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A B S T R A C T 

The detection of Ly α nebulae around z � 6 quasars reveals extended gas reservoirs around the first rapidly growing supermassive 
black holes. Observations of z > 6 quasars can be explained by cosmological models provided that the black holes by which they 

are po wered e volve in rare, massi ve dark matter haloes. Whether these models also explain the observed extended Ly α emission 

remains an open question. We post-process a suite of cosmological, radiation-hydrodynamic simulations, targeting a quasar 
host halo at z > 6 with the Ly α radiative transfer code RASCAS . A combination of recombination radiation from photo-ionized 

hydrogen and emission from collisionally excited gas powers Ly α nebulae with a surface brightness profile in a close agreement 
with observations. We also find that, even on its own, resonant scattering of the Ly α line associated to the quasar’s broad-line 
region can also generate Ly α emission on ∼ 100 kpc scales, resulting in comparable agreement with observed surface brightness 
profiles. Even if powered by a broad quasar L y α line, L y α neb ulae ha ve narrow line-widths � 1000 km s −1 , consistent with 

observational constraints. Even if there is no quasar, we find that halo gas cooling produces a faint, extended Ly α glo w. Ho we ver, 
to explain the brightest Ly α nebulae, our simulations unambiguously require quasar-powered outflows to clear out the galactic 
nucleus and allow the Ly α flux to escape and still remain resonant with halo gas. The close match between observations and 

simulations with quasar outflows suggest that AGN feedback already operates before z = 6 and confirms that high- z quasars 
reside in massive haloes tracing overdensities. 

Key words: hydrodynamics – radiative transfer – galaxies: evolution – galaxies: high-redshift – quasars: supermassive black 

holes. 
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 I N T RO D U C T I O N  

uminous quasars have now been detected out to z � 7 . 5, sug-
esting that supermassive black holes with masses � 10 9 M �, have
lready assembled by the time the Universe is ≈ 680 Myr old 
Ba ̃ nados et al. 2018 ; Yang et al. 2020 ; Wang et al. 2021 ). These
bservations challenge theoretical models of galaxy evolution, which 
av e to e xplain how such rapid black hole growth can take place
t z > 6. Even if seed black holes produced at z > 20 are massive
 ∼ 10 5 M �), black hole growth has to proceed close to the Eddington
ate for a Hubble time (see e.g. Wang et al. 2021 ). Alternatively,
upermassive black holes must undergo sustained super-Eddington 
ccretion to reach masses ∼ 10 9 M � by z = 7 . 5. In either growth
cenario, the cosmological sites of z > 6 quasars have to ensure
bundant gas inflow on to the quasar host galaxy and, once in the
entral galaxy, efficient transport towards the sphere of influence of 
he central black hole. 

In order to explain masses of � 10 9 M � at z > 6, galaxy evolution
odels based on � CDM cosmology require the black holes powering 
 E-mail: tcosta@mpa-garching.mpg.de 
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right quasars to grow in high- σ peaks ( σ � 4) of the cosmic density
eld (e.g. Efstathiou & Rees 1988 ; Volonteri & Rees 2006 ). These
egions collapse prematurely, assembling rare dark matter haloes 
ith virial masses M vir � 10 12 M � by z > 6. Frequent merging (Li

t al. 2007 ) and smooth inflow of cold gas filaments into the central
ew kpc (Sijacki, Springel & Haehnelt 2009 ; Di Matteo et al. 2012 ;
osta et al. 2014 ) allow these haloes to host rapid black hole growth

o ∼ 10 9 M �. 
Cosmological, hydrodynamic simulations following black hole 

ro wth in massi ve haloes with M vir � 10 12 M � at z > 6 predict that
uasars should trace gas o v erdensities and lie at the intersection of an
xtended network of cool T ∼ 10 4 K gas streams (Di Matteo et al.
012 ; Dubois et al. 2012 ; Costa et al. 2014 ). According to these
imulations, gas streams should be flowing in towards the quasar 
ost galaxy from multiple directions, colliding, cancelling angular 
omentum and sinking into the galactic nucleus. This prediction 

emains observationally untested. 
Another prediction, shared by virtually every model (Dubois et al. 

013 ; Costa et al. 2014 ; Costa, Sijacki & Haehnelt 2015 ; Curtis &
ijacki 2016 ; Barai et al. 2018 ; Ni et al. 2018 ; Costa et al. 2018b ;
upi et al. 2022 ), is that active galactic nucleus (AGN) feedback

see Fabian 2012 , for a re vie w) should po wer large-scale outflo ws
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rom the host galaxies of z > 6 quasars. The detection of broad
bsorption-line features in z > 6 quasars (Mazzucchelli et al. 2017 ;
eyer, Bosman & Ellis 2019 ; Schindler et al. 2020 ; Wang et al.

021 ; Yang et al. 2021 ; Bischetti et al. 2022 ) points to the presence
f small-scale winds with speeds up to ∼0.1 c in the nuclei of quasar
ost galaxies. According to detailed models (e.g. Costa, Pakmor &
pringel 2020 ), such winds can drive out nuclear interstellar medium
nd power large-scale galactic outflows. Observational evidence for
arge-scale outflows at z > 6, however, remains anecdotal. Maiolino
t al. ( 2012 ) and Cicone et al. ( 2015 ), for instance, report the detection
f a 30kpc scale outflow traced by [C II ] 158 μm emission in a quasar
t z = 6 . 4 (cf. Meyer et al. 2022 ). Tar geting a lar ger sample of 17
 > 6 quasars, Novak et al. ( 2020 ), ho we ver, find no e vidence of
biquitous large-scale outflows, at least as traced by [C II ] 158 μm
mission. Stanley et al. ( 2019 ), ho we ver, report potential outflow
ignatures using stacked spectra. 

For about a decade, observ ational e vidence for the presence of
xtended Ly α nebulae around z > 6 quasars has been mounting
Goto et al. 2009 ; Willott et al. 2011 ; Farina et al. 2017 ; Drake et al.
019 ; Momose et al. 2019 ). In their REQUIEM surv e y, F arina et al.
 2019 ) perform a comprehensive search for Ly α nebulae around z >
.7 quasars. Out of a sample of 31 quasars in the redshift range z =
 . 7 − 6 . 6, Farina et al. ( 2019 ) report the detection of 12 extended
y α neb ulae. These neb ulae display a range of morphologies: at

imes approximately spherical and centred on the quasar, but often
isplaying strong asymmetries with the quasar lying on the outskirts
f the emitting gas. Proper diameters range from 15 kpc to 45 kpc and
otal luminosities have a span of L Ly α = 10 43 − 2 × 10 44 erg s −1 .

hen correcting for redshift dimming and scaling distances by the
irial radius, Farina et al. ( 2019 ) find little redshift evolution in the
edian Ly α surface brightness (SB) profile down to z ≈ 3, when Ly α

ebulae are ubiquitously detected around bright quasars (Borisova
t al. 2016 ; Fumagalli et al. 2016 ; Husemann et al. 2018 ; Arrigoni-
attaia et al. 2019 ; Fossati et al. 2021 ). A drop in SB has, ho we ver,
een reported at lower redshift (Cai et al. 2019 ; O’Sulli v an et al.
020 ). 
In addition to mapping the cool gas reservoirs surrounding quasar

ost galaxies, Ly α nebulae encode a wealth of information about the
ynamics of their circumgalactic media (CGM). The redistribution
f Ly α photons in frequency space induced by scattering (see e.g.
ijkstra 2014 ) is influenced by the temperature, density, and velocity
f neutral hydrogen in the CGM. The shape and width of the observed
pectral line thus constrains the importance of large-scale rotation
e.g. Martin et al. 2015 ; Prescott, Martin & Dey 2015 ), inflows
Humphrey et al. 2007 ; Villar-Mart ́ın et al. 2007 ; Martin et al.
014 ) and outflows (Gronke & Dijkstra 2016 ; Yang et al. 2016 ). The
bserved morphology of Ly α nebulae may also contain information
bout the geometry of the quasar’s light cone, making it possible to
in-down the orientation of obscuring gas and dust on circumnuclear
cales (den Brok et al. 2020 ). 

Extended Ly α emission has, in fact, long been predicted to
urround z > 6 quasars. Haiman & Rees ( 2001 ) propose that, as cool
as photo-ionized by the central quasar recombines, it should produce
 Ly α ‘fuzz’ on scales ∼ 10 kpc. Other origin scenarios include direct
mission from collisionally excited gas (Haiman, Spaans & Quataert
000 ; Furlanetto et al. 2005 ; Dijkstra & Loeb 2009 ; Faucher-Gigu ̀ere
t al. 2010 ; Goerdt et al. 2010 ) or scattering of Ly α photons produced
n the interstellar medium embedded within galaxies (Hayes, Scarlata
 Siana 2011 ; Humphrey et al. 2013 ; Beck et al. 2016 ). These origin

cenarios remain heavily disputed. 
While multiple cosmological simulations have by now succeeded

n reproducing the estimated masses of supermassive black holes at
NRAS 517, 1767–1790 (2022) 
 > 6, no attempt has been made to predict their associated extended
y α emission with such simulations. Studies have begun to employ
osmological simulations to pin down the origin of extended Ly α
mission, but these have mostly concentrated on massive haloes at
 ≈ 2 (Rosdahl & Blaizot 2012 ; Cantalupo et al. 2014 ; Gronke &
ird 2017 ) or lower-mass haloes (Verhamme et al. 2012 ; Smith et al.
019 ; Byrohl et al. 2021 ; Mitchell et al. 2021 ), in all cases without
n on-the-fly treatment of quasar radiation. 

This paper proposes a theoretical explanation for observations of
xtended Ly α nebulae around z > 6 quasars, though we argue our
esults may equally apply to z ≈ 3 quasars. In Section 2 , we describe
he cosmological simulations employed in our study along with the
y α radiative transfer technique that we adopt to generate mock
ata cubes from our simulations. In Section 3 , we present mock
y α maps, SB profiles, and spectral-line profiles and compare with
vailable data. We discuss the broader implications of our results
n Section 4 . In Section 5 , we summarize our main conclusions.
ur reference observational sample, the REQUIEM Surv e y (F arina

t al. 2019 ), assumes a � CDM cosmology with a Hubble constant of
 0 = 70 km s −1 Mpc −1 , a matter density parameter �m 

= 0 . 3 and a
ark energy density parameter �� 

= 0 . 7, close to the cosmological
arameters adopted in our simulations (Section 2 ). 

 SI MULATI ONS  

n this section, we describe the numerical simulations performed
nd analysed in this study. We start by describing our cosmo-
ogical, radiation-hydrodynamic (RHD) simulations (Section 2.1 ).
ection 2.2 outlines the radiative transfer code that is applied in post-
rocessing to our RHD simulations in order to model Ly α photon
ransport in quasar environments. 

.1 Cosmological, radiation-hydrodynamic, and ‘zoom-in’ 
imulations 

he Ly α emissivity depends sensitively on the ionization state
f hydrogen. The non-equilibrium ionization states are strongly
nfluenced by the ionizing fluxes of both young stellar populations
nd AGN (especially in the environment of a bright z = 6 quasar), but
lso by hydrodynamic processes, including gravitational accretion
hocks and galactic feedback. Realistic modelling of Ly α emission
n quasar environments can thus best be achieved via cosmological,
HD simulations. 

.1.1 A quasar host halo at z = 6 

e use a set of cosmological, RHD (RHD), ‘zoom-in’ simulations
argeting a massive halo with M vir = 2 . 4 × 10 12 M � at z = 6.
hese simulations comprise a small spherical volume with a radius
5 R vir ≈ 300 kpc, where the virial radius is R vir ≈ 60 kpc at z = 6,

ollowed at high-resolution. In order to save computational cost
nd at the same time model the tidal torque field operating on the
arget halo, the remainder of the cosmological box is also simulated,
ut only at coarse resolution. The only selection criterion for our
arget halo required it to be among the most massive haloes found
t z = 6 within a large cosmological box with a comoving side
ength of 500 h −1 Mpc (Costa et al. 2018b ; Costa, Rosdahl & Kimm
019 ). As shown in Costa et al. ( 2014 ), such haloes represent the
ikely hosts of bright z > 6 quasars. As a consequence of their low
umber density (e.g. Springel et al. 2005 ), simulating them requires
ollowing an unusually large cosmological box. Our simulations
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dopt a concordance cosmology with H 0 ≈ 69 . 3 km s −1 Mpc −1 ,
m 

≈ 0 . 3, �� 

≈ 0 . 7 in line with the cosmological parameters
ssumed in the REQUIEM Surv e y (see F arina et al. 2019 ), and
 baryonic density parameter �b = 0 . 048 (Planck Collaboration 
016 ). 
The simulations are performed with RAMSES-RT (Rosdahl et al. 

013 ; Rosdahl & Teyssier 2015 ), the coupled RHD extension of the
ulerian, adaptive mesh refinement code RAMSES (Teyssier 2002 ), 
olving for coupled g as h ydrodynamics and radiative transfer of
tellar and AGN radiation. In order to solve for radiative transport,
AMSES-RT takes the first two angular moments of the radiative 

ransfer equation, obtaining a system of conservation laws that is 
losed with the ‘M1 closure’ for the Eddington tensor (Levermore 
984 ). The M1 closure relates the Eddington tensor P to the radiation
nergy density E via the relation P = D E, using 

 = 

1 − χ

2 
I + 

3 χ − 1 

2 
� n ⊗ � n , (1) 

here � n is the unit vector encoding the direction of the radiation front.
he parameter χ interpolates between the optically thick, diffusion- 
ominated regime, for which χ � 1 / 3 and D � I / 3 and the optically
hin regime, for which χ � 1 and D � � n ⊗ � n (see Rosdahl & 

eyssier 2015 , for details). While accurate in these limiting cases, 
he M1 closure holds only approximately for intermediate optical 
epths or in the presence of multiple sources. 
Radiation is advected between neighbouring cells using an ex- 

licit, first-order Goduno v solv er. In order to a v oid prohibitively shot
ime-steps, RAMSES-RT adopts the reduced speed of light approxi- 
ation, valid when the speed of light exceeds other characteristic 

peeds (e.g. outflow speed and ionization front speed). We adopt a 
lobal reduced speed of light of 0.03 c , which is more rapid than
astest outflo ws dri ven in the simulation ≈ 3000 km s −1 (see also
osta et al. 2018a , b , for convergence tests). Note that the reduced

peed of light approximation is only employed in order to advect 
he radiation field. Physical processes impacting gas dynamics, such 
s radiation pressure, are treated using the full speed of light (see
osdahl & Teyssier 2015 ). 
In order to increase the numerical resolution, RAMSES-RT employs 

daptive refinement. A gas cell is refined if it satisfies (
ρdm 

+ �dm 

/�b ρ� + �dm 

/�b ρgas 

)
	x 3 > 8 m dm 

, (2) 

here ρdm 

, ρ� , and ρgas are, respectively, the dark matter, stellar, and 
as density within the cell, �dm 

/ �b = �m 

/ �b − 1, 	 x is the cell
idth and m dm 

is the high-resolution dark matter particle mass. The 
hreshold value 8 m dm 

is widely adopted in RAMSES simulations. It
nsures that upon refinement, which breaks cells down into sub-cells 
ith a factor 8 smaller volume, the ef fecti ve cell mass [left-hand

ide of equation ( 2 )], stays roughly constant. The minimum cell size
n our fiducial simulations is 	x min = 80 pc. About 15 per cent of
ells located within the virial radius at z = 6 are refined down to the
inimum cell size allowed in the simulations. 
The simulations also track the N -body dynamics of stars and dark
atter using a particle-mesh method and cloud-in-cell interpolation. 
tars and dark matter are modelled with particles of minimum 

ass m � ≈ 10 4 M � and m DM 

= 3 × 10 6 M �, respectively. Due to
he mass resolution afforded by our cosmological simulations, star 
articles should be viewed as sampling full stellar populations (see 
ection 2.1.2 ). 
In the light of the results presented in this paper, it is worth

mphasizing that our simulations are in no way tuned to yield a
ealistic treatment of the CGM. The CGM is notoriously under- 
esolv ed ev en in ‘zoom-in’ cosmological simulations (see e.g. the 
esolution studies in van de Voort et al. 2019 ; Hummels et al. 2019 ).
he typical cell size in the CGM of our target halo is ≈ 350 pc.
ennett & Sijacki ( 2020 ) explore enhancing the resolution in shock

ronts (resolving structures as small as ≈ 20 pc) within a z = 6 halo,
ore in line with the halo targeted by our RHD simulations, finding
 significant enhancement in the H I co v ering fractions even at R >

 vir . As resolution increases, we should expect the CGM to comprise
ore numerous, smaller, but denser cloudlets than captured in current 

zoom-in’ simulations. Whether these cloudlets really fragment all 
he way to form a fine ‘mist’ containing a large number of small
louds (McCourt et al. 2018 ) or whether they coagulate to assemble
arger clouds (Gronke & Oh 2020 ), ho we ver, is a fundamental
uestion that remains unanswered. 

.1.2 Cooling, star formation, and supernova feedback 

ur simulations track the non-equilibrium ionization states of both 
ydrogen (H) and helium (He), which are coupled to the radiative
uxes followed in the RHD simulations (see Section 2.1.3 ), following 
remsstrahlung, collisional excitation, collisional ionization, Comp- 

on cooling off the cosmic microwave background, di-electronic 
ecombination, and photo-ionization. The cooling contribution from 

etals is computed at T ≥ 10 4 K using CLOUDY (Ferland et al. 1998 ),
ssuming photo-ionization equilibrium with the UV background 
f Haardt & Madau ( 1996 ). For T < 10 4 K, metal-line cooling is
odelled using fine-structure cooling rates from Rosen & Bregman 

 1995 ), allowing cooling down to a density-independent temperature 
f T 0 = 10 K. 
Star formation rate is modelled assuming a Schmidt law with a

ariable star formation efficiency, closely following the turbulent 
tar formation implementation described in Kimm et al. ( 2017 ). Star
ormation can occur in a cell if: 

(i) the density is a local maximum and is locally growing with
ime, i.e. � ∇ · ( ρgas � v ) < 0, 

(ii) the local hydrogen number density satisfies n H > 1 cm 

−3 and
he local o v erdensity e xceeds the cosmological background mean by

ore than a factor 200, 
(iii) the local gas temperature is T < 2 × 10 4 K, 
(iv) the turbulent Jeans length is unresolved. The turbulent Jeans 

ength λJ is defined following Federrath & Klessen ( 2012 ) as 

J = 

πσ 2 
gas + 

(
36 πc 2 s G	x 2 ρgas + π2 σ 4 

gas 

)1 / 2 

6 Gρ	x 
, (3) 

here G is the gravitational constant, c s is the local speed of sound,
nd σ gas is the local gas turbulent velocity dispersion, obtained by 
omputing the norm 

 

� ∇ � v ‖ 2 = tr 
(

� ∇ � v 
)(

� ∇ � v 
)T 

(4) 

f the velocity gradient tensor. This quantity is estimated at the
esolution scale using the values of neighbouring cells, i.e. those 
ocated across a given cell’s six faces. Equation ( 4 ) is computed after
ubtracting the symmetric divergence field and rotational velocity 
omponents from the local velocity � v , ensuring that our estimate 
or the turbulent velocity dispersion accounts only for disordered 
otion. 

Star particles are assumed to fully sample stellar populations. 
ssuming a Kroupa ( 2001 ) initial mass function (IMF), a fraction

SN = 0 . 2 of the initial stellar mass is returned by supernova (SN)
xplosions in a single event when their age exceeds 10 Myr. We
MNRAS 517, 1767–1790 (2022) 
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ssume an average supernova progenitor mass of 4 M �, boosting the
uperno va rate abo v e the value e xpected for a Kroupa ( 2001 ) IMF
y a factor 5, giving a supernova rate of 0 . 05 M 

−1 
� . Like in Rosdahl

t al. ( 2018 ), this choice is made to (i) account for complementary
eedback processes not followed explicitly by our simulations (e.g.
osmic rays, stellar winds, and proto-stellar jets) and (ii) to ensure
hat supernova feedback is strong enough to reduce the stellar-to-halo

ass ratio of central and satellite galaxies in our ‘zoom-in’ region
o values broadly consistent with abundance-matching predictions
highly uncertain at z > 6, e.g. Behroozi et al. 2019 ). Our decision
s also driven by results from Costa et al. ( 2014 ), where strong
upernova feedback is shown to be necessary in order to reconcile
he number of observed satellite galaxies around z ≈ 6 quasars with
xisting observational constraints. 

Individual type II SN explosions are assumed to inject an energy
 SN = 10 51 erg into their neighbouring cells. Momentum is injected

adially with a magnitude that depends on whether the Sedov–
aylor phase is resolved, as described in Kimm & Cen ( 2014 )
nd Kimm et al. ( 2015 ). The aim of this model is to reco v er the
orrect terminal momentum associated to the snowplough phase
f a supernova remnant, even if the cooling radius is unresolved.
or each cell neighbouring an SN explosion site, the dimensionless
arameter χ = 	M swept /	M ej is computed, where 	 M swept is the
um of the original mass in the cell and the share of mass 	 M ej it
eceives both from the SN ejecta and from the SN host cell. The
imensionless parameter χ is then compared against a threshold
alue χ tr (equation 20 of Kimm et al. 2017 ) defining the transition
etween adiabatic and snowplough phases. If χ ≥ χ tr , the adiabatic
xpansion phase of the SN remnant is poorly or not resolved. In
his case, the radial momentum imparted to ambient gas is set to the
alue 

 SN = p SN , snow e 
−	x/r S + p SN + PH 

(
1 − e −	x/r S 

)
, (5) 

here the first term encapsulates the radial momentum associated
o the SN snowplough phase and the second term accounts for the
omentum boost obtained if the ambient gas through which the SN

emnant propagates is pre-ionized (Geen et al. 2015 ). The exponential
actors ensure that the Geen et al. ( 2015 ) correction is introduced only
f the Str ̈omgren radius r S is poorly resolved, i.e. if r S � 	 x . The
unctional forms employed for p SN, snow and p SN + PH are, respectively, 

 SN , snow = 3 × 10 5 km s −1 M �n 
−2 / 17 
H 

(
E SN 

10 51 erg 

)16 / 17 

Z 

′ −0 . 14 (6) 

here the Z 

′ = max [ Z/ 0 . 02 , 0 . 01 ] is the gas metallicity, and 

 SN + PH = 4 . 2 × 10 5 km s −1 M �

(
E SN 

10 51 erg 

)16 / 17 

Z 

′ −0 . 14 . (7) 

he first of these expressions is taken from Kimm et al. ( 2015 ),
hich itself derives from earlier numerical results of Blondin et al.

 1998 ) and Thornton et al. ( 1998 ). The second expression consists
f an approximate fit to the terminal momentum found in RHD
imulations of H II regions (Geen et al. 2015 ). 

If χ < χ tr , then the Sedov phase is resolved and momentum is
njected radially with a magnitude 

 SN = 

(
2 χf e ( χ ) M ej E SN 

)1 / 2 
, (8) 

here the function f e ( χ ) = 1 − χ−1 
3( χtr −1) modulates the injected

nergy, smoothly connecting high and low χ limits, and M ej is the
otal ejecta mass. Equation ( 8 ) follows simply from equating the
vailable energy E SN to that pertaining to the gas patch into which
his is distributed ∼ ( 1 / 2 ) p 

2 
SN 

(
χM ej 

)−1 
. 
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Besides energy, SNe are assumed to inject metals with a yield of
.075. Gas-phase metallicity is treated as a passive scalar and, in
ur simulations, is transported to the halo via outflows launched by
N and AGN. Gas is initiated with a homogeneous metallicity floor,
hich is used to compensate for the lack of molecular hydrogen

ooling channels in our simulations. We adopt a metallicity floor of
 . 00032 Z �, calibrated such that the first stars form at z ≈ 15. 

.1.3 Stellar and AGN radiative feedback 

n order to inject radiation fluxes from stellar populations and AGN,
e sample their frequency space with five ‘photon groups’. The

adiation frequency ranges, characteristic energies, ionization cross-
ections and dust opacities associated to each group are given in
able 1 . These groups include three UV frequency bins, bounded
y the ionization potentials of H I , He I , and He II . Besides photo-
onization and photo-heating, photons in these UV groups interact
ith ambient gas via radiation pressure from photo-ionization and
ust (see below). The other two photon groups include optical
nd infrared photons. These are not sufficiently energetic to ionize
ydrogen or helium, but can still interact with ambient gas via
adiation pressure on dust. Dust is assumed to be mixed with gas
n proportion to the local metallicity, with absorption and scattering
pacities κ0 

abs and κ0 
scat . The pseudo-dust number density is assumed

o follow n dust = ( Z/ Z �) n H following Rosdahl et al. ( 2015 ). If
bsorbed by dust, the flux of an y giv en photon group is then added
o the infrared group, where the only interaction with gas occurs via
ultiscattering radiation pressure (Rosdahl & Teyssier 2015 ; Costa

t al. 2018a ). 
The luminosity of stellar particles is set based on their age, mass,

nd metallicity using the spectral energy models of Bruzual &
harlot ( 2003 ), following the procedure described in appendix D
f Rosdahl et al. ( 2018 ). The quasar spectral energy distribution
s modelled using the unobscured composite spectrum given in
opkins, Richards & Hernquist ( 2007 ). We also experimented using

he harder, unobscured spectrum of Sazonov, Ostriker & Sunyaev
 2004 ), finding no significant difference in our results. We model a
ingle quasar by placing a black hole particle of mass ∼ 10 9 M � at
he potential minimum of the most massive galaxy at some redshift
 QSO . Note that the original aim of the simulations presented in this
aper was to conduct controlled experiments on the efficiency of
GN radiative feedback in the spirit of earlier simulations by Costa
t al. ( 2018b ), and to remo v e the sensitivity of our results on highly
ncertain black hole growth models (see Section 4.4 ). After seeding
 single black hole, we explore varying the AGN light curve and
he quasar bolometric luminosity. AGN radiation is ‘switched-on’ at
 QSO = 6 . 5 in most of our simulations, but we also explore switching
t on at z QSO = 7 . 7 in order to test AGN feedback in the most distant
uasars observed to date. 
We adopt two types of light curve: (i) the AGN radiates constantly

t a fixed bolometric luminosity L bol , (ii) the AGN switches on and
f f, follo wing a square-wave light curve with a specific period τ cycle 

nd quasar lifetime τQSO . We assume a duty cycle ≈ 90 per cent
consistent with the cosmological simulations Costa et al. 2014 )
nd a quasar lifetime of 1 Myr (consistent with the observational
onstraints of high- z quasar lifetimes of Khrykin et al. 2021 ), such
hat τcycle = 1 . 1 Myr. We sample bolometric luminosities ranging
rom L bol = 10 47 erg s −1 to L bol = 5 × 10 47 erg s −1 , encompassing
he typical range of observed z = 6 quasar luminosities. We do
ot probe fainter AGN luminosities, because these do not generate
ufficient momentum flux to launch large-scale outflows in quasar
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Table 1. Photon groups (first column), the lower and upper energies defining their energy interval (second and third columns), mean photon group energies 
(fourth column), ionization cross-sections to H I , He I , and He II (respectively, the fifth, sixth, and seventh columns), the normalization of the absorption and 
scattering opacities to dust (eighth and ninth columns), and energy fraction contributed by the quasar for each group (last column). 

Photon group ε0 ε1 〈 ε〉 σH I σHe I σHe II κ0 
abs κ0 

scat AGN contribution 
[eV] [eV] [eV] [cm 

2 ] [cm 

2 ] [cm 

2 ] [cm 

2 g −1 ] [cm 

2 g −1 ] 

infrared 0.1 1 0.6 0 0 0 0 10 0.38 
optical 1 13.6 5.2 0 0 0 10 3 0 0.46 
UVI 13.6 24.59 17.9 3.2 × 10 −18 0 0 10 3 0 0.09 
UVII 24.59 54.42 33.0 5.9 × 10 −19 4.6 × 10 −18 0 10 3 0 0.05 
UVIII 54.42 ∞ 73.3 5.9 × 10 −20 9.3 × 10 −19 8 × 10 −19 10 3 0 0.02 
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ost galaxies at z > 6 (Costa et al. 2018b ). We name our simulations
ccording to the bolometric luminosity of the quasar. For instance, in 
uasar-L3e47 , the characteristic bolometric luminosity of the 
uasar is 3 × 10 47 erg s −1 , while in Quasar-L5e47 , the bolo-
etric luminosity is 5 × 10 47 erg s −1 . In one of our simulations

 noQuasar ), no quasar radiation is injected and there is thus no
GN feedback. This simulation, which still follows feedback from 

upernovae and stellar radiation, allows us to control for the impact 
f AGN feedback. In other simulations, denoted e.g. Quasar- 
3e47-continuous , AGN radiation is injected continuously at 
 constant rate. All simulations account for photo-ionization, photo- 
eating, and radiation pressure on dust by stellar populations and (if
resent) from a quasar. 
In order to model the ionizing flux from sources external to our

zoom-in’ region, we adopt the spatially homogeneous and time- 
volving UV background of Haardt & Madau ( 2012 ). We apply a
elf-shielding correction that damps the ionizing background in cells 
ith n H > 0 . 01 cm 

−3 (see e.g. Rosdahl & Blaizot 2012 ). 

.2 Ly α radiati v e transfer 

y α is a resonant line and its absorption is followed by re-emission on
 time-scale of ∼ 10 −9 s (see e.g. Dijkstra 2014 ). When propagating
hrough H I gas, Ly α photon transport can thus be treated as a
cattering process. With every absorption event, the frequency at 
hich Ly α photons are re-emitted is Doppler-shifted due to both the 

emperature and velocity of the ambient H I gas. The emerging Ly α
pectrum is thus shaped both by the properties of the Ly α sources
nd the medium through which the Ly α flux travels. Tracing the 
pectral and spatial diffusion of Ly α photons in arbitrarily complex 
edia, such as the interstellar medium or the CGM, requires detailed 

adiative transfer calculations. 

.2.1 RASCAS 

e perform Ly α radiative transfer in post-processing using the 
ublicly av ailable, massi vely parallel code RASCAS (Michel-Dansac 
t al. 2020 ). RASCAS employs a Monte Carlo technique in order to
volve the spatial and spectral diffusion of resonant line photons. 

The photon spectral and spatial distribution is sampled with 
 discrete number of photon ‘packets’ N MC . We use N MC = (1-

5) × 10 6 . This number of photon packets is selected in order to
nsure converged SB maps, radial profiles, and spectral-line profiles. 
he number of photon packets generated by any given source is
roportional to its real number photon emission rate Ṅ Ly α . Thus, if
he real, total photon production rate in the entire simulation domain 
s Ṅ 

tot 
Ly α , then the probability that a photon packet is emitted from a

ource is ∝ Ṅ Ly α/ Ṅ 

tot 
Ly α . 
The emission frequency of each photon packet is calculated 
n the reference frame of its parent cell. A photon packet’s fre-
uency is randomly drawn assuming a Gaussian line profile with 
 width 	v D , set by the thermal broadening caused by random
otions of the constituent hydrogen atoms. We compute 	v D = 

0 

(
2 k B T /m p 

)1 / 2 
c −1 , where c is the speed of light in vacuum, k B is

oltzmann’s constant, m p the proton mass, T is the gas temperature,
nd ν0 = 2 . 47 × 10 15 s −1 is the frequency corresponding to Ly α-
ine resonance. The frequency of any given photon packet is then
hifted to an external frame according to the source’s velocity. 

Photon packets are initialized with random orientations – Ly α
ources are assumed to be isotropic. In scattering e vents, ho we ver,
he outgoing direction � k out of a photon packet is related to its

ncoming direction � k in through a phase function P 

(
| � k in · � k out | 

)
hat depends on the photon’s frequency in the scatterer’s frame 

scat, in = νin 

(
1 − � k in · � v scat /c 

)
, where ν in is the incoming pho- 

on’s rest-frame frequency and � v scat is the scatterer’s velocity. If 
 νscat, in − νscatt, 0 | < 0 . 2 	νD , where νscatt, 0 is Ly α-line resonance
requency in the scatterer’s frame, then 

 core 

(
| � k in · � k out | 

)
= 

11 

24 
+ 

3 

24 
| � k in · � k out | 2 . (9) 

therwise, if | νscat, in − νscatt, 0 | ≥ 0 . 2 	νD , then 

 wing 

(
| � k in · � k out | 

)
= 

3 
(

1 + | � k in · � k out | 2 
)

8 
. (10) 

The threshold of 0.2 	νD is used to separate wing and resonant
cattering regimes and is justified in appendix A2 of Dijkstra 
 Loeb ( 2008 ). A deri v ation for the phase function in the core

cattering regime can be found in e.g. Brasken & Kyrola ( 1998 ). For
ing scattering, pure Rayleigh scattering (equation 10 ) applies by 
irtue of quantum interference effects (Stenflo 1980 ). In RASCAS ,
quations ( 9 ) and ( 10 ) are inverted to compute � k out (see Michel-
ansac et al. 2020 ). 
In order to model Ly α sources, RASCAS follows (i) recombination 

adiation from photo-ionized gas, (ii) collisional excitation and 
ubsequent Ly α cooling, and (iii) stars and AGN. In the following,
e outline how each of these processes are modelled in RASCAS . 

.2.2 Recombination radiation 

n this scenario, Ly α radiation is generated as a result of a recombina-
ion cascade from photo-ionized gas. Following Cantalupo, Porciani 
 Lilly ( 2008 ), the number of Ly α emitted per unit time in a given

ell is calculated in RASCAS as 

˙
 Ly α, rec = n e n p ε

B 
Ly α( T ) αB ( T ) ( 	x ) 3 , (11) 
MNRAS 517, 1767–1790 (2022) 
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here n e and n p are the non-equilibrium free electron and proton
umber densities output by RAMSES-RT , αB ( T ) is the case B
ecombination coefficient (set using the fit from Hui & Gnedin
997 ), and εB 

Ly α( T ) is the number of Ly α photons produced per
ecombination event (equation 2 of Cantalupo et al. 2008 ). The latter
s a weak function of temperature, varying between 0.68 and 0.61
or 10 4 K < T < 10 4 . 7 K, the typical temperature range of gas photo-
onized by young stars and AGN. 

Recombination radiation has been proposed as the chief source of
iant Ly α nebulae (e.g. Cantalupo et al. 2014 ). Reconciling the SB
ev els of observ ed Ly α nebulae at z ≈ 2 − 3 with a recombination
adiation origin alone is, ho we ver, only possible if ionized hydrogen
eaches ISM-like densities � 1 cm 

−3 (Arrigoni Battaia et al. 2015 )
t scales ∼ (10 − 100) kpc, comparable or beyond the virial radii of
heir host haloes. These high densities translate to clumping factors
 = 〈 n 2 〉 / 〈 n 〉 2 ∼ 1000, consistent with a picture in which the CGM

s pervaded by a fog-like distribution of ionized, low volume-filling
loudlets (McCourt et al. 2018 ). 

.2.3 Collisional excitation 

n a different scenario, Ly α nebulae are generated by collisionally
xcited hydrogen. As the gas de-excites and cools, it generates Ly α
hotons. The number of Ly α photons emitted per unit time in a given
ell is computed as 

˙
 Ly α, col = n e n HI C Ly α( T ) ( 	x ) 3 , (12) 

here C Ly α( T ) is the rate of collisional excitations from level 1s to
e vel 2p, e v aluated using the fit of Goerdt et al. ( 2010 ). This rate is
 very strong function of temperature, increasing by ∼3 orders of
agnitude between the temperature range 10 4 K < T < 3 × 10 4 K.
bo v e T ≈ 5 × 10 4 K, collisional excitation is inefficient, as most
 ydrogen g as becomes ionized. Thus, while collisional excitation
an be a very efficient source of Ly α photons, it only operates o v er
 narrow temperature range. 

.2.4 Scattering from the broad-line region 

n extreme case involves generating Ly α nebulae via scattering
ff neutral hydrogen starting from a point source. Quasar spectra
ypically include a prominent, broad Ly α line. A potential origin
cenario for giant Ly α nebulae is the direct transport of Ly α photons
rom the broad-line region (BLR) to scales of 10 − 100 kpc via
cattering. 

The challenge associated to this scenario is that it requires Ly α
hotons to either be in resonance with H I in the halo or to scatter
fficiently in the wing of the Ly α line. Both conditions can be difficult
o satisfy. If Ly α photons are resonantly trapped in the central regions
f the halo, where H I gas might be most abundant, escape likely
ccurs with a single fly-out if the photons are scattered into the
ings of the Ly α line. To inflate a large nebula, the photons have

o scatter in the wings of the line, which is possible only if optical
epths remain high throughout the halo. 
We test this extreme scenario and model BLR Ly- α emission

y assigning a Gaussian line with width σ BLR to a point source
ositioned at the location and at the rest-frame velocity of the
lack hole particle. We use σBLR = 1000 − 1500 km s −1 . These
 alues respecti vely correspond to FWHM of FWHM BLR ≈ 2400-

3500 km s −1 , consistent with the widths of BLR emission lines in z
6 quasars (e.g. Mazzucchelli et al. 2017 ; Reed et al. 2019 ). The Ly α

uminosity of the source is parametrized as f Ly αL bol , where L bol is the
NRAS 517, 1767–1790 (2022) 
uasar bolometric luminosity adopted in the parent RHD simulation.
e select f Ly α , which is the fractional quasar luminosity associated

o the Ly α line, based on observational constraints. This fraction can
ary from object to object, but is typically f Ly α ≈ 0.001 − 0.1 (Lusso
t al. 2015 ). At z ≈ 2, for instance, Cantalupo et al. ( 2014 ) find f Ly α

0.006. In line with values typical for z ≈ 6 quasars (Koptelova
t al. 2017 ), we adopt f Ly α ≈ 0.005 as our fiducial value. In our
 arious experiments, we, ho we ver, test v arying this parameter within
he range 0.001 ≤ f Ly α ≤ 0.01. 

Ly α emission from the BLR at scales � 1 pc likely itself consists
f reprocessed ionizing flux from the AGN (e.g. Osterbrock &
erland 2006 ). Adding a point source to model BLR Ly α emission is

ustified because the scales associated to the BLR cannot be directly
esolved in our cosmological simulations. When we consider SB
rofiles, nebula luminosities, and spectra in Section 3 , the question
rises whether extended emission resulting from BLR scattering can
e simply added to that of resolved recombination radiation and
ollisional excitation without double-counting the Ly α luminosity.
e take a conserv ati ve approach in which we consider these different

mission scenarios independently, as well as together, in order to
racket all possible scenarios. 

.2.5 Dust absorption 

e model Ly α absorption by dust following Laursen, Sommer-
arsen & Andersen ( 2009 ), computing the dust number density n dust 

s 

 dust = 

Z 

Z 0 
( n HI + f ion n HII ) , (13) 

here f ion = 0 . 01, n H I is the neutral hydrogen number density, and
 H II is the ionized hydrogen number density. 
The dust absorption cross-section σ dust is shown in Laursen et al.

 2009 ) to be largely frequency-independent around Ly α resonance
nd is thus set to a constant value. We explore both ‘Large
agellanic Cloud’ (LMC) and ‘Small Magellanic Cloud’ (SMC)
odels introduced in Laursen et al. ( 2009 ), which are incorporated

nto RASCAS and adopted in previous studies (e.g. Gronke & Bird
017 ). For the SMC case, which we adopt as our fiducial model,
abs = σdust /m p ≈ 960 cm 

2 g −1 , while κabs ≈ 840 cm 

2 g −1 in the
MC case, both close (respectively within 4 per cent and 15 per cent )

o the fiducial value for the dust absorption opacity adopted in our
HD simulations. We e xplicitly v erified that both models result in
lmost indistinguishable Ly α escape fractions and SB profiles. 

When a Ly α photon interacts with a dust grain, there is some
robability that, instead of being absorbed, the photon is scattered.
his probability is set by the dust albedo a dust , which we set to
 dust = 0 . 32 following Li & Draine ( 2001 ). After dust scattering,
he outgoing photon direction is set by the phase function 

 

(
| � k in · � k out | 

)
= 

1 

2 

1 − g 2 (
1 + g 2 − 2 g| � k in · � k out | 

)3 / 2 , (14) 

here the asymmetry parameter g is set to g = 0 . 73, following Li
 Draine ( 2001 ). 

.2.6 Data-cube construction 

e use the ‘peeling algorithm’ to collect the Ly α flux in a data
ube with N × N spatial pixels and N λ spectral bins of width 	λobs .
he peeling algorithm loops o v er ev ery photon packet, treating each
cattering event as a point source, adding the flux contribution to each
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in of the data cube. Each photon packet contributes with a luminosity 
 Ly α/ N ph , where L Ly α is the total luminosity. The probability that
 photon packet escapes into the line of sight of an observer at
uminosity distance D L and into a wavelength interval 	λobs is 

 

(
| � k in · � k out | 

)
e −τesc ( λ) , where P 

(
| � k in · � k out | 

)
is the phase function 

iven in equations ( 9 ) and ( 10 ) and τ esc ( λ) is the optical depth towards
he edge of the computational domain. The spectral flux density 
 

λ
Ly α, pix , defined as the amount of energy 	 E received in a pixel per
nit time 	 t , per unit area 	 A , and per observed wavelength interval
λobs is 

 

λ
Ly α, pix = 

	E 

	t	A	λobs 
(15) 

= 

L λ/N ph 

4 πD 

2 
L (1 + z) 

∑ 

P 

(
| � k in · � k out | 

)
e −τesc ( λ) , 

here L λ = L Ly α/ 
[
	λobs (1 + z) −1 

]
, and the sum is performed 

 v er all photon packets and all scattering ev ents. Inte grating o v er
av elength giv es the Ly α flux F Ly α, pix = 

∑ 

λ F 

λ
Ly α	λobs per pix el. 

If a pixel subtends a solid angle 	�pix ∼ ( 	θpix ) 2 , where 	θ is
he pixel size in arcsec, we define the SB SB Ly α, pix as 

B Ly α, pix = 

L Ly α/N ph 

4 πD 

2 
L ( 	θpix ) 2 

∑ 

P 

(
| � k in · � k out | 

)
e −τesc ( λ) . (16) 

ince 	θpix ≈ l / D A , where l is the physical scale probed by a pixel
nd D A is the angular diameter distance, and D A = D L (1 + z) −2 ,
ote that the SB scales as SB Ly α, pix ∝ (1 + z) −4 . 
We use N × N = 250 × 250 pix els o v er a field of view ≈

3 arcsec centred on the position of the quasar. This field of view is
hosen such that only the high-resolution region of our simulations is
aken into account and is much larger than the sizes of Ly α nebulae
n the sample of Farina et al. ( 2019 ). Each pixel thus has a size

0 . 17 arcsec, comparable to the resolution of ≈ 0 . 2 arcsec achieved
y MUSE. Due to seeing, note that the resolution obtained in the
bservations of Farina et al. ( 2019 ) is somewhat lower ≈ 0 . 5 arcsec.
e adopt 200 spectral bins, co v ering a (rest-frame) wavelength 

ange from 1205 Å to 1225 Å, giving 	λobs ≈ 0 . 7 Å at z = 6 . 2. We
hoose a higher spectral resolution than in Farina et al. ( 2019 ), where
λobs ≈ 2 . 6 Å, in order to quantify how the spectral-line properties

re affected by resolution effects. 

.2.7 IGM absorption 

ssuming that the neutral fraction drops rapidly at z < 6.5 and that
uasars produce large proximity zones, we neglect absorption by the 
ntergalactic medium (IGM). In this approximation, the formation of 
ebulae is likely more severely impacted by the quasar age. If very
oung (Eilers et al. 2017 ), light-travel time could restrict the sizes of
y α nebulae around z ≈ 6 quasars. 
The approximation that IGM absorption can be safely neglected 

lso breaks down in the environments of z ≈ 7.5 quasars, when the
eutral fraction is much higher and quasar proximity zones tend to 
e small ∼ 1 − 2 Mpc (e.g. Ba ̃ nados et al. 2018 ; Wang et al. 2020 ).
odelling IGM absorption self-consistently is, ho we ver, not possible 
ith our simulations, since (i) our ‘zoom-in’ region is much smaller 

han the quasar proximity zones of even z = 7 . 5 quasars and (ii)
uch of IGM absorption occurs in the low-resolution region. We here 

hoose to gauge the maximum effect of IGM absorption at z = 7 . 5
ith a simple analytic model. We assume hydrogen is fully ionized 
ithin a spherical region of radius R p , which we vary from 0 . 5 Mpc

o 3 Mpc, in line with the proximity zone sizes of z = 7 . 5 quasars.
eyond R p , hydrogen is assumed to be neutral. This simple setup
oes not take into account any residual neutral hydrogen that may 
ie within the ionized bubble and cause additional absorption even 
ithin the quasar proximity zone. We further neglect any peculiar 
elocity of the IGM gas in this calculation. The resulting Ly α optical
epth along the line of sight is then calculated using the analytic
pproximation for a Voigt profile presented in Tepper-Garc ́ıa ( 2006 ),
esulting in a normalized 1D Ly α forest spectrum that can be used
o attenuate the emission from z = 7 . 5 Ly α haloes (Section 3.5 ). 

 RESULTS  

n this section, we present the results of our Ly α radiative transfer
omputations. We start with a general o v erview of the properties of
he simulated halo and its large-scale environment (Section 3.1 ), 
efore addressing the Ly α emission properties of the simulated 
ystem (Section 3.2 ). We first concentrate our analysis on simulation
uasar-L3e47 at z = 6 . 2. This redshift allows enough time for
GN feedback to operate in our simulated halo (recall that this is
nly switched on at z = 6 . 5). In Section 3.4 , we also present results
t higher and lower redshift. 

.1 Ov er view 

he cosmological density field surrounding the massive halo targeted 
y our simulations is shown on the left-hand panel of Fig. 1 . The
uasar host galaxy lies at the intersection of a network consisting
f multiple gas filaments that extend well beyond the virial radius
dotted, blue circle). These filaments stream inw ard tow ards the host
alaxy and collide with one another, creating a circumgalactic ‘cloud’ 
f dense ( n H � 1 cm 

−3 ) gas. 
AGN radiation pressure on dust, in turn, gives rise to gas outflows

see Costa et al. 2018b ). These also extend out to very large scales
 100 kpc. These outflows are spatially anticorrelated with the large-

cale filaments. Outflows take paths of least resistance, first breaking 
ut through the minor axis of the host galaxy and then venting into
osmic voids, even if feedback is isotropic at the scale of injection
Costa et al. 2014 , 2018b ). 

The host galaxy is shown in the top-left inset plot. A disc, shown
ace-on, has a radius ≈ 5 kpc ≈ 0 . 9 arcsec and connects to the larger
cale CGM via the various infalling streams. At the very centre
f the disc, we also see a gas ca vity. This ca vity results from the
as expulsion from the galactic nucleus caused by the momentum 

ransfer associated to radiation pressure. If there is no AGN feedback,
s in noQuasar , this gap does not exist, consisting instead of large
mounts of neutral gas. 

The gas dynamics in the central region (12 arcsec ≈ 70 kpc) is
llustrated more clearly in the bottom-left inset panel of Fig. 1 ,
here a radial-velocity map is shown together with gas density 

ontours. Dense gas with n H � 0 . 1 cm 

−3 is concentrated in a flat-
ened cloud measuring about 8 − 10 arcsec ≈ 45 − 55 kpc across. 
as in this cloud is mostly inflowing, streaming inward at speeds

s high as ≈ 700 km s −1 , higher than the virial velocity of the
alo V vir ≈ 450 km s −1 . Flowing perpendicularly to this gas plane
s the bipolar quasar-powered outflow (orange regions). At scales 
 2 arcsec ≈ 12 kpc, outflows are mostly composed of low-density 

as with n H < 0 . 1 cm 

−3 . Ho we ver, closer to the quasar host galaxy,
utflowing gas (see arrow) can reach very high densities ( n H �
0 cm 

−3 ), despite high speeds � 800 km s −1 . The central few arcsec
re thus characterized by a complex interaction between colliding, 
nflowing streams and the propagation of AGN-powered outflows. As 
 result, the circumgalactic cloud is associated to significant velocity 
ispersion; for the scales shown on the bottom-left inset panel of
ig. 1 and excluding the host galaxy (approximately the central 
 kpc), the density-weighted gas velocity dispersion is ≈ 590 km s −1 .
MNRAS 517, 1767–1790 (2022) 



1774 T. Costa et al. 

M

Figure 1. Left: gas density projected along a cubic volume of width of 360 kpc centred on the quasar host galaxy at z = 6 . 2. Radial velocity contours 
(levels 100, 300, and 500 km s −1 ) mark the quasar-dri ven outflo w. The quasar host galaxy lies at the intersection of a network of cold, dense gas inflows. The 
outflow propagates into the voids beyond the virial radius (blue, dotted circle). Inset plots show the gas density around the host galaxy (top left) for a face-on 
configuration, while in the bottom left, we show the gas radial velocity in the central 12 arcsec ≈ 70 kpc, showing large-scale outflows (orange regions) and 
inflows (purple regions). The contours trace dense gas (thick: n H > 0 . 1 cm 

−3 ), a phase which is mostly associated to inflowing gas.; Right: smoothed Ly α SB 

map in the central regions of the quasar host halo for the BLR scattering scenario. Contours give SB levels of 10 −18 erg s −1 cm 

−2 arcsec −2 (orange, solid) and 
10 −19 erg s −1 cm 

−2 arcsec −2 (white, dashed). In the simulation with quasar feedback (top), scattering from the BLR produces an extended Ly α nebula. Extended 
emission, ho we ver, v anishes completely if AGN feedback is absent (bottom). 
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In the top panel on the right-hand side of Fig. 1 , we show an Ly α
B map for the central 12 arcsec ≈ 70 kpc. In order to set the stage
f our key findings, we here show the extended emission resulting
y considering BLR scattering alone (here shown for the case where
WHM BLR ≈ 2400 km s −1 ), the most extreme scenario outlined in
ection 2.2.1 , in Quasar-L3e47 . SB maps for other Ly α sources
re shown in Section 3.2.2 . This map is smoothed with a Gaussian
ernel of full-width at half maximum (FWHM) 0 . 5 arcsec in order
o mimic the effect of seeing in the observations of Farina et al.
 2019 ). We can see that an extended Ly α nebula surrounds the central
uasar. Comparing with the radial-velocity map shown on the left-
and panel, plotted on the same scale, we see that the Ly α nebula
races mostly inflowing dense gas, lying perpendicularly to the large-
cale outflow. 

We also see that much emission traces the quasar host itself (central
1 arcsec). In order to rev eal e xtended Ly α emission, F arina et al.

 2019 ) first model the point-spread function (PSF) and subtract it
rom their data cubes, ef fecti v ely remo ving unresolv ed contributions
rom the quasar and likely the unresolved host galaxy. In the Ly α SB
aps of Fig. 1 , the PSF associated to the quasar point source can be

een. We mark its location with a black-dotted circle. As discussed
n Section 3.3.4 , removing this component can have an impact on the
eported nebula luminosity. 
NRAS 517, 1767–1790 (2022) 
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i

Finally, the bottom panel on the right-hand side of Fig. 1 shows the
y α SB map obtained for BLR scattering at z = 6 . 2 in noQuasar .
e here thus test whether a point source of Ly α photons is able

o produce an extended nebula assuming the gas configuration that
rises if AGN feedback is neglected. In order to illustrate a best
ase scenario, we also neglect dust absorption 1 in this case. We see
hat the nebula vanishes almost entirely. If dust absorption is taken
nto account, the nebula becomes even dimmer than shown in the
ottom panel of Fig. 1 . As we show in Section 4.2 , without an
GN feedback, our simulations cannot reproduce the observations
f Farina et al. ( 2019 ) with BLR scattering and, as we show later,
ith any of the Ly α mechanisms considered. 

.2 A strong di v ersity in nebula morphology 

.2.1 Shapes and spatial offsets between Ly α emission and quasar 
osition 

ach subfigure in Fig. 2 shows smoothed Ly α SB maps for
uasar-L3e47 obtained for six random lines of sight at z = 6 . 2.
ote that the variation of SB profiles with redshift is discussed
 Note that dust absorption is included in the top panel. This is al w ays included 
n our radiative transfer calculations, unless stated otherwise. 
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Figure 2. Each subfigure (group of six panels) gives Ly α SB maps for 
different Ly α sources and transport properties. Different panels, numbered in 
the top right for convenience, show the nebula as seen from a different line 
of sight. Different subfigures adopt the same lines of sight, i.e., panel 1 in 
the top subfigure adopts the same line of sight as panel 1 in the central and 
bottom subfigures. The SB maps are smoothed with a Gaussian kernel with 
FWHM 0 . 5 arcsec in order to match the resolution of Farina et al. ( 2019 ). 
The position of the quasar is marked with a red + sign and the SB-weighted 
centroid of the image with a black circle. In the first subfigure, we consider 
recombination radiation and collisional excitation as sources and account for 
resonant scattering. In the second subfigure, we neglect resonant scattering 
and show the intrinsic Ly α SB. In the third subfigure, we show the Ly α
nebulae produced via pure scattering from the BLR. Varying the viewing 
angle introduces striking diversity in the morphology of the nebula. 
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n Section 3.4 . The three subfigures, respectively, illustrate (1) 
aps generated considering recombination radiation and collisional 

xcitation (accounting for resonant scattering) and no BLR emission, 
2) maps accounting for recombination radiation and collisional 
xcitation but neglecting both resonant scattering off H I gas and
LR emission, and (3) maps generated for a pure scattering scenario

nvolving only a broad Ly α line at the position of the quasar
s a source (neglecting recombination radiation and collisional 
xcitation). 

Even though only one halo is investigated, we see a broad variety
n nebula morphology. When viewed through some lines of sight, the
ebula has an approximately spheroidal geometry (e.g. panels 2 and 
) and is centred on the position of the quasar (red plus sign). When
ooked at through other lines of sight, nebulae can acquire a more
rregular geometry (e.g. panels 3 and 4). In such cases, there tend
o be significant spatial offsets between the quasar position and the
B-weighted centroid of the nebula, shown with a black circle, and
ebulae appear lop-sided. Panels 3 and 4 give examples where nebula
symmetry is particularly strong; the quasar lies on the rim (or even
utside) of the 10 −18 erg s −1 cm 

−2 arcsec −2 isophote. For collisional
xcitation and recombination radiation (first subfigure), the offset 
etween the quasar position and the nebula centroid for these lines
f sight is particularly large, approximately 2 − 3 arcsec ≈ 10 −
8 kpc. 
For an asymmetric density distribution, the intrinsic Ly α SB 

hould also appear asymmetric. We, ho we ver, find that the large
symmetries and spatial offsets between the quasar position and 
he nebula centroids we see in Fig. 2 tend to become smaller if
cattering is ignored, as shown by comparing panels 3 and 4 between
he first two subfigures of Fig. 2 . Scattering can thus transform
egular, spheroidal Ly α nebulae into lop-sided nebulae, such as 
hose shown in panels 3 and 4 in the first subfigure of Fig. 2 .
n explanation of this mechanism is provided in Appendix A .
he detailed impact of scattering, ho we ver, depends on the line
f sight. Panel 5, for instance, shows an example where scat-
ering produces a more spheroidal nebula than obtained without 
cattering. 

The morphological diversity we see here mirrors that of nebulae 
bserved around z = 6 quasars (Drake et al. 2019 ; Farina et al.
019 ), where nebulae are often seen to be lop-sided on scales of a
ew arcsec and down to an SB of ∼ 10 −18 erg s −1 cm 

−2 arcsec −2 . This
greement provides a first hint that resonant scattering reconciles the 
roperties of simulated nebulae with those detected around z > 6
uasars. 
The third subfigure of Fig. 2 leaves a little doubt that resonant

cattering operates ef fecti vely in our simulated halo. These panels
llustrate a pure scattering scenario (as in Fig. 1 ) where the only Ly α
ource is the quasar broad line (here FWHM BLR ≈ 3500 km s −1 )
tself. The associated Ly α flux is nevertheless clearly able to inflate
 spatially extended nebula for every line of sight. Qualitatively, 
hese nebulae resemble those generated via collisional excitation 
nd recombination radiation (first subfigure) to a great part sharing 
heir morphology and spatial extent. In Section 3.3.1 , we perform a

ore quantitative analysis and present SB profiles, where we further 
trengthen our argument that resonant scattering plays a central role 
n setting the properties of observed Ly α nebulae. 

.2.2 Ly α escape 

ere, we show that, besides affecting nebular morphology, scattering 
lso introduces variations in the Ly α nebula luminosity. We construct 
MNRAS 517, 1767–1790 (2022) 
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Figure 3. Ly α escape probability (solid curves) and escape fraction (dashed 
curves) as a function of ele v ation angle from the disc plane, for different 
emission processes. Resonant scattering introduces anisotropy in the Ly α
escape, which is funnelled into the polar directions. Ly α nebulae are thus 
brightest when the quasar host disc is seen face-on. The orientation angles of 
the six random lines-of-sight adopted throughout this paper are marked with 
v ertical gre y lines. 
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 Cartesian coordinate system with a z -axis aligned with the quasar
ost galaxy’s angular momentum vector, which we e v aluate by
easuring the angular momentum within the disc radius ( ≈ 5 kpc).
sing a HEALPIX tessellation (G ́orski et al. 2005 ), we decompose
 spherical surface centred on the position of the quasar into 768
ixels of identical solid angle �pix . We then compute the distribution
f the final directions of escaping photons, i.e. those that are not
bsorbed by dust at any point, on this surface. We select only photons
roduced within R vir ≈ 60 kpc, sufficient to encompass the scale of
ur simulated Ly α nebulae. Two photon packets escaping along the
ame direction w ould f all on the same pix el, ev en if the y escape
rom very different locations. We can think of this procedure as a
rojection of the escaping Ly α flux on to a distant spherical surface
ith radius R � R vir . We e v aluate the number of escaping photons
er pixel dn esc / d �pix on this surface, and normalize it by the total
umber N tot of photons (absorbed and escaping) generated within
 vir . We consider two quantities: 

(i) We first define an escape probability p esc ( �) =
d n esc /d �pix 

)
[ N tot / (4 π ) ] −1 . The term [ N tot /(4 π )] gives the

hoton number distribution expected if photon trajectories are
sotropic, as is the case at emission. As defined, the escape
robability is shaped both by (i) dust absorption (which can reduce
 esc ) and (ii) photon scattering (which can cause the escaping flux’s
irection to deviate from isotropy). In particular, it is possible
or p esc ( �) to exceed unity if dust absorption is inefficient and if
cattering deflects photons into a preferred direction, enhancing
heir distribution abo v e the value expected in the isotropic case. 

(ii) We define f esc ( �) = 

(
d n esc /d �pix 

) (
d N tot /d �pix 

)−1 
as the

scape fraction. The escape fraction is subtly different from the
scape probability: it only quantifies the efficiency of dust absorption
long each pixel and is not sensitive to the redistribution of photons
n solid angle. Thus f esc ( �) ≤ 1. 

We then define θ as the angle between the disc plane and its angular
omentum vector with θ = 0 ◦ corresponding to directions along the

isc plane and | θ | = 90 ◦ corresponding to directions aligned with
he disc poles. We take the azimuthally-averaged escape probability
 p esc 〉 and escape fraction 〈 f esc 〉 and plot them as a function of

in Fig. 3 . The solid and dashed curves sho w, respecti vely, the
y α escape probability and escape fraction for Quasar-L3e47
t z = 6 . 2, for different Ly α emission mechanisms. We see that,
rrespective of the emission mechanism, the Ly α flux preferentially
scapes along the disc’s rotation axis at 90 ◦. For all processes,
he escape probability (fraction) is ≈ 10 per cent − 20 per cent ( ≈
0 per cent − 35 per cent ) along the disc plane. Along the polar
irection, this increases to ≈ 35 per cent ( ≈ 30 per cent ), i.e. by a
actor ≈ 3 − 4, for recombination radiation. For BLR photons, the
scape probability (fraction) rises to � 100 per cent ( ≈ 80 per cent ).
y α photons generated via collisional excitation appear to be the

east affected by orientation, varying only by a factor � 2 between
isc plane and rotation axis. 
In order to understand the link between Ly α escape and ele v ation

ngle θ , it is useful to consider the scales where Ly α photons are
enerated. For BLR scattering, photons are produced in a point
ource within the cavity located at the centre of the quasar disc (see
ig. 1 ). Selecting only photons generated within R vir at z = 6 . 2, we
urther find that 50 per cent of recombination photons are created
ithin ≈ 2 . 6 kpc from the quasar, i.e. inside the quasar host galaxy.
 or collisional e xcitation we find that 50 per cent of the photons are

nstead produced within ≈ 25 . 4 kpc, i.e. at 10 times larger scales
nd well beyond the quasar host galaxy. These findings suggest that
NRAS 517, 1767–1790 (2022) 
y α scattering and dust absorption within the quasar host galaxy
ri ves escape anisotropy, af fecting primarily BLR and recombination
hotons. We can test this hypothesis: by selecting only photons
enerated at radial distances of > 10 kpc from the quasar (well
utside of the galactic disc) we find that the escape fraction of
ecombination photons varies only by a factor ≈2 between disc
lane and poles, like in the collisional excitation case. 
For recombination radiation and collisional excitation, the net

scape fractions are, respectively, f esc ≈ 21 per cent and f esc ≈
0 per cent . For BLR emission, the net escape fraction is f esc ≈
3 per cent . This high escape fraction is a direct consequence of
GN feedback via radiation pressure on dust. In order to ensure
fficient momentum transfer and power large-scale outflows, radi-
tion pressure on dust r equir es large dust abundances (Costa et al.
018a ). Abo v e a critical AGN luminosity, this momentum transfer,
ignificantly aided by radiation pressure of trapped infrared photons
Costa et al. 2018b ), expels the dusty gas layers, allowing optical and
V radiation to escape. This interpretation can be confirmed by com-
uting Ly α escape fractions in noQuasar : 〈 f esc 〉 ≈ 0 . 1 per cent
or recombination radiation, 〈 f esc 〉 ≈ 17 per cent for collisional
xcitation and 〈 f esc 〉 = 0 per cent for BLR emission, cementing our
onclusion that the escape of recombination and BLR photons are
ensitively controlled by the properties of the central galaxy. 

Comparing the solid and dashed curves in Fig. 3 , we find that
scape probabilities and escape fractions are similar. From this
omparison we can, ho we ver, see that the redistribution in solid angle
aused by Ly α scattering (i) reduces the escape probability along the
lane in addition to dust absorption and (ii) enhances escape along the
oles. For BLR photons, this effect is particularly dramatic. Values of
 p esc 〉 � 1 along the disc poles show that scattering beams the quasar’s
y α flux so efficiently that its luminosity would appear 30 per cent
igher than the true Ly α luminosity along these lines-of-sight. 
Preferred escape directions naturally occur for anisotropic gas

ensity fields (Verhamme et al. 2012 ). If they initially propagate
long the galactic or CGM plane, Ly α photons encounter a higher
 I column. These photons thus scatter more frequently. The chance

hat they are deflected away from the plane is thus also higher. Escape
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Figure 4. SB profiles for Quasar-L3e47 at z = 6 . 2 for different lines 
of sight (dashed blue curves) and different Ly α emission processes. Thick- 
black curves show the median obtained from the different lines of sight. 
In the top and middle panels, we consider recombination radiation and 
collisional excitation with and without scattering, respectively. In the bottom 

panel, we show results for BLR scattering only (dashed blue curves and 
solid black curve for FWHM BLR ≈ 2400 km s −1 , and dotted black curve for 
FWHM BLR ≈ 3500 km s −1 ). The observed median profile for Ly α nebulae at 
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long the disc becomes unlikely, because escaping photons would 
ave to scatter coherently into the same direction. If they initially 
ropagate into the polar axis, Ly α photons undergo fewer scatterings 
nd escape more easily. These photons are joined by those deflected 
way from the disc plane, resulting in up to an order-of-magnitude 
nhancement in observed Ly α luminosity. The vertical grey lines in 
ig. 3 mark the ele v ation angles associated to the lines of sight used

n this study. 2 We see that Ly α luminosities should vary by a factor
 10 due to variations in a sight line (a variation comparable to that

xpected for Ly α blobs, e.g. Kimock et al. 2021 ). 

.3 Comparison with obser v ed nebulae 

n this section, we compare the detailed properties of our mock Ly α
ebulae with those of observed nebulae at z > 6 for the REQUIEM
urv e y (F arina et al. 2019 ). 

.3.1 Surface brightness radial profiles 

ig. 4 shows SB radial profiles obtained from the smoothed SB maps
or our different lines of sight (dashed, blue curves). In order to
enerate these radial profiles, the origin is placed at the position of
he quasar. For each line of sight, we then take the spherical average in
2 logarithmically spaced rings in the radial range [0 . 5 kpc , 100 kpc ],
aking into account all pixels within each ring. For consistency with 
arina et al. ( 2019 ), we collapse our data cubes only between the
elocity channels −500 km s −1 and 500 km s −1 . 

Dif ferent panels gi ve SB profiles for dif ferent combinations of
y α sources and radiative transfer properties. The top panel of Fig. 4
hows results for the combined effect of recombination radiation and 
ollisional excitation. Individual lines of sight produce SB profiles 
hat deviate from the median observed profile by up to 1 dex.
ariations in the SB profiles are most prominent at small radii, while
ifferent lines of sight appear to yield similar SB profiles at radii
 30 kpc. 
Observed profiles also display significant object-to-object varia- 

ion (see e.g. Drake et al. 2019 ) and individual objects can also deviate
ignificantly from a sample median profile. In Fig. 4 , the median
rofile obtained in Farina et al. ( 2019 ) is shown for comparison
ith red-filled circles together with the 25 th –75 th percentile range, 
elimited by the orange-shaded region. We see that, despite individ- 
al deviations, the theoretical profiles cluster around the observed 
edian profile. 
To perform a fairer comparison with the Farina et al. ( 2019 ) median

rofile, we compute the median profile obtained from our six random 

ines of sight and show it in Fig. 4 with a thick, black curve. The
greement of both the shape and normalization of the median mock 
rofile and the median profile of Farina et al. ( 2019 ) is striking,
articularly in view of the fact that our simulations capture only one
alo, that they are not tuned in any way to yield a realistic CGM and
espite our highly idealized treatment of AGN feedback. 
Inspecting the central panel of Fig. 4 , where resonant scattering 

s ignored, we find poorer agreement in the profile shape between 
he observed median profile and our theoretical SB profile at radii 
 10 kpc. While the observed median profile flattens out at a radius

0 − 20 kpc, the theoretical profile now behaves like a single power
aw, with an exponent ≈−2. 
MNRAS 517, 1767–1790 (2022) 

 These are random lines of sight. For low | θ | , there are many directions for 
ifferent azimuthal angles, while along the polar axis, there is only one. 

z > 6 in the REQUIEM Surv e y is shown with red circles. The orange shade 
illustrates the range between the 25 th and 75 th percentiles of the observed 
profile distribution. The agreement between data and simulations is very 
close for all processes considered, though the shape of the profiles agree best 
if scattering operates. 
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Figure 5. Median radial profiles obtained by averaging the smoothed SB 

maps o v er six random lines of sight at z = 6 . 2 in Quasar-L3e47 . We show 

profiles for recombination radiation (dark blue, dashed curve), collisional 
excitation (red, dotted curve), both processes together (light blue, dot–dashed 
curve), BLR photon scattering (green, shaded region), and a combination 
of all processes (thick, black curve). We identify three possible origins for 
observed Ly α nebulae at z = 6: (i) a combination of recombination cooling 
and collisional excitation, (ii) scattering from the BLR, and (iii) a combination 
of all mechanisms. 
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The better agreement with observed radial profile shape seen in
ur radiative transfer computations that do account for scattering
orroborates our previous argument that scattering plays an important
ole in reconciling theoretical predictions and observations. Scattered
y α photons could be initially produced via recombination and
ollisional excitation (as in the first panel of Fig. 4 ), but could
lso consist entirely of reflected quasar light. The third panel
 alidates e v en this e xtreme-case scenario: scattering from a point
ource positioned at the quasar produces Ly α nebulae with SB
rofiles, which can explain both shape and normalization of the
bserved profiles. Fig. 4 shows median profiles for the two different
uasar broad-line widths considered: FWHM BLR ≈ 2400 km s −1 

solid curve) and FWHM BLR ≈ 3500 km s −1 (dotted curve). In both
ases, we see extended nebulae, with the broader line producing an
nly somewhat fainter nebula (see Section 3.3.3 for an explanation).
One difference between simulated and observed radial profiles

esides in the scatter around the relation. According to our simu-
ations, scatter decreases with increasing radial distance from the
uasar. The observed scatter appears not to change significantly with
adius, ho we ver. Comparing the first and second panels of Fig. 4
hows that the scatter seen around our median radial profile is mainly
riven by photon scattering. Since this process is the most efficient
n the central regions of the halo, the scatter is also largest at smaller
adii. Extending observational surv e ys to smaller radii than currently
esolved would test our predictions. In order to capture scatter at
arge radii, simulations likely need to probe an ensemble of massive
aloes in order to sample different large-scale gas and galaxy satellite
onfigurations. 

.3.2 The Ly α nebula mechanism 

n Fig. 5 , we again plot median SB profiles, but now decomposed into
ifferent combinations of Ly α sources. The dark blue, dashed curve
llustrates the profile obtained considering recombination radiation,
NRAS 517, 1767–1790 (2022) 
he red-dotted curve gives results for collisional excitation, while
he dot–dashed light blue curve shows the effect of combining both
rocesses. 
On its own, collisional excitation or recombination radiation does

ot match the observed median profile of Farina et al. ( 2019 ). On the
ne hand, recombination radiation closely reproduces the observed
rofile in the central regions. Ho we ver, the associated profile is
teeper than the observed median profile, underestimating the SB
t large radii. Collisional excitation, on the other hand, dominates at
arger radii, grazing the observed SB profile at scales � 30 kpc. Due
o its flatter profile, collisional excitation becomes less important in
he central regions and underestimates the observed SB by about an
rder of magnitude. Interestingly, a combination of both processes
esults in a closer match to the observed profile (see also top panel in
ig. 4 ), correctly predicting the shape and yielding a normalization
hich is close to the observed median SB profile. 
The green-shaded region shown in Fig. 5 illustrates the SB

rofile that results from considering BLR scattering alone, assuming
WHM BLR ≈ 3500 km s −1 for the input quasar broad line. In gen-
ral, we should not expect this mechanism to operate in isolation.
o we ver, we consider its individual contribution (i) to test the
iability of the scenario in which giant Ly α nebulae are powered via
cattering from a single point source, and (ii) to explore how nebulae
ay form in configurations where the large-scale gas distribution

emains neutral despite a bright central quasar, e.g. due to special
arge-scale gas configurations or AGN light-cone directions. The
ontribution of BLR scattering is very sensitive to the fraction f Ly α

f the quasar bolometric luminosity, which is associated to Ly α.
he associated uncertainty is quantified in Fig. 5 with a shaded

egion, illustrating how the normalization of the profile changes by
arying f Ly α from 0.001 to 0.01. BLR scattering can account for
i) the shape of the observed SB profile and (ii) its normalization,
hich falls within the plausible range of f Ly α values. At face value,
e see that the propagation of Ly α photons from the BLR via

esonant scattering constitutes an equally viable mechanism for
enerating spatially extended Ly α nebulae, even if operating in
solation. When adding BLR scattering, recombination radiation, and
ollisional excitation, we obtain the black, solid curve. Both its shape
nd normalization remain consistent with the observed profile. As
xplained in Section 2.2.4 , this combination may, ho we ver, double-
ount the Ly α luminosity and should be regarded as an upper limit. 

We thus identify three possible origins for observed Ly α nebulae
t z = 6: (i) a combination of recombination cooling and colli-
ional excitation, (ii) BLR scattering, and (iii) a combination of all
rocesses. We revisit this point in Section 4.2 , where we provide an
xplanation for why BLR scattering is so efficient in our simulations.

.3.3 Line profile 

e present spectral-line profiles obtained by integrating our mock
B maps for our six lines of sight in Fig. 6 , including and excluding
esonant scattering (top and bottom subfigures, respectively). Before
enerating spectra, we subtract all flux from within an aperture
ith radius 0 . 5 arcsec centred on the quasar position to mimic PSF

ubtraction (see Section 3.1 ). Different curves show how the spectral-
ine profile varies with emission mechanism. Blue curves show the
merging spectra for recombination radiation, the dotted, red curves
how results for collisional excitation, and dashed, green curves for
LR scattering (with FWHM BLR ≈ 3500 km s −1 ). Combining all

hese processes gives the black curves. We see a variety of line shapes,
ncluding single- and double-peaked profiles (e.g. panels 3, 5, and 6,
espectiv ely). F or some lines of sight, the profile is symmetric around
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The origin of Ly α glow around high-z quasars 1779 

Figure 6. Integrated Ly α spectra obtained for six random lines of sight (different panels) at z = 6 . 2 and for different Ly α source models (different coloured 
curves), at a spectral resolution of 	λobs ≈ 0 . 7 Å, a factor ≈3.5 better than in MUSE. In the top row, we show results including scattering and illustrating the 
impact of neglecting resonant scattering in the bottom ro w. Indi vidual contributions from recombination radiation, collisional excitation, BLR scattering (with 
FWHM BLR ≈ 3500 km s −1 ), and a combination of all processes are illustrated with different curves. Scattering broadens the line profiles significantly for all 
lines of sight (see also moment maps in Appendix B ). The numbers indicate the flux-weighted velocity dispersion associated to each spectrum in km s −1 . FWHM 

are given in Table 2 . In panel 5 in the top subfigure, we show the intrinsic BLR spectrum, renormalized arbitrarily for comparison with the emerging spectrum. 
The spectral-line profile associated to extended emission is al w ays narrower than that of the quasar even if the nebula is generated via BLR scattering. Note 
that the flux from within an aperture with radius 0 . 5 arcsec around the quasar is subtracted before producing spectra, such that these correspond to the extended 
component only. For this reason, there is no BLR contribution in the bottom panel, where scattering is neglected. 
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he line centre (e.g. panel 5), though profiles are often asymmetric 
nd skewed towards short wavelengths. 

Asymmetries in the integrated line profiles exist even in the 
bsence of resonant scattering (bottom subfigure in Fig. 6 ), but 
hey are greatly amplified if scattering is accounted for. In most
ases (except in panel 5), we see that blue peaks are far more
ronounced, indicating that Ly α photons are mostly processed by 
nfalling material (as also found in Mitchell et al. 2021 ), as shown
ualitatively in Section 3.1 . The absence of a pronounced red wing
ndicates that outflo wing gas, e ven if present (see Fig. 1 ), is either
oo fast or does not provide a high enough H I covering fraction
see Section 4.4 for potential explanations) at z = 6 . 2, and, as we
erified, also at z = 6 . 3 and z = 6. Observed spectral-line profiles
n REQUIEM do not display symmetric, double-peaked profiles and 
re broadly consisted with our mock spectra, though distinct peaks 
ay not be detected due to high levels of noise, which we have not

ttempted to model here. 
The numbers given in every panel of Fig. 6 give the flux-
eighted velocity dispersion (second moment of flux distribution) 

or each Ly α source model (see also moment maps in Appendix B ).
hese numbers are coloured according to the emission mechanism, 

ollowing the same convention as the coloured curv es. F or recom-
ination radiation and collisional excitation, second moments range 
rom ≈ 400 km s −1 to ≈ 560 km s −1 . For BLR scattering, spectral
ines are generally broader, with second moments ranging from 

860 km s −1 to ≈ 1050 km s −1 . For closer comparison with Farina
t al. ( 2019 ), we also quantify line widths through a FWHM. We
ompute FWHMs for each line of sight and for various combinations
f Ly α emission mechanisms, listing the results in Table 2 . When
ombining all emission processes, FWHMs range from 540 km s −1 

o 910 km s −1 , consistent with Farina et al. ( 2019 ), where FWHMs
ollow an approximately flat distribution ranging from ≈ 300 km s −1 

o ≈ 1800 km s −1 . Table 2 also indicates that FWHM are likely
 v erestimated ev en at MUSE resolution. Comparing the first and
MNRAS 517, 1767–1790 (2022) 
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Table 2. FWHM for different lines of sight (first column) from the integrated 
spectra for all Ly α sources at MUSE resolution (second column) and at 
a higher spectral resolution of 	λobs = 0 . 7 Å for all Ly α sources (third 
column), for only BLR scattering (fourth column) and for a combination 
of collisional excitation and recombination cooling (fifth column). Values 
in brackets are obtained using FWHM BLR ≈ 2400 km s −1 , while non- 
bracketed values are computed using FWHM BLR ≈ 3500 km s −1 for the 
intrinsic spectrum of the quasar Ly α line. The v alues gi ven in this table 
are computed after subtracting the flux from within an aperture with radius 
0 . 5 arcsec from the quasar, as in the observations. They therefore correspond 
to extended emission only. 

l.o.s. FWHM all FWHM 

HR 
all FWHM 

HR 
QSO FWHM 

HR 
REC + COL 

[km s −1 ] 

1 765 (765) 691 (691) 666 (666) 716 
2 814 (814) 716 (716) 691 (691) 765 
3 691 (691) 617 (617) 444 (469) 716 
4 617 (617) 543 (543) 444 (444) 562 
5 888 (913) 790 (790) 937 (913) 716 
6 543 (543) 494 (494) 494 (494) 469 
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econd columns, we see that increasing the spectral resolution
rom 2 . 6 Å to 0 . 7 Å results in FWHMs, which are narrower by
0 − 100 km s −1 . 
Panel 5 in Fig. 6 shows the shape of the input quasar Ly α line

dotted, black curve), which we have re-normalized in order to more
losely compare with the emerging spectrum. This input spectrum is
uch broader than the spectral line associated to extended emission.
or pure BLR scattering alone, we find FWHMs � 940 km s −1 for
xtended emission (see Table 2 ). Interestingly, the FWHM associated
o extended emission does not appear to change significantly by
ncreasing the FWHM BLR of the quasar Ly α line from of 2400 km s −1 

bracketed values) to 3500 km s −1 . 
Extended Ly α nebulae characterized by much narrower line widths

han the quasar’s Ly α line (e.g. Ginolfi et al. 2018 ) are thus not
nconsistent with a BLR scattering origin. Photons belonging to
he broad wings of the quasar emission line are not absorbed
fficiently and stream freely without scattering. These photons are
een as a point source, but do not contribute to extended emission.
hose photons that do scatter and create a Ly α nebula are those

hat have | 	v| � 1000 km s −1 . Assuming a constant luminosity, an
ntrinsically broader quasar Ly α line can still power a large nebula
see Fig. 2 ) with a narrow spectral line, with the main difference being
hat the nebula becomes somewhat fainter due to the fact that the
uasar flux is more widely distributed in frequency space (see Fig. 4 ).
One may try to compare the line widths of the integrated spectra

o the velocity dispersion of the dark matter halo hosting the bright
uasar in our simulations. A direct connection between gas dynamics
nd the line width can exist if optical depths are relatively low. At radii
f ≈ 10 − 100 kpc, the circular velocity associated to the dark matter
omponent is ≈ 400 km s −1 , which is close to the mean dispersion
alues ≈ 335 km s −1 obtained in the absence of scattering (bottom
ubfigure in Fig. 6 ). Ho we ver, we can see that scattering broadens
he spectral lines significantly, yielding FWHMs that can exceed the
alo’s circular velocities by factors ≈1.5. 

.3.4 Nebula luminosities and sizes 

n the REQUIEM surv e y, detected neb ulae ha ve Ly α luminosities
hat range from 10 43 erg s −1 to ≈ 2 × 10 44 erg s −1 . Nebula sizes vary
epending on how they are defined. Nebulae are typically identified
y finding connected re gions abo v e a given signal-to-noise ratio. The
NRAS 517, 1767–1790 (2022) 
ebula’s size can then, for instance, be estimated by measuring the
aximum diameter distance. In Farina et al. ( 2019 ), this definition

ields sizes ranging from ≈ 15 kpc to ≈ 45 kpc. Sizes obtained using
his definition depend on the depth of the data. 

In order to more closely compare with predictions from our
imulations, we adopt a different definition for nebula size, which
s less sensitive to variable signal-to-noise ratios. A uniform mea-
urement across all observed nebulae involves measuring the radius
t which the spherically averaged SB profile falls below a certain
hreshold. In Farina et al. ( 2019 ), this definition yields smaller nebula
izes, ranging from ≈ 7 kpc to ≈ 20 kpc for an SB threshold of
 × 10 −18 erg s −1 cm 

−2 arcsec −2 . 
In Fig. 7 , we plot our simulation predictions for nebula sizes and

uminosities for our six lines of sight at z = 6 . 2 on the left-hand
anel. The Ly α luminosity is here obtained by measuring the total
ux within a circular aperture of radius 15 arcsec and the nebula
ize is estimated using the same SB-based size definition as in the
EQUIEM surv e y. As in F arina et al. ( 2019 ), the SB is obtained
y integrating the mock data cube between the velocity channels
500 km s −1 and 500 km s −1 . Data from REQUIEM is shown with

yan stars, while data from the simulations are shown with black
ircles for the combined recombination radiation and collisional
xcitation scenarios, with green triangles for the BLR scattering
cenario (with FWHM BLR ≈ 3500 km s −1 ) and with red diamonds
or the combination of all three processes. Different plot symbol
izes sho w ho w nebula sizes v ary when the SB limit is modified,
ith the largest symbols corresponding to the same SB limit as

n REQUIEM. Comparison between data and simulations should be
erformed for these large symbols only. In order to assess how nebula
izes might change with future, deeper observations, smaller symbols
how results for lower SB limits for the combined BLR scattering,
ollisional excitation, and recombination radiation scenario. We
erify that all source models follow the same qualitative trends. 

At the 3 × 10 −18 erg s −1 cm 

−2 arcsec −2 sensitivity of Farina et al.
 2019 ), we find a close match between simulations and obser-
ations for all Ly α processes investigated. Nebula sizes range
rom ≈ 4 kpc to � 20 kpc. While the nebula luminosity varies
ignificantly with the line of sight, as shown in Section 3.2.2 , it
hanges only by a factor � 2 when including or excluding the
entral 0 . 5 arcsec (error bars). The nebula size instead depends
trongly on the sensitivity of the observations. For a sensitivity of
B > 3 × 10 −19 erg s −1 cm 

−2 arcsec −2 , we find a nebular size range
f 20 − 40 kpc and, for SB > 10 −19 erg s −1 cm 

−2 arcsec −2 , a range of
0 − 100 kpc, up to more than a factor 2 larger than the virial radius
f the quasar host halo. If nebulae properties did not experience
ignificant redshift evolution down to z ≈ 3, the strong (1 + z) −4 

caling associated to SB-dimming means that a Ly α nebula at z ≈
 would been seen with a size of up to ≈ 100 kpc around a z ≈ 3
uasar if probed down to the same SB level as in Farina et al. ( 2019 ).
urrent observations of Ly α nebulae at z > 6 thus only likely probe
 small fraction of their true extent. 

On the right-hand panel of Fig. 7 , we plot nebula area as a
unction of luminosity at z = 6 . 2. We show results for all Ly α source
odels at SB > 3 × 10 −18 erg s −1 cm 

−2 arcsec −2 and for the model
ccounting for combined BLR scattering, collisional excitation, and
ecombination radiation for lower SB limits. In order to measure
ebula areas, we first identify all connected pix els abo v e a given
B threshold, and then add up their individual areas to obtain

he nebula’s total area A Ly α . Instead of measuring the total flux
ithin some aperture, as performed for the left-hand panel, we
ere experiment defining the nebula’s luminosity by adding only
he contributions of pixels above a given SB limit. At any fixed SB



The origin of Ly α glow around high-z quasars 1781 

Figure 7. Left: relation between the nebula luminosities for different lines of sight and the size of the nebulae e v aluated by measuring the radius at which 
the spherically averaged SB profile falls below different SB limits (different plot marker sizes). Comparison between data (cyan stars) and simulations (other 
symbols) should be performed for the large symbols only, which correspond to the depth of the REQUIEM surv e y observations. Simulation results are shown 
with black circles (for the combined recombination radiation and collisional excitation scenarios), with green triangles for the BLR scattering scenario and 
with red diamonds for a combination of all Ly α sources. Error bars quantify the luminosity change that occurs when subtracting the flux from within a circular 
aperture with radius 0 . 5 arcsec to mimic PSF subtraction. Right: relation between the nebula luminosities and projected area for different lines of sight and SB 

cut-offs. There is a monotonic relation between nebula size and luminosity. The normalization of this relation depends on how the luminosity is quantified. The 
open symbols give luminosities as obtained by integrating the SB map within an aperture of 15 arcsec, while the filled symbols show the values obtained by 
inte grating only o v er pix els abo v e a giv en SB threshold. Results for SB thresholds lower than 3 × 10 −18 erg s −1 cm 

−2 arcsec −2 are only shown for the scenario 
where BLR scattering, collisional excitation, and recombination radiation all contribute for clarity. The dotted line gives a linear fit for the relation found in the 
simulations (here shown for a combination of all Ly α emission processes) for the highest SB cut-off considered. Table 3 lists best-fitting parameters for this and 
other SB thresholds. 

Table 3. The best-fitting parameters for linear regression between logarith- 
mic luminosity and logarithmic nebula area and for different SB limits and 
different nebula mechanisms. 

Best linear-fit parameters 

SB limit Slope Intercept p-value 
[erg s −1 cm 

−2 arcsec −2 ] 

3 × 10 −18 1.27 −3.51 0.00014 
rec. + col. 1 × 10 −18 1.44 −4.41 0.00523 

3 × 10 −19 1.53 −5.31 0.01006 
1 × 10 −19 1.70 −6.69 0.00106 

3 × 10 −18 1.36 −3.65 0.00011 
BLR 1 × 10 −18 1.36 −4.08 0.00029 

3 × 10 −19 1.32 −4.30 0.00665 
1 × 10 −19 1.65 −6.17 0.10504 

3 × 10 −18 1.25 −3.34 0.00176 
all 1 × 10 −18 1.37 −4.07 0.00176 

3 × 10 −19 1.38 −4.66 0.02158 
1 × 10 −19 1.41 −5.78 0.04810 

3 × 10 −18 1.15 −3.18 0.08777 
all (no scat.) 1 × 10 −18 0.36 −1.37 0.78678 

3 × 10 −19 0.88 −3.18 0.14315 
1 × 10 −19 0.80 −3.10 0.07018 

l
W  

i
p  

o  

s

c
t

 

a
�  

fi
t
l  

w  

o  

a  

t  

F  

F
b
l
t  

n
t  

t  

l  

l  

l

3

I  

p  

o
l  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/2/1767/6678584 by IN
IST-C

N
R

S IN
SU

 user on 23 M
arch 2023
imit, we find a monotonic relation between A Ly α and luminosity. 
e fit a power law through each of the four sets of points assum-

ng log 10 

(
L Ly α/ [10 44 erg s −1 ] 

) = m log 10 

(
A Ly α/ [kpc 2 ] 

) + C and 
rovide the best-fitting parameters in Table 3 . It is interesting to
bserve that at SB limits � 10 −18 erg s −1 cm 

−2 arcsec −2 , roughly the
ame area – luminosity relation is shared between BLR scattering, 
ombined collisional excitation, and recombination radiation, or all 
hese processes together. 

We also see on the right-hand panel of Fig. 7 that simulated nebula
reas are largely consistent with observational estimates for SB limits 
 3 × 10 −18 erg s −1 cm 

−2 arcsec −2 (closed, diamond symbols). At
xed area, ho we ver, observed nebulae sometimes appear brighter 

han our simulations. This discrepancy is caused by different nebula 
uminosity definitions. While Farina et al. ( 2019 ) gives the total flux
ithin an aperture of radius ranging from 9 kpc to 30 kpc, depending
n the quality of the data, we quote the luminosity of pixels with
n SB abo v e a certain threshold. If we adopt a definition closer
o that used in Farina et al. ( 2019 ), as on the left-hand panel of
ig. 7 , we obtain the open diamonds on the right-hand panel of
ig. 7 . The corresponding luminosities can be considerably higher, 
racketing the observed values. This discrepancy caused by different 
uminosity conventions largely disappears as we decrease the SB 

hreshold and fainter pixels are accounted for when e v aluating the
ebula’s luminosity. An exception occurs for the faintest nebula at 
he lowest SB threshold shown on the right-hand panel of Fig. 7 . At
his SB level, the Ly α map splits into two disconnected nebulae, the
argest of which is the faintest. Adding the flux enclosed within the
argest area of interconnected pixels can, in such cases, result in a
uminosity drop despite a lower SB cut. 

.4 The effect of the quasar luminosity 

n order to investigate the time and luminosity dependence of the SB
rofiles presented in Section 3.3.1 , we plot in Fig. 8 median profiles
btained at different redshifts (top panels) and for different AGN 

uminosities at z = 6 . 2 (bottom panels). On the left-hand panels,
e show SB profiles for a combination of collisional excitation and
MNRAS 517, 1767–1790 (2022) 
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Figure 8. Median SB profiles for a combination of collisional excitation and recombination radiation (left-hand panels) and for BLR scattering with 
FWHM BLR = 2400 km s −1 (right-hand panels). Different curves illustrate the profiles obtained by varying the redshift (top row) and the AGN bolometric 
luminosity (bottom row). Brighter AGN and later times are associated to higher net AGN injected energies, which result in more destruction of dust and H I gas 
in the central regions of the halo. Since resonant scattering becomes less efficient, the SB profile steepens if AGN feedback is stronger. On the bottom-right 
panel, the SB for Quasar-L1e47 is multiplied by a factor of 1000, since the escape fraction for BLR photons is only ≈ 0 . 03 per cent . 
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ecombination photons. On the right-hand panels, we show results
or BLR scattering alone, using FWHM BLR ≈ 2400 km s −1 for the
uasar broad line. The agreement between simulated and observed
edian profiles remains close within the redshift range of 6 < z <

.3, in particular at large radial distances from the quasar, for both
mission processes. Some systematic time evolution can, however,
e seen. Profiles tend to steepen with time, increasing in the central

10 kpc and dropping abo v e radii of � 30 kpc. 
On the bottom panels, we see that increasing the AGN lumi-

osity produces an analogous effect as looking at later times:
he SB profile becomes steeper. In Quasar-L5e47 , simulated
nd observed profiles share similar shapes, but the normalization
f the theoretical profiles is higher in the central 10 kpc than
bserved. Allowing the quasar to shine for longer, as in Quasar-
3e47-continuous , also boosts the central SB. The higher
uasar luminosity of Quasar-L5e47 results in stronger feedback,
xpelling more material from the galactic nucleus. The escape
ractions are f esc ≈ 39 per cent for recombination radiation, f esc ≈
0 per cent for collisional excitation, and f esc ≈ 87 per cent for BLR
hotons. Recall that f esc ≈ 20 per cent for recombination radiation,
NRAS 517, 1767–1790 (2022) 
 esc ≈ 30 per cent for collisional excitation, and f esc ≈ 73 per cent
or BLR photons in Quasar-L3e47 (Section 3.2.2 ). Brighter
GN also produce more ionizing photons, increasing the intrinsic

ecombination and BLR emissivities. Reducing the AGN luminosity,
n turn, suppresses the SB. In Quasar-L1e47 , the momentum
ux associated to radiation pressure is barely sufficient to o v ercome

he gravitational force binding gas to the galactic nucleus (Costa
t al. 2018b ). Consequently, a large dusty gas reservoir persists in
he galactic nucleus, preventing recombination and BLR photons
rom escaping efficiently. Escape fractions for both processes drop
o, respectively, f esc ≈ 0 . 5 per cent and f esc ≈ 0 . 03 per cent . Even if
hey do escape, high H I optical depths cause these photons to scatter
eyond the spectral window of −500 km s −1 < 	v < 500 km s −1 

sed to construct the SB profiles (Section 3.3.1 ), further diminishing
heir contribution. The resulting profiles thus become similar to
hose obtained in noQuasar (see bottom-left panel) and most
scaping flux is generated via collisional excitation, for which
 esc ≈ 24 per cent , outside of the host galaxy. 
In the following, we explain why brighter AGN and later sim-

lation times appear to be correlated with lower SB at very large

art/stac2432_f8.eps
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Figure 9. Cumulative luminosity of escaping Ly α photons that have un- 
dergone their last scattering prior to reaching radius R for BLR scattering. 
The cumulative luminosity is plotted as a function of radius in our various 
simulations, and is normalized to the total escaping luminosity. The coloured 
circles indicate the 75 th percentile of the velocity shift associated to escaping 
photons below radius R . In order to produce an extended nebula, BLR photons 
have to scatter out to large radii. This condition is best satisfied for Quasar- 
L3e47 at z = 6 . 2 (black curve) and at z = 6 . 3 (blue-dotted curve). Brighter 
quasar (dot–dashed, red curve) or an AGN operating for longer (dashed grey 
curve) result in lower H I optical depths and reduce the efficiency of scattering, 
causing more compact nebulae. The absence of AGN feedback (green curve) 
shown here for a calculation neglecting dust absorption results in too much 
scattering. In this case, photons stream way from the system on a single 
fly-out directly from the quasar host galaxy without producing an extended 
nebula. 
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adii , focusing on BLR scattering, where this effect is particularly 
lear. In Fig. 9 , we plot the cumulative luminosity of photons that
ave undergone their last scattering event prior reaching out to a 
adius R . These photons no longer scatter at radii > R and therefore
o not contribute to extended emission beyond that point. Recall that 
n order to generate an extended Ly α nebula, BLR photons need to
catter. The cumulative luminosity is plotted as a function of radius
n our various simulations, and is normalized to the total escaping 
uminosity. The coloured circles further indicate the 75 th percentile 
f the velocity shift associated to escaping photons below radius R .
f this velocity shift is high, then photons streaming away from the
ystem without further interaction have experienced a high number of 
catterings and thus encountered a high H I column. A low-velocity 
hift conversely indicates a small number of scatterings and lower 
 I optical depths. In Fig. 9 , we find that the lowest velocity shifts
ccur for Quasar-L5e47 at z = 6 . 2 (red, dot–dashed curve) and
or Quasar-L3e47 at z = 6 (grey dashed curve). In both cases,
0 per cent of ‘last scattering events’ occur below R ≈ 30 kpc. 
orrespondingly, the associated Ly α nebulae are the least extended, 

n agreement with Fig. 8 . Higher velocity shifts occur for Quasar-
3e47 at z = 6 . 2. For this simulation, most last scatterings occur at

arger radii than in e.g. Quasar-L5e47 , and the associated nebula 
s, correspondingly, more extended. Yet larger velocity shifts occur 
or Quasar-L3e47 at z = 6 . 3. Here, scattering is particularly
fficient and therefore able to transport photons from the BLR to 
cales > 100 kpc, likely because there has been less time for AGN
eedback to destroy H I gas in the CGM. 

Beyond a critical point, ho we ver, scattering becomes so efficient 
hat the associated frequency shifts prevent photons from interacting 
urther. The green curve in Fig. 9 shows results for noQuasar .
ince f esc = 0 per cent for BLR photons in noQuasar (if dust
bsorption is accounted for), we show results from a Ly α radiative
ransfer calculation in which we neglect dust absorption. Scattering 
s here so efficient that most photons stream away from the host
alaxy on a single fly-out already at scales � 500 pc. 

Fig. 9 underlines the central role of AGN feedback in shaping
he properties of Ly α nebulae. If more efficient, either because the
GN is brighter or if it has been active for a longer time, AGN

eedback reduces the central optical depths. More Ly α radiation 
eaves the system without scattering in the central regions and thus
ewer photons scatter our to large radii: the SB profile steepens
nd the Ly α nebula shrinks. Less efficient AGN feedback (i) allows
hotons to escape without being absorbed by dust and (ii) makes it
ossible for H I scatterers to survive and efficiently transport photons
o large radii, producing the most extended nebulae. At face value,
omparison between the theoretical SB profiles and the median 
bserved profile seem to disfa v our strong AGN feedback, as the
esulting SB profiles become steeper than observed. But some AGN 

eedback is clearly r equir ed . 

.5 Ly α nebulae in z > 7 quasars? 

n this section, we consider whether the most distant quasars at z 
 7 should also exhibit observable Ly α nebulae. We perform a new

osmological simulation targeting the same massive halo, but inject- 
ng quasar radiation starting at z = 7 . 7, at a constant bolometric
uminosity of L bol = 10 47 erg s −1 . These values are chosen in order
o mimic the properties of the most distant quasar ( z ≈ 7 . 6) known
Wang et al. 2021 ). These simulations are then post-processed with
ASCAS , again accounting for recombination cooling, collisional 
xcitation, and the quasar BLR as Ly α sources. 

Fig. 10 shows Ly α SB maps at z = 7 . 6 for six random lines of
ight for (i) recombination radiation and collisional excitation (first 
et of panels) and (ii) BLR scattering only (second and third sets of
anels). In the first two panel sets, we assume a proximity zone (the
olume assumed to be fully ionized by the quasar in our analytic
odel, see Section 2.2.7 ) with radius R p = 3 Mpc. In the bottom set

f panels, we explore using R p = 0 . 5 Mpc to illustrate a worst-case
cenario. Similarly to z ≈ 6, extended Ly α nebulae surround the 
entral quasar in every case. Nebulae are fainter than at z = 6 due
o stronger cosmological dimming, but also due to lower intrinsic 
uminosities ≈ (1 − 3) × 10 43 erg s −1 . 

Extended emission can be seen on scales of several arcsec, 
orresponding to physical scales of ∼ 20 kpc, down to SB lev-
ls of 10 −18 erg s −1 cm 

−2 arcsec −2 , though not for every line of
ight (e.g. panels 1–3 for recombination radiation and collisional 
xcitation). If the quasar proximity zone is small ( � 1 Mpc), the
ase shown in the third set of panels for BLR scattering, IGM
bsorption dims nebular emission considerably. In such a case, 
etecting extended emission might still be possible at SB levels 
f 10 −18 erg s −1 cm 

−2 arcsec −2 , but w ould lik ely require reaching SB
evels of 10 −19 erg s −1 cm 

−2 arcsec −2 (white dashed contours). 

 DI SCUSSI ON  

n this section, we explore the consequences of the findings presented
n this paper. We discuss the role of resonant photon scattering in
haping the morphologies, SB profiles, and spectra of observed Ly α
ebulae (Section 4.1 ). We comment on the extent to which nebulae
ncode information about quasar feedback (Sections 4.2 and 4.3 ), and
hy the Ly α nebula mechanisms we identify for z > 6 quasars may
e generalized to giant Ly α nebulae at lower redshift (Section 4.4 ).
MNRAS 517, 1767–1790 (2022) 
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Figure 10. Ly α SB maps centred on a quasar at z = 7 . 6 plotted for 
different lines of sight and different combinations of Ly α sources. In the 
top two subfigures, we assume a proximity zone with radius R p = 3 Mpc 
while we adopt R p = 0 . 5 Mpc in the bottom subfigure. Solid orange 
and black-dashed contours, respectively, show 10 −18 erg s −1 kpc −2 arcsec −2 

and 10 −19 erg s −1 kpc −2 arcsec −2 isophotes. Spatially extended nebulae at 
scales of several arcsec (1 arcsec ≈ 5 kpc at z = 7 . 6) should be observable 
if observations reach SB limits of 10 −18 erg s −1 kpc −2 arcsec −2 . As at 
z = 6, the nebula’s morphology varies strongly with the line of sight. 
Quasars embedded in smaller proximity zones should exhibit fainter and 
smaller neb ulae, b ut some residual extended emission should remain de- 
tectable. 
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n Section 4.4 , we also discuss limitations in our modelling as well
s important future avenues of research. 

.1 Giant Ly α nebulae as reflected light 

esonant scattering appears to play a vital role in reconciling
imulated-based Ly α nebulae with observations at z > 6. In Sec-
ion 3.2.2 , we showed that large spatial offsets between the position
f the centroid of the nebula and the position of the quasar shrink
ignificantly if scattering is neglected and nebulae become more
ymmetric. Such offsets and asymmetries are, however, often seen
n observed Ly α nebulae at z > 6 (e.g. Drake et al. 2019 ). Scattering
s probably not a unique explanation for observations. For instance,
n inhomogeneous ionized gas or dust distribution may also result in
n asymmetric nebula, though this appears not to be the case in the
alo we target in our simulations. Performing Ly α radiative transfer
n a larger, statistical halo sample will be important to quantify the
ncidence of nebula asymmetries and verify the robustness of our
roposition that large spatial offsets between quasar and SB peak
rovide evidence for scattering. 
Other clues gathered in our paper, ho we ver, point to the important

ole of resonant scattering. F or instance, we hav e also seen in
ection 3.3.1 that the observed median surface profile for z > 6
uasars flattens out a scales � 10kpc due to scattering. In some
bserved nebulae, the SB profile even drops at small radii (e.g.
inolfi et al. 2018 ), mimicking the behaviour of some of our mock
rofiles. As shown in Section 3.3.1 , our numerical experiments can
nly reproduce this feature if resonant scattering is efficient. Neutral
as densities increase towards the central regions of the halo (see e.g.
ig. 1 ) and Ly α photons generated via recombination or produced in

he BLR have a low escape probability. Instead of streaming towards
he observer directly, as would occur in the absence of scattering,
hese photons diffuse outwards, enhancing the SB at large radii. 

The importance of scattering highlighted by our models is associ-
ted with various testable predictions: 

(i) Due to more efficient scattering, AGN residing in galaxies
ith an edge-on orientation should in general (1) produce fainter
y α nebulae, (2) be more likely to exhibit detectable spatial offsets
etween quasar position and SB peak or flux-weighted centroid, (3)
isplay more asymmetric and irregular nebulae, and (4) result in
atter central SB profiles. 
(ii) Deeper observations probing an SB limit of

0 −19 erg s −1 cm 

−2 arcsec −2 in the environments of z > 6
uasars should detect extended emission at scales ∼ 100 kpc. Our
alculations without scattering would predict no extended emission
eyond ≈ 60 kpc, 
(iii) SB profiles for non-resonant lines such as H α or H e II should

e more compact than for Ly α. 

An additional clue that scattering shapes Ly α nebulae around z
6 quasars is provided by the spectra presented in Section 3.3.3 .

n the absence of scattering, line widths are � 300 km s −1 on the
ower end of the values found in Farina et al. ( 2019 ). Scattering
roadens these profiles significantly, producing line widths of 500 −
000 km s −1 and moment maps (see Appendix B ) in better agreement
ith observations. 

.2 How quasar feedback allows resonant scattering to light-up 

iant nebulae 

n order to interpret their observation of a giant ∼ 400 kpc-sized
y α nebula, Cantalupo et al. ( 2014 ) perform a numerical simulation

art/stac2432_f10.eps
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Figure 11. Left: Ly α SB image for noQuasar , accounting only for scattering from the BLR. Even if destruction by dust absorption is neglected, no extended 
nebula forms in our simulations via scattering from the BLR if AGN feedback is not included in the simulation. Right: Ly α SB image for noQuasar , accounting 
for both recombination radiation and collisional excitation (with dust absorption). An extended nebula forms, showing that a residual level of Ly α emission 
exists in the haloes hosting supermassive black holes at z > 6. Ho we ver, the associated emission produces nebulae that are fainter and SB profiles that are 
inconsistent with those observed around bright quasars at z > 6. 
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ith the hydrodynamic code RAMSES . This simulation follows a 
osmological box of ( 40 cMpc ) 3 , where cMpc denotes comoving 
pc, focusing on a ( 10 cMpc ) 3 higher-resolution sub-volume centred 

n a M vir ≈ 3 × 10 12 M � halo at z = 2 . 3. Cantalupo et al. ( 2014 )
nclude radiative cooling, star formation, supernova feedback, and a 
patially uniform UV background. These processes are also captured 
n our simulations, though they are modelled differently, but, in 
ddition, we also solve the fully coupled RHD equations. A critical 
rocess in our simulations is radiative feedback from AGN (Costa 
t al. 2018b ). Despite strong stellar feedback, the escape of the
GN ionizing flux depends on AGN feedback, as also found in 
osta et al. ( 2018b ) with a dif ferent supernov a feedback model

‘delayed cooling’). Abo v e a critical luminosity established by the 
alance of gravitational and radiation pressure forces, AGN radiation 
ressure launches large-scale outflows (Costa et al. 2018b ). Besides 
odifying the temperature and density structure of halo gas, these 

utflows result in a dramatic drop in the H I and dust optical depths
n the host galaxy, facilitating the escape of Ly α from the galactic
ucleus. 
AGN feedback affects all Ly α emission mechanisms. Fig. 9 

ompares the distribution of radii of last scattering in Quasar- 
3e47 with that of noQuasar (ignoring dust absorption, to test 
 best case scenario). In the absence of quasar radiative feedback, 
ast scatterings typically occur at R ≈ 500 pc, within the quasar host
alaxy, with only a thinly populated tail scattering out to R ∼ 10 kpc.
ith radiative quasar feedback, last scatterings occur at R > 1 kpc

nd typically at R ≈ 10 − 100 kpc, ev en be yond the virial radius.
he ability of photons to scatter out to ∼ 100 kpc in Quasar-
3e47 is not connected with an increase in H I column densities

n the halo in this simulation, as could be expected, for instance,
f the quasar-driven outflow transports cold neutral gas. The ability 
f these photons to scatter out beyond the virial radius is driven by
he fact that they scatter less efficiently in the central regions and
re thus still in resonance with halo gas. In noQuasar , the quasar
s buried within massive, optically thick H I layers. BLR photons 
re resonantly trapped and escape only becomes possible when their 
est-frame wavelength has shifted by sev eral ∼ 10 Å a way from line
entre, corresponding to velocity shifts of several thousand km s −1 . 
hese photons no longer couple to H I in the halo, as proposed in
antalupo et al. ( 2014 ), who do not model AGN feedback in their

imulations. The left-hand panel of Fig. 11 shows the resulting SB
ap: no spatially e xtended neb ula forms with BLR scattering in the

bsence of AGN feedback even if dust absorption is ignored . The
esulting SB map should be compared directly to the bottom set of
anels in Fig. 2 , where BLR scattering is shown to produce giant,
right nebulae in Quasar-L3e47 . By destroying H I gas, quasar
adiation, ho we ver , A GN feedback damps resonant scattering in the
entral regions. With velocity shifts of � 1000 km s −1 , photons still
catter off H I in the halo. 

As shown in Fig. 8 , recombination radiation, but, due to is higher
scape fraction, mainly collisional excitation is able to power an 
xtended Ly α even in our simulations performed without quasar feed- 
ack and radiation. The associated SB profile, ho we ver, disagrees
ith the observed median profile of Farina et al. ( 2019 ). The right-
and panel of Fig. 11 shows an SB map for Ly α radiative transfer
alculation performed on noQuasar , accounting for recombination 
adiation, and collisional excitation (including dust absorption). The 
xistence of a giant nebula is clear, though, upon comparison with
.g. Fig. 2 , strong differences stand out: (i) the resulting nebula
s not centrally concentrated around the quasar, as its formation 
as a different origin and is connected to halo gas cooling, (ii)
t is fainter with an SB of < 10 −18 erg s −1 cm 

−2 arcsec −2 , and (iii)
t has a very different morphology, appearing patchier and more 
rregular. 

.3 Quasar feedback and its limits 

ur results reveal a connection between the formation and properties 
f extended Ly α nebulae around bright quasars and AGN feedback. 
n our simulations, feedback occurs via radiation pressure on dusty 
as (see Costa et al. 2018b ). This form of feedback operates
articularly efficiently on cold, dense material, mediating a transition 
etween obscured- and unobscured quasar states. Expelling the 
ptically thick layers is unlikely to succeed with purely stellar 
eedback. Costa et al. ( 2018b ) show that introducing supernova
eedback, modelled there through delayed cooling in gas heated 
MNRAS 517, 1767–1790 (2022) 
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y supernova explosions, does not prevent the central galaxy from
eing completely obscured. In Costa et al. ( 2019 ), stellar radiation
s found to reduce the efficiency of supernova feedback in massive
aloes, indirectly enhancing the dense gas abundance in the central
alaxy . In this study , supernov a feedback, no w modelled follo wing
he mechanical model of Kimm et al. ( 2015 ), also clearly fails to
nable Ly α escape. 

The link between AGN feedback and Ly α is indirect, as outflowing
aterial takes paths of least resistance and largely decouples from

he dense, cool CGM at scales � 10 kpc (see Fig. 1 ). The existence
f a largely undisturbed CGM is thus not inconsistent with the
resence of large-scale AGN outflows (see also Lau et al. 2022 ).
ecent observations reported by Li et al. ( 2021 ) provide an example
f a large-scale outflow powered by a radio-loud quasar at z ≈ 2,
ropagating along a direction perpendicular to a giant ∼ 100 kpc Ly α
ebula. Li et al. ( 2021 ) suggest a separate origin for the outflow, which
s driven by the quasar, and the Ly α nebula, which could instead
race gas infall, exactly the scenario fa v oured by our simulations
Section 3.3.3 ). 

At face value, the detection of extended Ly α nebulae at z = 6
Drake et al. 2019 ; Farina et al. 2019 ) indicates that AGN feedback
lready operates in z > 6 quasars, shaping galaxy evolution since the
rst Gyr of the Universe’s evolution. This conclusion may appear

o be in tension with scarce evidence of large-scale outflows in
 > 6 quasar hosts (Novak et al. 2020 ; Meyer et al. 2022 ). The
etection of large-scale outflows in this regime has been attempted
ainly with interferometric observations tracing molecular gas (e.g.

ia CO emission), and cold, atomic gas (via [C II ] 158 μm). With
 typical resolution of � 100 pc, most cosmological simulations,
o we v er, cannot resolv e cold molecular gas. In addition, many such
imulations exclude on-the-fly models for molecular chemistry and
adiative transfer, which are required for a robust prediction of
olecular gas properties. Such cosmological simulations predict
ostly hot T � 10 6 K, low-density outflows on scales � 10 kpc

Costa et al. 2015 ). In simulations with exceptionally high-resolution
see Lupi et al. 2022 , for 5pc resolution ‘zoom-in’ simulations
argeting quasars at z = 7), no sustained molecular outflows on
pc scales are found. 
The cosmological, RHD simulations of Costa et al. ( 2018b ),

o we ver, predict that warm ( T ∼ 10 4 K), dense ( n H > 1 cm 

−3 ) gas
ominates the outflow mass budget at kpc scales. If ionized by the
entral quasar, such outflow phase should be bright in e.g. [O III ],
 line which has been used to detect powerful quasar outflows at
 = 1 − 4 (e.g. Harrison et al. 2016 ; Zakamska et al. 2016 ; Bischetti
t al. 2017 ; Kakkad et al. 2020 ). The James Webb Space Telescope
ill directly probe the warm ionized gas phase in z > 6 quasars and
uantify the incidence of large-scale outflows in the first quasars. Our
esults suggest that those quasars presenting evidence of extended
y α nebulae would constitute good candidates for the detection of

arge-scale outflows, which, according to our models, must have
leared out the galactic nucleus at some point in the past. 

In Section 3.4 , we have also seen that if too ef fecti ve AGN
eedback promotes too much Ly α escape in the central ∼ 10 kpc
nd reduces the importance of resonant scattering, causing the Ly α
B profile to become steeper than observed. Based on this finding,
e suggest that quasars showing ongoing evidence of energetic
utflows on kpc scales should be associated to Ly α nebulae with
atter SB profiles than older quasars that have generated feedback
or a longer time. A stronger outflow impact, potentially revealed
hrough cavities in the galactic nucleus (e.g. Cano-D ́ıaz et al. 2012 ),
ight equally be expected to be associated with a steeper Ly α SB

rofile. 
NRAS 517, 1767–1790 (2022) 
.4 Open questions 

his study is subject to v arious uncertainties. Insuf ficient resolution
imits our ability to resolve structure in the CGM and, in particular,
ikely leads to an underestimate in the H I column density in the
alo. As shown in Section 3.3.1 , our simulations appear to reco v er
he observed profiles nevertheless. Likely, this match occurs because
urrent observations of z ≈ 6 Ly α nebulae only probe the innermost
egions of the galactic haloes hosting bright quasars, where our
imulations provide the highest resolution. We can anticipate that
ur simulations might underestimate the SB profile at large scales

100 kpc as probed by future, deeper observations. It will thus be
rucial to test our findings with new suites of RHD cosmological
imulations, including refinement techniques tailored to resolve the
GM in detail (Hummels et al. 2019 ; van de Voort et al. 2019 ;
ennett & Sijacki 2020 ). These studies unanimously point to an

ncreasing trend in H I column densities as CGM resolution impro v es,
uggesting that scattering may be even more efficient than our study
uggests. 

If performed at much higher resolution, such simulations may
redict that the CGM is composed by a fog-like distribution of very
ense n H ∼ 100 cm 

−3 cloudlets (McCourt et al. 2018 ). If photo-
onized, these cloudlets could more efficiently generate recombina-
ion radiation (Cantalupo et al. 2014 ) than predicted by our current
imulations. What our simulations clearly show is that a fo g-lik e
tructure is not necessarily required to produce giant Ly α nebulae ,
 result that extends earlier findings by Gronke & Bird ( 2017 ) to the
iant Ly α nebulae surrounding the first quasars. Higher resolution
s also likely to affect the structure of the ISM, which in turn may
mpact the emerging spectral line shape (Verhamme et al. 2012 ). 

While it is precisely the idealized nature of our simulations and, in
articular, their treatment of AGN luminosities and light curves, that
as allowed us to clearly reveal a relation between Ly α nebulae and
GN feedback strength, future simulations should test our results
ith self-consistent black hole growth models such as employed

n Dubois et al. ( 2013 ) or Costa et al. ( 2014 ). Existing models are
otoriously uncertain for a number of reasons, including: 

(i) difficulties in resolving characteristic scales, such as the Bondi
adius, which can result in order-of-magnitude uncertainties in the
lack hole’s self-regulation mass and growth history (e.g. Curtis &
ijacki 2015 ), 
(ii) uncertainties associated with computing the black hole ac-

retion rate based on gas properties at scales � 10 pc, well beyond
he black hole’s sphere of influence. Self-regulation may occur on
maller scales than envisaged by such models, with the consequence
hat the injection rate of AGN energy and momentum at scales
 10 pc might be decoupled, and 
(iii) the absence of a treatment of angular momentum in accretion

ows, which may result in significant time lags between accretion
vents on to the black hole’s accretion disc and actual accretion on
o the black hole. 

Promising solutions to these long-standing challenges include
efinement techniques targeting black holes in cosmological sim-
lations (Curtis & Sijacki 2015 ; Angl ́es-Alc ́azar et al. 2021 ). 
Another open question is whether we can extend our findings

o Ly α nebulae at lower redshift. When accounting for cosmic
xpansion, the median SB profile of Farina et al. ( 2019 ) matches
hat is observed for z ≈ 3 quasars (Arrigoni-Battaia et al. 2019 ). This
ack of evolution may suggest that the same physical mechanisms
roducing Ly α nebulae operate both at z = 6 and at z = 3. Until
 ≈ 2, massive dark matter haloes with M vir ∼ 10 12 M � grow pre-
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ominantly via cold flow accretion (see Fig. 1 ), and the gas envi-
onments characterizing bright quasars retain the same properties. In 
his regime, we may expect our findings to hold. As soon as haloes
cquire stable hot atmospheres, ho we ver, cold and dense gas in the
alo disperses (see e.g. van der Vlugt & Costa 2019 ) and we might
xpect Ly α nebulae to shrink and become fainter, as reported in Cai
t al. ( 2019 ), Arrigoni-Battaia et al. ( 2019 ), and O’Sulli v an et al.
 2020 ). 

While our simulations have emphasized the role of radiation 
ressure on dust as an AGN feedback mechanism, other AGN 

eedback mechanisms may play an analogous role in clearing out 
as from the vicinity of A GN. W inds generated at the scale of AGN
ccretion discs (Costa et al. 2020 ) or relativistic jets, as is the case
n the observations of Li et al. ( 2021 ), are predicted to inflate hot
ubbles that may clear out gas from the galactic nucleus (Costa et al.
014 ; Talbot, Sijacki & Bourne 2022 ). The interesting question is
hether such models disagree on the impact of AGN feedback at halo

cales, as suggested in Costa et al. ( 2018b ). Energy-driven outflows,
or instance, ef fecti vely eject halo gas, and, in some studies (Dubois
t al. 2013 ), have been suggested to destroy dense, cool gas as well.
 question that future studies should thus explore is the extent to
hich observations of extended Ly α nebulae allow for destructive 
GN feedback models, such as energy-dri ven outflo ws and jets, or
hether they argue for ‘gentler’ AGN feedback channels. 

 C O N C L U S I O N S  

e present Ly α radiative transfer calculations performed in post- 
rocessing on a suite of cosmological, RHD simulations targeting a 
are M vir = 2 . 6 × 10 12 M � halo capable of hosting a bright quasar
t z = 6. 

Resonant scattering (i) broadens the Ly α SB profile irrespective of 
mission mechanism and (ii) flattens the profiles in the central regions
f the halo (Fig. 2 ). Despite no attempt to fine-tune our cosmological
imulations, or to increase spatial resolution in the CGM, the shape 
nd normalization of predicted SB profiles are in strikingly close 
greement with observational constraints at z > 6, particularly when 
esonant scattering is taken into account (Fig. 5 ). 

We unveil three physical mechanisms that stand out in their ability 
o produce the close agreement between theory and data: (i) a 
ombination of collisional excitation and recombination radiation, 
ii) resonant scattering of Ly α photons from the BLR, even if
perating on its own, or (iii) a combination of these three processes
Fig. 5 ). All light-up Ly α nebulae with sizes of up to ≈ 30 kpc at
B levels of 10 −18 erg arcsec −2 cm 

−2 s −1 , extending out to ∼ 100 kpc
cales at SB levels of 10 −19 erg arcsec −2 cm 

−2 s −1 (Fig. 7 ). 
Resonant scattering of Ly α photons from the BLR all the way 

o haloes scales of ∼ 100 kpc had been thought to be difficult to
chieve due to the high H I optical depths expected in the galactic
ucleus. In such a scenario, Ly α escape would occur mainly via a
requency shift into the wings of the Ly α line. Scattering then relies
n high optical H I depths at halo scales. This scenario applies exactly
n our cosmological simulation performed without AGN feedback 
Fig. 11 ). In this case, most photons cease scattering at scales of

500 pc, well inside the quasar host galaxy. AGN feedback, which 
n our simulations operate mainly via radiation pressure on dust, 
hanges this result dramatically. By blowing out the central gas 
eservoir , A GN feedback allows the Ly α flux to escape from the
alactic nucleus more ef ficiently, allo wing the photons to scatter 
ff infalling gas out to scales of up to ≈ 100 kpc (Fig. 1 ). Even if
ebulae are powered by a combination of recombination radiation 
nd collisional excitation, AGN feedback is still required to reduce 
ust absorption and the H I opacity in the central regions of the halo
Fig. 8 ). 

This paper thus reveals a close connection between AGN feedback 
nd Ly α nebulae. Even though our simulations follow strong super- 
ova feedback and stellar radiative feedback via photo-ionization, 
hoto-heating, and radiation pressure, quasar feedback alone makes 
he difference between an Ly α nebula with properties in close 
greement with observational constrains or, if at all, a much fainter
ebula. We, ho we ver, also find that energy deposited by AGN can
ltimately cause the Ly α nebulae to shrink. If particularly strong, 
GN feedback destroys so much H I gas that photons produced in

he central regions escape directly without having to scatter. These 
esults indicate that the observational properties of Ly α nebulae and 
n particular the slope of SB profile may constrain the efficiency of
GN feedback. 
A combination of dust absorption and scattering results in highly 

nisotropic Ly α escape (Fig. 3 ). The Ly α flux escapes preferentially
long the rotation axis of the quasar host galaxy disc. Observer
ines of sight closely aligned with the disc’s polar axis thus detect
he brightest Ly α nebulae. Lines-of-sight intercepting the quasar 
ost disc edge-on can also display extended Ly α neb ulae, b ut
ur simulations predict these to be both fainter and to display
ore asymmetric morphologies. These findings lead to the clear 

bservational prediction (and test to our models) that asymmetric 
y α nebulae should, statistically, be associated to more edge-on 
entral galaxy disc orientations, while rounder, brighter nebulae 
hould surround face-on disc galaxies. 

The agreement between observational constraints and our sim- 
lations, achieved without any parameter tuning, lend strong sup- 
ort to the theoretical prediction that quasars are hosted by rare,
assive haloes, a condition which is required to explain the rapid

ro wth of supermassi ve black holes at z > 6. Our simulations also
redict the presence of extended Ly α nebulae with SB levels of
0 −18 erg s −1 cm 

−2 arcsec −2 at scales of 10 − 15 kpc around z = 7 . 5
uasars (Fig. 10 ). A future detection would point to the conclusion
hat AGN feedback shapes galaxy evolution from the very earliest 
tages of galaxy evolution. 

C K N OW L E D G E M E N T S  

C gratefully acknowledges L ́eo Michel-Dansac, J ́er ́emy Blaizot, 
nd collaborators for developing RASCAS , making their code 
ublicly available, for their interest and helpful advice. TC also 
hanks Martin Haehnelt, Chris Harrison, and Volker Springel for 
nvaluable comments on the manuscript. LCK was supported by the 
uropean Union’s Horizon 2020 research and innovation programme 
nder the Marie Skłodowska-Curie grant agreement no. 885990. TK 

as supported by the National Research Foundation of Korea (NRF) 
rant funded by the Korean go v ernment (Ministry of Science and
CT) (no. 2020R1C1C1007079). 

ATA  AVAI LABI LI TY  

he data underlying this article will be shared on reasonable request
o the corresponding author. 

EFERENCES  

ngl ́es-Alc ́azar D. et al., 2021, ApJ , 917, 53 
rrigoni Battaia F., Hennawi J. F., Prochaska J. X., Cantalupo S., 2015, ApJ ,

809, 163 
MNRAS 517, 1767–1790 (2022) 

http://dx.doi.org/10.3847/1538-4357/ac09e8
http://dx.doi.org/10.1088/0004-637X/809/2/163


1788 T. Costa et al. 

M

A  

B
B  

B  

B  

B
B
B
B  

B
B
B
B
C
C  

C
C  

C
C  

C
C  

C  

C
C
C
C
d
D  

D
D
D
D  

D  

D  

E
E  

F
F
F
F  

F
F  

F
F  

F  

G  

G  

G  

G  

G  

G
G
G
H
H
H
H
H
H
H  

H
H
H  

H  

H  

K
K  

K
K  

K  

K
K  

K
L  

L
L
L
L
L
L  

L  

M
M  

M  

M
M  

M  

M
M  

M  

M
N  

N

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/2/1767/6678584 by IN
IST-C

N
R

S IN
SU

 user on 23 M
arch 2023
rrigoni-Battaia F., Hennawi J. F., Prochaska J. X., O ̃ norbe J., Farina E. P.,
Cantalupo S., Lusso E., 2019, MNRAS , 482, 3162 

a ̃ nados E. et al., 2018, Nature , 553, 473 
arai P., Gallerani S., Pallottini A., Ferrara A., Marconi A., Cicone C.,

Maiolino R., Carniani S., 2018, MNRAS , 473, 4003 
eck M., Scarlata C., Hayes M., Dijkstra M., Jones T. J., 2016, ApJ , 818,

138 
ehroozi P., Wechsler R. H., Hearin A. P., Conroy C., 2019, MNRAS , 488,

3143 
ennett J. S., Sijacki D., 2020, MNRAS , 499, 597 
ischetti M. et al., 2017, A&A , 598, A122 
ischetti M. et al., 2022, Nature , 605, 244 
londin J. M., Wright E. B., Borkowski K. J., Reynolds S. P., 1998, ApJ , 500,

342 
orisova E. et al., 2016, ApJ , 831, 39 
rasken M., Kyrola E., 1998, A&A, 332, 732 
ruzual G., Charlot S., 2003, MNRAS , 344, 1000 
yrohl C. et al., 2021, MNRAS , 506, 5129 
ai Z. et al., 2019, ApJS , 245, 23 
ano-D ́ıaz M., Maiolino R., Marconi A., Netzer H., Shemmer O., Cresci G.,

2012, A&A , 537, L8 
antalupo S., Porciani C., Lilly S. J., 2008, ApJ , 672, 48 
antalupo S., Arrigoni-Battaia F., Prochaska J. X., Hennawi J. F., Madau P.,

2014, Nature , 506, 63 
icone C. et al., 2015, A&A , 574, A14 
osta T., Sijacki D., Trenti M., Haehnelt M. G., 2014, MNRAS , 439,

2146 
osta T., Sijacki D., Haehnelt M. G., 2015, MNRAS , 448, L30 
osta T., Rosdahl J., Sijacki D., Haehnelt M. G., 2018a, MNRAS , 473,

4197 
osta T., Rosdahl J., Sijacki D., Haehnelt M. G., 2018b, MNRAS , 479,

2079 
osta T., Rosdahl J., Kimm T., 2019, MNRAS , 489, 5181 
osta T., Pakmor R., Springel V., 2020, MNRAS , 497, 5229 
urtis M., Sijacki D., 2015, MNRAS , 454, 3445 
urtis M., Sijacki D., 2016, MNRAS , 457, L34 
en Brok J. S. et al., 2020, MNRAS , 495, 1874 
i Matteo T., Khandai N., DeGraf C., Feng Y., Croft R. A. C., Lopez J.,

Springel V., 2012, ApJ , 745, L29 
ijkstra M., 2014, Publ. Astron. Soc. Aust. , 31, e040 
ijkstra M., Loeb A., 2008, MNRAS , 386, 492 
ijkstra M., Loeb A., 2009, MNRAS , 400, 1109 
rake A. B., Farina E. P., Neeleman M., W alter F ., Venemans B., Banados

E., Mazzucchelli C., Decarli R., 2019, ApJ , 881, 131 
ubois Y., Pichon C., Haehnelt M., Kimm T., Slyz A., Devriendt J., Pogosyan

D., 2012, MNRAS , 423, 3616 
ubois Y., Pichon C., Devriendt J., Silk J., Haehnelt M., Kimm T., Slyz A.,

2013, MNRAS , 428, 2885 
fstathiou G., Rees M. J., 1988, MNRAS , 230, 5p 
ilers A.-C., Davies F. B., Hennawi J. F., Prochaska J. X., Luki ́c Z.,

Mazzucchelli C., 2017, ApJ , 840, 24 
abian A. C., 2012, ARA&A , 50, 455 
arina E. P. et al., 2017, ApJ , 848, 78 
arina E. P. et al., 2019, ApJ , 887, 196 
aucher-Gigu ̀ere C.-A., Kere ̌s D., Dijkstra M., Hernquist L., Zaldarriaga M.,

2010, ApJ , 725, 633 
ederrath C., Klessen R. S., 2012, ApJ , 761, 156 
erland G. J., Korista K. T., Verner D. A., Ferguson J. W., Kingdon J. B.,

Verner E. M., 1998, PASP , 110, 761 
ossati M. et al., 2021, MNRAS , 503, 3044 
umagalli M., Cantalupo S., Dekel A., Morris S. L., O’Meara J. M., Prochaska

J. X., Theuns T., 2016, MNRAS , 462, 1978 
urlanetto S. R., Schaye J., Springel V., Hernquist L., 2005, ApJ , 622,

7 
een S., Rosdahl J., Blaizot J., Devriendt J., Slyz A., 2015, MNRAS , 448,

3248 
inolfi M., Maiolino R., Carniani S., Arrigoni Battaia F., Cantalupo S.,

Schneider R., 2018, MNRAS , 476, 2421 
NRAS 517, 1767–1790 (2022) 
oerdt T., Dekel A., Sternberg A., Cev erino D., Te yssier R., Primack J. R.,
2010, MNRAS , 407, 613 

 ́orski K. M., Hivon E., Banday A. J., Wandelt B. D., Hansen F. K., Reinecke
M., Bartelmann M., 2005, ApJ , 622, 759 

oto T., Utsumi Y., Furusawa H., Miyazaki S., Komiyama Y., 2009, MNRAS ,
400, 843 

ronke M., Bird S., 2017, ApJ , 835, 207 
ronke M., Dijkstra M., 2016, ApJ , 826, 14 
ronke M., Oh S. P., 2020, MNRAS , 494, L27 
aardt F., Madau P., 1996, ApJ , 461, 20 
aardt F., Madau P., 2012, ApJ , 746, 125 
aiman Z., Rees M. J., 2001, ApJ , 556, 87 
aiman Z., Spaans M., Quataert E., 2000, ApJ , 537, L5 
arrison C. M. et al., 2016, MNRAS , 456, 1195 
ayes M., Scarlata C., Siana B., 2011, Nature , 476, 304 
opkins P. F., Richards G. T., Hernquist L., 2007, ApJ , 654,

731 
ui L., Gnedin N. Y., 1997, MNRAS , 292, 27 
ummels C. B. et al., 2019, ApJ , 882, 156 
umphrey A., Villar-Mart ́ın M., Fosbury R., Binette L., Vernet J., De Breuck

C., di Serego Alighieri S., 2007, MNRAS , 375, 705 
umphrey A., Vernet J., Villar-Mart ́ın M., di Serego Alighieri S., Fosbury R.

A. E., Cimatti A., 2013, ApJ , 768, L3 
usemann B., Worseck G., Arrigoni Battaia F., Shanks T., 2018, A&A , 610,

L7 
akkad D. et al., 2020, A&A , 642, A147 
hrykin I. S., Hennawi J. F ., W orseck G., Davies F. B., 2021, MNRAS , 505,

649 
imm T., Cen R., 2014, ApJ , 788, 121 
imm T., Cen R., Devriendt J., Dubois Y., Slyz A., 2015, MNRAS , 451,

2900 
imm T., Katz H., Haehnelt M., Rosdahl J., Devriendt J., Slyz A., 2017,

MNRAS , 466, 4826 
imock B. et al., 2021, ApJ , 909, 119 
optelova E., Hwang C.-Y., Y u P .-C., Chen W.-P ., Guo J.-K., 2017, Sci. Rep. ,

7, 41617 
roupa P., 2001, MNRAS , 322, 231 
au M. W., Hamann F., Gillette J., Perrotta S., Rupke D. S. N., Wylezalek

D., Zakamska N. L., 2022, MNRAS, 515, 1624 
aursen P., Sommer-Larsen J., Andersen A. C., 2009, ApJ , 704, 1640 
evermore C. D., 1984, J. Quant. Spectrosc. Radiat. Transfer , 31, 149 
i A., Draine B. T., 2001, ApJ , 554, 778 
i Y. et al., 2007, ApJ , 665, 187 
i J. et al., 2021, ApJ , 922, L29 
upi A., Volonteri M., Decarli R., Bovino S., Silk J., 2022, MNRAS, 510,

5760 
usso E., Worseck G., Hennawi J. F., Prochaska J. X., Vignali C., Stern J.,

O’Meara J. M., 2015, MNRAS , 449, 4204 
aiolino R. et al., 2012, MNRAS , 425, L66 
artin D. C., Chang D., Matuszewski M., Morrissey P., Rahman S., Moore

A., Steidel C. C., 2014, ApJ , 786, 106 
artin D. C., Matuszewski M., Morrissey P., Neill J. D., Moore A., Cantalupo

S., Prochaska J. X., Chang D., 2015, Nature , 524, 192 
azzucchelli C. et al., 2017, ApJ , 849, 91 
cCourt M., Oh S. P., O’Leary R., Madigan A.-M., 2018, MNRAS , 473,

5407 
eyer R. A., Bosman S. E. I., Ellis R. S., 2019, MNRAS , 487,

3305 
eyer R. A. et al., 2022, ApJ, 927, 24 
ichel-Dansac L., Blaizot J., Garel T., Verhamme A., Kimm T., Trebitsch

M., 2020, A&A , 635, A154 
itchell P. D., Blaizot J., Cadiou C., Dubois Y., Garel T., Rosdahl J., 2021,

MNRAS , 501, 5757 
omose R. et al., 2019, MNRAS , 488, 120 
i Y., Di Matteo T., Feng Y., Croft R. A. C., Tenneti A., 2018, MNRAS , 481,

4877 
ovak M. et al., 2020, ApJ , 904, 131 

http://dx.doi.org/10.1093/mnras/sty2827
http://dx.doi.org/10.1038/nature25180
http://dx.doi.org/10.1093/mnras/stx2563
http://dx.doi.org/10.3847/0004-637X/818/2/138
http://dx.doi.org/10.1093/mnras/stz1182
http://dx.doi.org/10.1093/mnras/staa2835
http://dx.doi.org/10.1051/0004-6361/201629301
http://dx.doi.org/10.1038/s41586-022-04608-1
http://dx.doi.org/10.1086/305708
http://dx.doi.org/10.3847/0004-637X/831/1/39
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1093/mnras/stab1958
http://dx.doi.org/10.3847/1538-4365/ab4796
http://dx.doi.org/10.1051/0004-6361/201118358
http://dx.doi.org/10.1086/523298
http://dx.doi.org/10.1038/nature12898
http://dx.doi.org/10.1051/0004-6361/201424980
http://dx.doi.org/10.1093/mnras/stu101
http://dx.doi.org/10.1093/mnrasl/slu193
http://dx.doi.org/10.1093/mnras/stx2598
http://dx.doi.org/10.1093/mnras/sty1514
http://dx.doi.org/10.1093/mnras/stz2471
http://dx.doi.org/10.1093/mnras/staa2321
http://dx.doi.org/10.1093/mnras/stv2246
http://dx.doi.org/10.1093/mnrasl/slv199
http://dx.doi.org/10.1093/mnras/staa1269
http://dx.doi.org/10.1088/2041-8205/745/2/L29
http://dx.doi.org/10.1017/pasa.2014.33
http://dx.doi.org/10.1111/j.1365-2966.2008.13066.x
http://dx.doi.org/10.1111/j.1365-2966.2009.15533.x
http://dx.doi.org/10.3847/1538-4357/ab2984
http://dx.doi.org/10.1111/j.1365-2966.2012.21160.x
http://dx.doi.org/10.1093/mnras/sts224
http://dx.doi.org/10.1093/mnras/230.1.5P
http://dx.doi.org/10.3847/1538-4357/aa6c60
http://dx.doi.org/10.1146/annurev-astro-081811-125521
http://dx.doi.org/10.3847/1538-4357/aa8df4
http://dx.doi.org/10.3847/1538-4357/ab5847
http://dx.doi.org/10.1088/0004-637X/725/1/633
http://dx.doi.org/10.1088/0004-637X/761/2/156
http://dx.doi.org/10.1086/316190
http://dx.doi.org/10.1093/mnras/stab660
http://dx.doi.org/10.1093/mnras/stw1782
http://dx.doi.org/10.1086/426808
http://dx.doi.org/10.1093/mnras/stv251
http://dx.doi.org/10.1093/mnras/sty364
http://dx.doi.org/10.1111/j.1365-2966.2010.16941.x
http://dx.doi.org/10.1086/427976
http://dx.doi.org/10.1111/j.1365-2966.2009.15486.x
http://dx.doi.org/10.3847/1538-4357/835/2/207
http://dx.doi.org/10.3847/0004-637X/826/1/14
http://dx.doi.org/10.1093/mnrasl/slaa033
http://dx.doi.org/10.1086/177035
http://dx.doi.org/10.1088/0004-637X/746/2/125
http://dx.doi.org/10.1086/321567
http://dx.doi.org/10.1086/312754
http://dx.doi.org/10.1093/mnras/stv2727
http://dx.doi.org/10.1038/nature10320
http://dx.doi.org/10.1086/509629
http://dx.doi.org/10.1093/mnras/292.1.27
http://dx.doi.org/10.3847/1538-4357/ab378f
http://dx.doi.org/10.1111/j.1365-2966.2006.11344.x
http://dx.doi.org/10.1088/2041-8205/768/1/L3
http://dx.doi.org/10.1051/0004-6361/201732457
http://dx.doi.org/10.1051/0004-6361/202038551
http://dx.doi.org/10.1093/mnras/stab1288
http://dx.doi.org/10.1088/0004-637X/788/2/121
http://dx.doi.org/10.1093/mnras/stv1211
http://dx.doi.org/10.1093/mnras/stx052
http://dx.doi.org/10.3847/1538-4357/abbe89
http://dx.doi.org/10.1038/srep41617
http://dx.doi.org/10.1046/j.1365-8711.2001.04022.x
http://dx.doi.org/10.1088/0004-637X/704/2/1640
http://dx.doi.org/10.1016/0022-4073(84)90112-2
http://dx.doi.org/10.1086/323147
http://dx.doi.org/10.1086/519297
http://dx.doi.org/10.3847/2041-8213/ac390d
http://dx.doi.org/10.1093/mnras/stv516
http://dx.doi.org/10.1111/j.1745-3933.2012.01303.x
http://dx.doi.org/10.1088/0004-637X/786/2/106
http://dx.doi.org/10.1038/nature14616
http://dx.doi.org/10.3847/1538-4357/aa9185
http://dx.doi.org/10.1093/mnras/stx2687
http://dx.doi.org/10.1093/mnras/stz1504
http://dx.doi.org/10.1051/0004-6361/201834961
http://dx.doi.org/10.1093/mnras/stab035
http://dx.doi.org/10.1093/mnras/stz1707
http://dx.doi.org/10.1093/mnras/sty2616
http://dx.doi.org/10.3847/1538-4357/abc33f


The origin of Ly α glow around high-z quasars 1789 

O  

O  

P
P
R
R
R
R  

R
R
R
S
S
S
S  

S
S
S
T
T
T
T
v  

v
V  

V  

 

V
W
W
W
Y  

Y
Y
Z

A
A

F  

s  

c
fi
r
T  

t
o  

b  

t  

p  

d  

r  

t  

t
c

Figure A1. H I gas density at z = 6 . 2 (first panel) within the central regions 
with the position of the bright quasar marked by a red plus sign. The Ly α
nebula associated to it is shown on the second panel, where a black circle 
marks its SB-weighted centroid. The nebula is spatially anticorrelated with 
the high H I density regions, marked for n HI > 0 . 3 cm 

−3 with a black shade. 
This spatial offset is caused by scattering, since it disappears if we neglect 
resonant scattering in our radiative transfer calculation (third panel). The 
fourth panel shows a test-run where scattering is enabled, but all velocities 
are set to zero. Neglecting the gas velocity field does not prevent the observed 
large spatial offsets. These are thus mostly caused by anisotropy in the H I 

distribution. 
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PPENDIX  A :  SCATTERING  A N D  

SYMMETRIC  N E BU L A E  

ig. A1 shows the H I density, together with Ly α maps, for the
ame line of sight, as in panel 3 of Fig. 2 , in the combined
ollisional excitation and recombination radiation scenario. The 
gure illustrates how the nebula morphology changes by neglecting 
esonant scattering or by setting the gas peculiar velocities to zero. 
he SB distribution is unchanged if the velocity field is ignored in

he Ly α radiative transfer computation. The morphological variation 
f the Ly α nebulae associated to our simulated halo thus appears to
e set by the H I density distribution and not its dynamical state. For
his line of sight, the H I gas phase (shaded in black in the top-right
anel) is unequally distributed around the disc, with much lower H I

ensities abo v e the quasar host galaxy (top left) than below (bottom
ight). Below the disc, the H I mass acts as a reflecting sheet for
he Ly α photons emitted from the ISM of the host galaxy and from
he BLR, focusing them towards the region above the host galaxy, 
reating a one-sided Ly α nebula. 
PPENDI X  B:  M O M E N T  MAPS  

e can associate a mean spectral velocity shift and a velocity
ispersion to each pixel of our synthetic Ly α maps. It is interesting to
hen link the velocity information of the Ly α line with the underlying
elocity field as output by the simulations, and assess the extent to
hich moment maps can constrain gas dynamics. 
Fig. B1 shows moment maps for Quasar-L3e47 for three 

ifferent lines of sight and for a combination of all Ly α emission
odels (recombination radiation, collisional excitation, and BLR 

cattering with FWHM BLR = 2400 km s −1 ). The first column gives
he density-weighted line-of-sight velocity as predicted by the 
imulation at z = 6 . 2. The second and third columns show the Ly α
ux-weighted velocity shift, respectively neglecting and accounting 
or the effect of resonant scattering, considering only regions with 
B ≥ 10 −18 erg s −1 cm 

−2 arcsec −2 . The velocity distribution we see
n Fig. B1 is, as discussed in Section 3.1 , complex, though structures
uch as filaments (first row) and rotation patterns (third row) can
e seen upon close look. Comparing the first and second columns
which neglect scattering), we find that we can usually match the
ctual line-of-sight velocity with the first moment of the Ly α maps.
esonant scattering tends to change the shape of the Ly α nebula, as
iscussed in Section 3.1 , but does not appear to strongly modify its
elocity structure. Fig. B2 tests for a connection between the actual
ine-of-sight velocity and the flux-weighted Ly α velocity shift. We 
ee that there is a strong correlation between these two quantities, as
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Figure B1. Density-weighted line-of-sight velocity as seen through three lines-of-sight (dif ferent ro ws) sho wn together with first moment maps (second 
and third columns) and second moment maps (fourth and fifth columns). The second and fourth columns show the moment maps obtained by neglecting 
resonant scattering in our Ly α radiative transfer calculations. The first moment traces the actual gas v elocity reliably, ev en after considering resonant scattering. 
Broadening the Ly α line scattering, ho we ver, has a profound effect on the second moment. 

Figure B2. Relation between density-weighted line-of-sight velocity and the 
first moment of Ly α line measured pix el-by-pix el, for different orientations 
(different columns), ignoring and including the effect of resonant scattering 
(first and second ro ws, respecti vely). There is a good correspondence between 
density-weighted line-of-sight velocity and the first moment of Ly α even in 
the presence of scattering, as shown by high Spearman rank coefficients 
(given in each panel). 
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llustrated by Spearman correlation coefficients > 0.7, if scattering is
gnored (first row). The bottom row of Fig. B2 shows that scattering
i) broadens the Ly α velocity shift range, and (ii) increases the scatter
n the relation, weakening the correlation between the two velocities.
evertheless, Spearman correlation coefficients � 0.5 still indicate
 clear monotonic relation for some lines of sight. The weakest
elations occurs for orientations where scattering is most important,
.g. the third column, which show configurations where the quasar
ost galaxy lies edge-on. 
The most striking change introduced by resonant scattering is on

he width of the spectral line. The last two columns of Fig. B1 give the
tandard deviation of the line velocity with and without scattering.
f scattering is neglected, the second moments typically range from
0 km s −1 to ≈ 300 km s −1 . Scattering raises the second moments
o values > 500 km s −1 particularly in the outskirts of the nebulae,
here scattering provides the most contribution. 
Even through resonant scattering appears to be crucial in gener-

ting more spatially extended Ly α emission for some lines-of-sight,
ur simulations suggest that moment maps retain direct information
bout the dynamical state of gas. It reliably gives the sign of the gas
elocity, though its magnitude can be strongly affected by scattering.
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