared to numerical models of fluorescent
 α emission in a cosmological context. Such a comparison with
umerical models (which are expected to be much more reliable
or non-resonant recombination lines such as H α with respect to
y α) will give us the opportunity to constrain both the quasar halo
ass and the origin of the cold CGM component in terms, e.g. of

osmological inflows or quasar/galactic outflows. 

 SUMMARY  

he recent disco v ery of ubiquitous giant Ly α nebulae around quasars
t z > 2 has opened up the possibility to directly study, in emission,
he CGM, and IGM. Ho we ver, the resonant nature of the Ly α
ine and its different possible emission mechanisms complicate the
onstraining of the kinematics and physical properties of the detected
as, in terms, e.g. of its density. 

We have presented here the results of a pilot observational survey
hich o v ercame these limitations by combining specifically designed
CWI Ly α emission and MOSFIRE H α emission observations of
uasar nebulae at z ∼ 2.2. Because H α emission is shifted into the IR
t z > 2, the presence of bright sky lines limits the possibility of detect-
ng it for the vast majority of previously detected quasar Ly α nebulae.

For this reason, we have first searched with KCWI for extended
y α emission around three bright SDSS quasars with estimated
ystemic redshifts (from SDSS pipeline) within the optimal range
.25 < z < 2.27, which is free from bright IR sky lines for H α.
mong the three fields, which all show Ly α emission extending on

cales larger than 40 physical kpc, we have selected the brightest
nd most extended nebula with a confirmed nebular Ly α redshift in
he range 2.25 < z < 2.27 (J0010) for follow-up H α spectroscopic
bservation with MOSFIRE. 
NRAS 519, 5099–5113 (2023) 
Within the MOSFIRE slit on J0010, we detected H α emission
xtending up to about 20 physical kpc from the quasar with a total
 α flux of F H α = (7.33 ± 0.04) × 10 −18 erg s −1 cm 

−2 . By extracting
he Ly α flux from the same spatial aperture, we calculated a line
ux ratio of F Ly α/F H α= 3.7 ± 0.3, consistently with the results
btained for the Slug Nebula at z = 2.275 (whose H α measurement
s af fected, ho we ver, by the presence of a sky line). This relatively
ow line ratio compared to our expectations from different emission
echanisms (see Section 6.2 ) suggests that recombination radiation

s the dominant Ly α mechanisms confirming the need for broad gas
ensity distributions or very ‘clumpy’ and dense medium in the CGM
f bright quasars (e.g. Cantalupo et al. 2019 ) (i.e. with a log-normal
> 2 if a log-normal density distribution is assumed). 
In addition, our MOSFIRE spectroscopic observ ation allo wed us

o measure the detailed spectral profiles of H α emission in several
egions within the slit and to compare them to the Ly α profiles. In
articular, we observed in several regions a complex H α line profile
ith at least two separated components. These components, not
resent in the Ly α spectrum, show a relatively narrow line width and
o significant velocity shifts as a function of distance from the quasar.
heir narrow-line profiles suggest rather quiescent kinematics in the
GM of J0010 which seems incompatible with quasar outflows capa-
le of escaping the potential well of the host halo, while the presence
f multiple kinematic components along the same line of sight also
isfa v ours a scenario of disc-like rotation in a massive halo ( > 10 12 

 �). Our results pave the way to future surv e ys for intergalactic H α

mission, e.g. using IR Integral-Field spectroscopy with VLT/ERIS
r JWST , which have the potential to provide a high-spatial-resolution
iew and, at the same time, detailed kinematical properties of the
GM/IGM. These properties can then be compared to numerical
odels of fluorescent H α emission in a cosmological context without

he current complications associated with the Ly α emission mod-
lling. Such a comparison will give us the opportunity to constrain
oth the quasar halo mass and the origin of the cold CGM component
n terms, e.g. of cosmological inflows and galactic outflows. 
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PPENDIX  A:  FLUX  EXTRACTION  

PERTURES  

ere, we present the apertures that have been used to extract the
y α and H α fluxes. In particular, we show the three different
onfigurations used for our analysis of the flux ratios in function of
istance to QSO, of the cumulative flux ratios and of the projection
long the spatial axis, shown in Figs A1 , A2 , and A3 , respectively. 
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Figure A2. Presented here are the extraction regions for the cumulative flux ratios. The spectral widths were chosen identical to the ones of the flux ratios along 
the slit, see Fig. A1 . 

Figure A3. Presented here are the extraction regions for the spectral projections of the flux densities along the spatial axis. 
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PPENDIX  B:  WHITE  LIGHT  IMAGES  

n the following text, we present the white-light (WL) images of all
hree fields ones with and without PSF subtraction, in the upper and
o wer ro w of Fig. B1 , respectively. We want to emphasize that no
igure B1. The upper row shows from left to right the WL images of the unsubtrac
re PSF subtracted and hence they show the continuum around the three QSO. Not

his paper has been typeset from a T E 
X/L A T E 

X file prepared by the author. 
xternal continuum source can be associated with our detected H α

mission. Hence, we can conclude our detection to originate from 

he intrinsic nebula emission. 
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ted images of J0010, J0030, and J2316, respectively. The lower three panels 
e that the images are plotted in log-scale. 
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