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ABSTRACT

The advent of the James Webb Space Telescope has revolutionised our understanding of the high-redshift Universe,
detecting bright, massive galaxies up to z ≳ 10, and identifying peculiar sources called “Little Red Dots" (LRDs). The
origin of both classes of objects remains uncertain but is likely linked to the formation and early growth of the first
massive black holes (MBHs), which may be more easily explained by invoking phases of super-Eddington accretion.
In this study, we use a state-of-the-art zoom-in cosmological simulation of a quasar host to investigate whether these
objects, during their assembly, can resemble any of the peculiar sources observed with JWST. We find that the impact
of MBH feedback on star formation is typically moderate, with outflows preferentially escaping perpendicular to the
galactic disc. However, for approximately ten percent of the galaxy’s lifetime, the system enters a distinct quenched
phase, after a rapid MBH growth driven by super-Eddington accretion. This phase culminates in a powerful feedback
event, during which the MBH jet and disc-driven winds interact directly with the galactic disc, carving out a central
cavity. We also find that, during the history of the quasar host progenitor, the spectral properties of the system can
resemble both LRDs and quenched galaxies, depending on the specific evolutionary stage considered. These findings
suggest that both conditions may represent transient phases in the life cycle of high-redshift galaxies.
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1. Introduction

Over the last few decades, observations have revealed that
massive black holes (MBHs) are ubiquitously present in the
Universe, residing at the centres of massive galaxies even
at redshifts as high as z ≳ 6, where thousands of quasars
have been discovered (Fan et al. 2004; Mortlock et al. 2011;
Bañados et al. 2018; Fan et al. 2023; Maiolino et al. 2024).
These MBHs are commonly identified during phases of ac-
tive gas accretion, when the gravitational energy of infalling
material is converted into radiation. Under certain condi-
tions, the rotational energy of the MBH can also be tapped
to power collimated relativistic jets. The energy released in
these processes is thought to play a crucial role in shaping
the evolution of the host galaxy (Ciotti & Ostriker 2007;
Fabian 2012; Kormendy & Ho 2013). For example, winds
and jets can heat and ionise the surrounding gas, sweeping
it away from the nuclear regions of galaxies (Silk & Rees
1998; Di Matteo et al. 2005) and thereby quenching star for-
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mation. The existence of high-redshift MBHs with masses
ranging from about 105 M⊙ up to 109−10 M⊙ also poses
tight constraints on the epoch of MBH formation and their
early growth (Volonteri et al. 2021, and references therein).

To date, different mechanisms have been proposed to
explain MBH formation (‘seeding’): (i) light seeds, where
black holes represent the remnants of Pop III stars formed
inside metal-free dark matter (DM) mini-haloes (more
massive than 2 × 105 M⊙), with masses ranging around
∼ 102 M⊙ (Madau & Rees 2001; Schneider et al. 2002);
(ii) medium-weight seeds, formed as a consequence of run-
away stellar or BH mergers in very dense and compact star
clusters, with masses ∼ 102 − 103 M⊙ (Portegies Zwart
et al. 2004; Freitag et al. 2006; Lupi et al. 2014; Reinoso
et al. 2018, 2023; Arca Sedda et al. 2023; Rantala & Naab
2025); (iii) heavy seeds descending from pristine dark mat-
ter haloes of mass around 107−8 M⊙, in which the baryonic
matter cools and collapses without experiencing significant
fragmentation, resulting in seeds of mass ≳ 104 M⊙ (Begel-
man et al. 2006; Shang et al. 2010; Latif et al. 2013; Regan
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et al. 2014, 2016, 2017; Latif et al. 2018; Wise et al. 2019;
Latif et al. 2022).

While all these mechanisms are, in principle, equally
plausible, the formation of high-redshift MBHs faces signif-
icant constraints. A straightforward application of Soltan’s
argument (Soltan 1982)—which assumes that MBHs grow
primarily through radiatively efficient gas accretion (with
efficiency ηrad ∼ 0.1), and under the idealized condition of
continuous accretion at the Eddington limit—sets a lower
bound on the initial MBH seed mass of Mseed ≳ 104 M⊙
(Fan et al. 2023). In reality, even when embedded in mas-
sive haloes with ample gas reservoirs, MBH growth can
be significantly hindered by feedback from accretion itself
(Milosavljević et al. 2009; Dubois et al. 2013). Additionally,
in low-mass galaxies, accretion can be further suppressed by
stellar feedback from massive stars, which reduces the sup-
ply of cold gas in the central regions (Dubois et al. 2015;
Habouzit et al. 2017; Lupi et al. 2019). This feedback can
also cause the MBH to wander away from the galactic cen-
tre, due to the shallow potential well (Pfister et al. 2019),
thereby delaying its growth until the galaxy develops a suf-
ficiently dense and massive bulge.

An appealing alternative, currently experiencing re-
newed interest in light of recent results from the James
Webb Space Telescope (JWST), is the possibility that black
holes can sustain accretion at rates exceeding the Edding-
ton limit (Volonteri & Rees 2005; Madau et al. 2014; Volon-
teri et al. 2015; Pezzulli et al. 2016; King 2024; Lupi et al.
2024b; Trinca et al. 2024), thereby compensating for their
initially stunted growth. In this respect, there is growing ev-
idence of black holes accreting at super-Eddington rates in
the local Universe, as in tidal disruption events (TDEs, Rees
1988; Lin et al. 2017), ultraluminous X-ray sources (ULXs,
Walton et al. 2013; Bachetti et al. 2014), and also MBHs
(Du et al. 2015; Martínez-Aldama et al. 2019). One of the
interesting features of this accretion regime is the weaker
X-ray emission (Pacucci & Narayan 2024; Lambrides et al.
2024; Madau & Haardt 2024), which might explain the lack
of X-ray counterparts in several recent detections of high-
redshift AGN candidates.

Further interest on these accelerated phases of growth
has been generated by the detection of a peculiar class
of widespread high-redshift sources identified in recent
deep JWST observations, dubbed Little Red Dots (LRDs,
Matthee et al. 2024). These objects are characterized by red
optical colours, very compact morphologies and a distinc-
tive “V-shaped" spectral energy distribution (SED), pre-
senting a turnover at wavelengths around 4000 Å in the
source rest frame. Their peculiar SED, together with the
compact size (Re ≲ 100 pc), suggest they might be pow-
ered by a heavily obscured active galactic nucleus (AGN),
surrounded by a compact proto-galaxy that dominates the
UV emission (Hainline et al. 2025). This interpretation
is further supported by the detection of broad permit-
ted lines (FWHM > 1000 km/s) in spectroscopically con-
firmed candidates, which imply MBH masses in the range of
≈ 107−108 M⊙ (Greene et al. 2024; Baggen et al. 2024; Fur-
tak et al. 2025; D’Eugenio et al. 2025), even though alter-
native scenarios are still considered (see, e.g. Ananna et al.
2024). These estimates would imply extreme MBH/Mstar

ratios, up to two orders of magnitude above local scaling
relations, alongside very high number densities for bright
AGNs (∼ 10−5 Mpc−3 mag−1), in tension with previous es-
timate from UV selected quasars (Akins et al. 2024). How-

ever, MBH mass measurements based on the broadening of
Balmer lines might be significantly overestimated for sys-
tems accreting close or above the Eddington-limit (Lupi
et al. 2024b). High accretion rates, which would also con-
tribute to an intrinsically redder AGN spectrum, have been
recently confirmed for at least one LRD through deep spec-
troscopic observations (D’Eugenio et al. 2025).

To date, only a few numerical studies have investi-
gated super-Eddington accretion in cosmological environ-
ments, employing different levels of approximation (Di Mat-
teo et al. 2017; Regan et al. 2019; Anglés-Alcázar et al.
2021; Rennehan 2024; Lupi et al. 2024a; Gordon et al. 2025;
Huško et al. 2025). The inclusion of a physically-motivated
description of this accretion regime in simulations is cru-
cial to our understanding, as it will give us a more accurate
and general description of the MBH evolution, in particular
the MBH feedback, which can be directly probed through
observations.

In this study, we further analyse the quasar host sim-
ulation from Lupi et al. (2024a), which includes super-
Eddington accretion phases and their associated feedback
in a full cosmological context. The simulation follows the
evolution of a high-redshift quasar host down to z ≃ 7.5,
and was originally presented in Lupi et al. (2019, L19
hereon). In particular, we explore here the impact that
super-Eddington accretion phases and the subsequent feed-
back have on the evolution of the galaxy host, with a par-
ticular focus on the quasar’s outflow properties. Moreover,
we assess whether these stages can reproduce some of the
observational features of analogous high-redshift systems.

This paper is the fifth of a series focusing on the char-
acterisation of the properties of high-redshift quasars hosts
and their MBHs. In Paper I (L19), we presented and dis-
cussed the main evolution of the target galaxy and its cen-
tral MBH, focussing on the stellar and gas tracers (total
gas and [CII] emission), and found that super-Eddington
phases were measured in the simulation, even though accre-
tion was capped at the Eddington limit. In Paper II (Lupi
et al. 2022), we extended the analysis, investigating the dy-
namics and morphology of the main galaxy as a function of
redshift. In Paper III (Lupi et al. in prep.) we plan to discuss
the evolution of the entire MBH population forming during
the simulation. Finally, in Paper IV (Lupi et al. 2024a) we
showed, using the same suite of simulations employed here,
that super-Eddington phases might be sustained over time-
scales of a few tens of Myr in massive systems where large
gas inflows are frequent.

The outline of the paper is as follows. In Section 2, we
review the setup of our simulations and the prescriptions
employed, especially the ones directly related to MBHs.
In Section 3, we present our results on the importance of
super-Eddington accretion phases in the cosmological evo-
lution of MBHs. Finally, we draw our conclusions in Section
4.

2. Numerical setup

This work investigates the impact of super-Eddington ac-
cretion phases on the evolution of MBHs and their host
galaxies at high redshift, particularly in massive galaxies
typically observed as QSOs. In addition, we provide a de-
tailed analysis of the resulting outflows across all accretion
regimes, aiming to identify distinctive properties that could
offer valuable observational constraints. To this purpose, we
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have analysed a suite of very-high resolution cosmological
zoom-in simulations evolving a rare massive halo (Mhalo ≃
3 × 1012 M⊙ at z ≃ 6) down to z ≃ 7.5, run with the
unstructured-grid cosmological hydrodynamic code gizmo
(Hopkins 2015), that descends from Gadget3 (Springel
et al. 2008) and Gadget2 (Springel 2005), from which the
same Barnes-Hut tree solver for gravity is inherited. The
simulations are performed employing the meshless-finite-
mass mode, assume a gravitational softening of dark mat-
ter, stars and MBHs fixed at 40, 10 and 2.5 pc h−1 re-
spectively, whereas a fully adaptive gravitational softening
is adopted for the gas component, whose maximum spatial
resolution is of ∼ 5 pc. In the zoom-in region, the mass
resolution for baryons is of ∼ 104 M⊙, while the one for
DM particles is around 105 M⊙. The simulation suite was
performed with state-of-the-art sub-grid prescriptions that
allowed us to follow in detail non-equilibrium chemistry of
the most relevant species responsible for gas cooling (both
primordial and metal ones), star formation and stellar feed-
back, as well as MBH seeding, accretion, and feedback. In
Appendix A, we summarise the detailed description of these
sub-grid prescriptions that, compared to the previous works
of the series, have been refined and improved.

3. Results

The initial conditions were evolved down to z ∼ 9.7 to
ensure that the MBH had formed and settled near the cen-
tre of its host galaxy, but had not yet begun to grow sig-
nificantly due to the strong impact of supernova feedback
(Dubois et al. 2013; Lupi et al. 2019). At this point, we
split the simulation in two equivalent runs, identified as
MAD and HMAD, which only differ by the magnetic flux
parameter Φ, either set to 1 (MAD) or 0.5 (HMAD). The
simulations were evolved down to z ∼ 7.5 to follow the early
growth of the MBH seed within its host galaxy, whose evolu-
tion will be discussed below. The results presented hereafter
refer to the HMAD case.

3.1. Global evolution of the galaxy host

First, we discuss the evolution of the target galaxy and its
host halo, identified using the Amiga Halo Finder (AHF;
Knollmann & Knebe 2009). In order to avoid contamination
from satellite galaxies, we considered the central 20% of
the halo virial radius for our analysis, approximately of the
order of a few kpc.

In Fig. 1, we show the evolution of the mass of different
components of the galaxy: the dark matter (DM) halo mass
Mhalo, the gas mass - in particular the total (Mgas), neu-
tral (MH), and molecular (MH2

) content, the stellar mass
Mstar and the MBH mass (scaled up by a thousand for
visualisation purposes). In detail, the atomic and molecu-
lar gas phases have been directly estimated from the mass
fraction of the corresponding species associated to each gas
particle. Consistently with the hierarchical structure for-
mation paradigm, the mass of DM increases via mergers
and inflows. Within the first 350 Myr, the vast majority of
baryonic matter is in the form of gas, because of the still
low SF efficiency regulated by the strong impact of SN feed-
back, which efficiently heats up and sweeps gas away from
the region surrounding the MBH, hindering its growth. As
the galaxy mass increases, (and the potential well corre-
spondingly deepens), stellar feedback becomes less and less
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Fig. 1. Evolution of different components of the target galaxy.
The black solid line corresponds to the halo mass (up to the
virial radius), the dash-dotted gold one to to the mass in stars,
the red solid line to the total gas mass, the dashed blue line to
the atomic hydrogen (H) mass content, the dash-double-dotted
green line to the molecular hydrogen (H2) mass content and,
finally, the dashed purple line to the black hole mass, scaled up
by three orders of magnitude for visualisation purposes. With
the grey shaded areas, we highlight distinct phases during the
MBH accretion history: (i) super-Eddington accretion phases in
the range 9.5 ≲ z ≲ 8.6, and (ii) accretion around the Eddington
limit at z ≲ 7.9.

efficient, reaching at z ≃ 11 the critical point at which the
baryon content becomes dominated by the stellar compo-
nent.1

In general, the galaxy evolution is similar to the original
simulation of L19, but for a moderately smaller stellar mass
(62% at z = 7.8) due to the combined effect of (i) a more
accurate (and slightly less efficient) cooling at high density
(Capelo et al. 2018; Lupi et al. 2020), (ii) a slightly stronger
stellar feedback (Lupi & Bovino 2020), and (iii) a more
powerful MBH feedback.

The MBH growth appears instead quite different from
the simulation in L19, as already discussed in Lupi et al.
(2024a), as the MBH needs slightly more time to settle at
the centre of the galaxy host, and the slightly stronger stel-
lar feedback further suppresses its growth until the galaxy
reaches Mstar ∼ 1010 M⊙. However, at that point, the
MBH starts gaining mass at a relatively high rate. In less
than 50 Myr, the MBH mass has increased by approxi-
mately two orders of magnitude, thanks to an almost unim-
peded growth at super-Eddington rates. At redshifts below
z ∼ 8.7, the MBH growth almost comes to a temporary
halt. This is the result of a strong MBH feedback phase
that results, by z ∼ 8.3, in the evacuation of the gas from
the galaxy centre and the complete shut off of MBH accre-
tion. By z ∼ 8, the cavity carved by the AGN disappears,
and a new phase of accretion at the Eddington limit begins,
bringing the MBH to ∼ 108 M⊙ by the end of the simula-
tion. Even though the sudden halt of the MBH growth does
not have any direct consequence on the galaxy dynamics, it
1 In L19, the mass ratio was about 1, but that was due to the
inclusion of all the gas in the halo, not only that within 0.2rvir,
that was used for HI, H2 and stars.

Article number, page 3 of 22



A&A proofs: manuscript no. aa

350 400 450 500 550 600 650
t [Myr]

100

101

102

103

S
F

R
[M
�

yr
−

1
]

Calabrò + 24
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Fig. 2. Evolution of the SFR of the target galaxy (as a red solid
line). The best fit of the evolution obtained from the CEERS
(Cole et al. 2023) - which explicitly excluded sources poten-
tially contaminated from AGN - and the GLASS (Calabrò et al.
2024) surveys are shown below z ≃ 9 as green dot-dashed and
turquoise dashed lines, respectively. We also report the 1σ scat-
ter as shaded areas, following the same colour scheme. The pur-
ple dotted line corresponds instead to the best-fit to the empir-
ical model by Behroozi et al. (2013).

significantly affects the abundance of molecular hydrogen,
which shows a clear drop by almost an order of magnitude
lasting for about 50 Myr, hence a decrease in the galaxy’s
SFR (as stars mainly form from cold molecular gas), as
shown in Fig. 2.

The rapid stellar mass growth shown in Fig. 1 is driven
by substantial inflows into the halo, that result in excep-
tionally high SFRs, as illustrated in Fig. 2. The SFR has
been evaluated by selecting, at each snapshot, stellar parti-
cles younger than 10 Myr and then estimated as the average
mass formed per unit time.

As the galaxy mass increases, the impact of SN feed-
back weakens, reflecting in a rapid increase in SF (z ≃ 11),
as illustrated in Fig. 2. This trend aligns closely with the
subsequent rise in stellar mass observed in Fig. 1. Follow-
ing this initial enhancement, the SFR stabilizes at approx-
imately ∼ 100 − 200 M⊙ yr−1, with the notable excep-
tion of the redshift range 9 ≲ z ≲ 8, as discussed previ-
ously. For comparison, we also report recent observational
results (for z ≲ 9). In particular, we have considered recent
works by Cole et al. (2023) and Calabrò et al. (2024) on
two JWST-based Early Release Science (ERS) programs,
namely CEERS and GLASS. In addition, we also compare
our results with the empirical model by Behroozi et al.
(2013). While the general trend we recover from our simu-
lation seems pretty in accordance with the GLASS survey
by Calabrò et al. (2024), in the same time interval the curve
appears constantly above the evolution of the CEERS sam-
ple. We note, however, that the sample by Cole et al. (2023)
explicitly excluded sources that potentially hosted an AGN,
and, as such, most likely removed sources characterised by
higher SFR and larger stellar masses more in line with our
simulated galaxy. This is confirmed by the results of Cal-
abrò et al. (2024), in which the inclusion of potential AGN
hosts led to both an increase in the best-fit relation and
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Fig. 3. Evolution of the luminosity emitted both in form of radi-
ation and kinetic energy by the stellar component (dot-dashed
red line and dotted green line respectively) and by the MBH
accretion process (dashed orange line and solid blue line respec-
tively).

a larger scatter, in agreement with our simulation. Notice-
ably, the empirical model by Behroozi et al. (2013) is in
perfect agreement with the data in Calabrò et al. (2024),
hence with our simulation as well.

In order to assess the relative role of stellar and MBH
feedback on the evolution of the galaxy, in Fig. 3 we show
the radiative and kinetic component of the luminosity emit-
ted by stars and by the central MBH as a function of
redshift. On the one hand, for the MBH we employ the
prescriptions in Section A.4.3, according to the accretion
regime of the MBH at each time-step. On the other hand,
for the stellar component, we consider that:

– the kinetic component mainly comes from SN feedback.
Starting from the equation (3) in Lupi & Bovino (2020),
the type II SN luminosity has been evaluated as:

LSNII = ESN

Nstar∑
i

6.8× 10−3

(
tage,i
tmax

)−0.648
Mi,0

tmax
(1)

where Nstar is the number of stars in the galaxy, tage,i
is the stellar particle age in Myr, tmax = 38.1 Myr,
ESN = 1051 erg is the energy released by each SN, and
Mi,0 is the stellar particle mass at formation.

– the radiative component has been recovered from the
interpolation of luminosity tables as functions of metal-
licity and age. Since only photons in the UV or ionising
bands directly affect the gas thermodynamics, we de-
cided to limit the photon energy range for this analysis
between 13.6 eV and 1000 eV, which is dominated by
the youngest and brightest stars.

For sake of clarity, instead of showing how these quantities
evolve at all time-steps, we averaged the values over a time
interval of 5Myr, thus reducing the noise in the distribu-
tion.

In the very early stages, the MBH is in the ADAF
regime, where the luminosity is almost entirely kinetic, pri-
marily in the form of jets. This phase persists until about
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z ≃ 11, when the accretion rate increases to the point at
which the MBH transitions into the sub-Eddington regime,
characterised by comparable kinetic and radiative luminosi-
ties. This phase lasts until z ≃ 9.5, when the MBH enters
the super-Eddington regime, and begins assembling mass
very rapidly, as shown in Fig. 1. Despite the strong radia-
tive and kinetic feedback in this phase, the MBH remains
in this accretion regime for tens of Myr, after which it tem-
porarily re-enters the ADAF regime at z ∼ 8.5, regulating
its accretion, until it settles around the Eddington values,
where radiative and kinetic feedbacks become almost equal.

Stellar feedback shows instead a very mild evolution,
consistent with the almost constant SFR over the redshift
range 11 ≲ z ≲ 7.8. By comparing the stellar radiative and
kinetic feedback, we observe that radiation always domi-
nates over SNe (by about two orders of magnitude) in terms
of energy released. Nonetheless, since the effect of radiation
depends on the photon cross-section, only part of this lumi-
nosity is actually translated into heating and momentum,
thus making the two contributions roughly comparable. At
early times, stellar feedback dominates over MBH feedback,
and this, together with the shallow potential well, explains
the suppressed growth of the MBH. Around z ∼ 9.5 instead,
the MBH is massive enough and is accreting fast enough for
its feedback to start dominating over that of SNe, becoming
comparable to stellar radiation by z = 9. Note, nonetheless,
that despite its dominance, MBH feedback is highly concen-
trated in the central region of the galaxy, whereas stellar
feedback is spread out across the entire galactic disc, signif-
icantly affecting the impact the two feedback sources have
on the galaxy evolution. The impact of different feedback
sources on inflows and outflows will be discussed in detail
in Section 3.3.

3.2. Galaxy morphology

In order to assess the connection between the integrated
properties and the morphological evolution of the quasar
host across cosmic time, in Fig. 4 we show the gas (left-
hand panels) and stellar (right-hand panels) surface den-
sity distribution at z ≈ 9.7, 8.3, 7.9. The red dots show
the location of the central MBH. In general, the galaxy is
characterised by a relatively compact gaseous disc, confined
within a diameter of approximately 2 kpc. This disc is fu-
elled by larger scale filaments, which supply material to the
system and influence the disc orientation by transferring
angular momentum (on scales of a few hundred parsecs).
However, at redshift z ∼ 8.3, a central cavity can be clearly
observed in the gas, centred at the position of the MBH.
The almost symmetric distribution around the MBH sug-
gests that the cavity has been created by MBH feedback
rather than by the more distributed SN feedback. In detail,
it is reasonable to assume that the jets/winds launched on
pc scales (the kernel size of the MBH) shocked with the gas
in the galaxy nucleus, heating it and pushing it outwards.
By ∼ 8.4, this continuous injection of energy manifests as
an expanding bubble, centred on the MBH, which starts
expanding outwards, completely shutting off the MBH ac-
cretion. As the cavity expands through the galaxy inter-
stellar medium, entraining more material, the cavity slows
down, until it completely stops at z ∼ 8.1. At later times,
new material flows in through the filaments, and pushes
the gas towards the central kpc, re-filling the cavity. This
process rejuvenates the galaxy, recreating the gaseous disc,

and reigniting SF. It is the creation of this cavity, and its
survival time, which determine the duration of the ‘quies-
cent’ phase of the galaxy in which the molecular gas mass,
the SFR, and the MBH accretion rate (see Fig. 1 in Lupi
et al. 2024a, Fig. 1, and Fig. 2 above) all showed a sig-
nificant drop. Notably, these drops do not exhibit the ex-
act same duration: the amount of molecular gas is reduced
around z = 8.8, because of the increasing impact of AGN
feedback, and starts rising again during the lifetime of the
cavity, thanks to the new material cooling down outside
the cavity; the SFR is directly affected by the reduction in
molecular gas, but its increase is delayed until the cavity
closes completely, because of the time needed by the gas
to become sufficiently dense and lose pressure/turbulence
support to ignite new SF; the MBH accretion rate, instead,
remains low only during the cavity lifetime, and increases
again as soon as some warm gas fills the central few pc
around the MBH. Note that these short-time variations in
the gas distribution are not uncommon at these redshifts, as
already discussed in (Lupi et al. 2022) even without super-
Eddington accretion and feedback.

As for the stellar component, we find that the extreme
event producing the cavity does not significantly alter the
stellar distribution, but for a mild suppression of the central
density, resulting from the rapid change in the underground
potential previously dominated by gas. At later times, in-
stead, a galaxy companion is found to approach the quasar
host. This companion, with mass ratio around 1:10, is ex-
pected to merge with the main galaxy around z = 7.8, as
already shown in L19. Even though the companion seems
gas-rich (see bottom-left panel), we expect it to be observ-
able only by JWST, but not by ALMA (see Lupi et al. 2022,
for a discussion).

3.3. The multi-phase structure of gas inflows and outflows

It is well known that the interaction between a MBH and
its galaxy host is extremely complex, and results in a multi-
phase gas distribution that is detected via different tracers.
As our final aim is to accurately study the (co-)evolution
of galaxies and MBHs across cosmic times in detail, the
inclusion of all accretion regimes in a consistent way was
obviously crucial, but at the same time a self-consistent
treatment of the multiphase structure of the gas was re-
quired, that we achieved through the on-the-fly chemical
solver coupled to the radiation transport. Here, we assess
the impact of the MBH evolution (and associated feedback)
onto the surrounding gaseous galactic disc, in particular
during the super-Eddington phases which most simulations
neglect.

Observationally, AGN feedback is detected in different
phases, with different rates, velocities, and emission prop-
erties. The origin and evolution of these multi-phase out-
flows is still poorly constrained, as our understanding of
the physical processes occurring close to the MBH horizon
cannot be directly probed observationally, with only a few
exceptions so far (Gillessen et al. 2009; Event Horizon Tele-
scope Collaboration et al. 2019, 2022; Abuter et al. 2024).
Moreover, the origin of the molecular phase is still unclear,
with works suggesting either rapid cooling in the expanding
shell (Richings & Faucher-Giguère 2018b,a) or the lifting of
molecular gas in the galaxy nucleus (Biernacki & Teyssier
2018).
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Fig. 4. Gaseous and stellar column density maps in a 100 comoving kpc box around the target galaxy at z ≈ 9.7, 8.3, 7.9 from
left to right and from top to bottom. The middle panels show the disruption of the gaseous disc, which is absent in the stellar
counterpart. The outward expanding bubble of less dense material, with its centre located at the same position of the central
MBH, suggests a MBH-driven origin.
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Fig. 5. Top panels: Inflow mass rates (first row) and average radial velocities (second row) for the molecular (left), atomic (middle),
and ionised (right) gas phases. The green solid lines represent inflows at 20 kpc, the orange dashed lines at 2 kpc, and the blue
dot-dashed lines at 0.2 kpc. Bottom panels: Same as above, but for outflows.

Thanks to our chemical network, we can constrain this
multiphase structure in detail, even though our resolution
is still insufficient to actually probe its origin (see Richings
& Faucher-Giguère 2018b, for a discussion). In particular,
molecular hydrogen is dominant in the cold dense gas car-
ried by inflows to the innermost region of the galactic disc,
which can power star formation or end up in the central pc
around the MBH. The ionised phase is instead common in

the hot gas heated by feedback episodes either of stellar ori-
gin or AGN origin. Finally, neutral gas is usually found in
large quantities in the outer regions of galaxies, where the
density is not high enough to turn it into molecular phase,
but sufficient for the gas not to become ionised, making
it a perfect reservoir for later episodes of star formation.
By looking at the relative abundance of different phases in
the simulated galaxy across cosmic time, we can infer the
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impact of the MBH onto the evolution of the system, and
also extract important information about the AGN-driven
outflows.

MBH-driven outflows are commonly characterised by
much higher velocities, up to thousands of km/s, than those
reached by stellar-driven ones. At these velocities, the ex-
pelled gas can easily escape the galaxy (in a few Myr) and
even the halo potential well, reducing the baryon fraction
of the system and potentially quenching the galaxy. Note
that, because of the 5 Myr output separation in our simula-
tion, the initial expansion of these fast outflows cannot be
easily reconstructed from the snapshots on a particle-by-
particle basis, and can only be measured by averaging the
outflowing gas around the MBH. This is shown in Fig. 5,
where we compare the gas inflow (top panels) and outflow
(bottom panels) rates and average radial velocity at 200 pc,
2 kpc, and 20 kpc from the MBH, during the last 200 Myr of
evolution, i.e. after the simulation split-up (see Lupi et al.
2024a). For this analysis, we considered spherical shells in
the range rshell ± 30% rshell. Note that we include in the
analysis all the outflowing material, regardless of its ra-
dial velocity, hence not distinguishing between stellar and
MBH-driven outflows.

From the upper panel of Fig. 5, we observe that inflows,
originating either from the large-scale environment or the
galaxy gas reservoir, exhibit comparable velocities across
all gas phases, associated to the halo/galaxy potential well.
The inflow rates, instead, show a clear dependence on the
distance from the MBH. At larger distances, inflows are
predominantly composed of the atomic and ionised phases,
as expected for low-density, warm/hot gas. Molecular gas is
more abundant (but never dominant) in the central 2 kpc
corresponding to the galactic disc region, where the gas is
colder and denser, and more likely star-forming. Compared
to the same analysis in Lupi et al. (2022), the current re-
sults show a slightly smaller molecular gas fraction, result-
ing from the stronger feedback (by stars and black holes),
in particular in radiative form, more accurately modelled
in the current simulation.

In the bottom panels, we observe that on galactic scales
(200 pc and 2 kpc), the outflow velocities are on average of
the order of a hundred km s−1 in the molecular and neutral
phases, whereas the ionised phase can approach a thousand
of km s−1 below z ∼ 9, i.e. when the MBH accretes more
rapidly. Low velocities are typically expected to have stel-
lar origin. Nonetheless, a non negligible contribution can
also be associated to the AGN. Indeed, in our simulation
winds and jets from the MBH are launched at 0.1c. When
they shock with the surrounding ISM, the gas is almost
immediately heated up above 104 K, especially when the
outflow propagates perpendicular to the dense galactic disc
(where the denser, colder material more effectively slows
down the ejected material and more rapidly cools), produc-
ing hot, ionised outflows escaping the galaxy host and prop-
agating into the circum-galactic medium (CGM). At the
same time, the post-shock gas velocity drops significantly,
actively contributing to the low-velocity tail of the outflow
distribution otherwise dominated by stellar feedback. In the
ionised phase, the typically higher outward velocity of the
gas suggests a dominant role of the MBH in driving out-
flows, especially after a clear path with only low-density, hot
gas has been carved (Regan et al. 2019; Massonneau et al.
2023). In the neutral and molecular phases, instead, distin-
guishing the relative importance of the two feedback sources

is harder, as they can contribute at a similar level. A clear
exception is found at z ∼ 8.5, characterised by a velocity
peak of ∼ 1000 km s−1 within the central 2 kpc. This event
precedes the formation of the central cavity discussed above
and a temporary ‘quenched’ phase of the quasar host, and
is clearly associated to a massive ejective feedback phase by
the MBH (hence the higher average velocity).

In terms of mass, we find ∼ 10 − 100 M⊙ yr−1 being
ejected in the molecular and neutral phase within the cen-
tral 200 pc. As the gas moves outwards (at 2 kpc), we ob-
serve a one order of magnitude reduction in the molecular
component, which is compensated by a mild increase in
the atomic one (due to H2 being dissociated). At larger
distances, the outflow rate in these phases drops, as ex-
pected given its moderate velocity, typically smaller than
the escape velocity from the halo. By comparing the inflow
and outflow rates, we find that the molecular phase rates
are comparable, i.e. most of the molecular gas reaching the
central 200 pc is expelled by the MBH. The big drop in the
molecular phase at 20 kpc (apart for the MBH outburst
around z = 8.5) highlights how most of this gas falls back
onto the galaxy, with the rest being dissociated as it moves
outwards. In the neutral phase, inflows always dominate
over outflows, as expected for the highly gas-rich environ-
ments in which the quasar host is living, continuously pro-
viding fresh cool material. For the ionised gas, the outflow
rate remains within the same range across all the considered
distances. This is due to two competing effects. First, the
low-velocity ejected gas slows down and finally falls back
onto the galaxy (assuming a momentum conserving expan-
sion). Secondly, the neutral and molecular gas escaping the
galaxy and entering the hot and turbulent CGM is heated
up and ionised by the interaction with the surrounding gas
and the UV radiation, increasing the ionised fraction. Addi-
tionally, the fact that the velocities remain roughly constant
at different distances suggests that the relative ratio be-
tween the stellar-driven and the MBH-powered component
of the outflows changes as we move away from the galaxy,
with large-scale outflows being associated to the MBH feed-
back, but also that, at low densities, the outflow transitions
to an energy-driven regime, characterised by a weaker slow
down as more mass is entrained.

3.3.1. Comparison with observed AGN outflows

In order to check whether our simulated system reason-
ably reproduces observed sources, we now compare our re-
sults with available data. In particular, we consider both the
ionised and the neutral outflows in the quasar J0923+0402
at z ∼ 6.6 presented in Bischetti et al. (2024). Using
SimBAL, they have identified a powerful hot ionised out-
flow at distances ≲ 210 pc, with a mass outflow rate of
79 M⊙ yr−1 ≲ MBAL ≲ 5000 M⊙ yr−1 and a high veloc-
ity of 3200 km s−1. At first sight, our outflows appear to be
slower and less massive, i.e. at a similar distance the ionised
gas has a velocity v ≃ 100 − 1000 km s−1 and reaches
Ṁout ≃ 5 − 80 M⊙ yr−1. Note, however, that the quasar
from Bischetti et al. (2024) is 1.5 to 2.5 orders of magni-
tude more massive that the simulated one, and has a much
higher luminosity.

A similar comparison can be drawn for the cold neutral
gas detected through ALMA observations of [CII] emission.
When we compare our results with the findings of Belli et al.
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Fig. 6. Cumulative velocity distribution of the mass outflows rates. From left to right, we report molecular, atomic and ionised
outflows. The rows represent spherical shells at different distances from the MBH, with the top row corresponding to 2 kpc and
the bottom one to 20 kpc. Each panel shows five distinct redshifts, with blue, orange, green, red, and purple histograms, drawn
with increasing thickness, corresponding to z = 10.5, 9.5, 8.5, 8.3, 7.9 respectively.

(2024), who analysed the multiphase outflow in a massive
galaxy (COSMOS-11142) at z ∼ 2.45 instead, our velocities
and the neutral outflow rate appear to be in good agree-
ment. For the ionised phase, instead, the mass rate of the
outflowing gas of our galaxy at similar distances (∼ 3 kpc)
is about an order of magnitude larger. Note, nonetheless,
that a clear estimate of the MBH mass and accretion rate in
Belli et al. (2024) is not present, due to the lack of X-rays,
radio, and broad line emission.

In general, an important caveat in the current compar-
ison is that the outflow rates and velocities in our sim-
ulations also include the contribution from stellar-driven
ejecta, much slower than those produced by AGN. In or-
der to isolate the two contributions, in Fig. 6 we show
the velocity distribution of the mass outflow rates at five
distinct redshifts, for the three different gas phases. The
reported redshifts have been chosen to highlight different
phases in the accretion history of the central MBH: (i) ac-
cretion in the ADAF regime at z ≃ 10.5, (ii) the beginning
of the super-Eddington growth at z ≃ 9.5, (iii) a typical
radiatively efficient accretion below the Eddington limit at
z ≃ 8.5, (iv) the cavity formation at z ≃ 8.3 and, lastly,
(v) z ≃ 7.9 when accretion settles at about the Eddington
limit. Each row represents a spherical shell, centred at 2 kpc
(top row) and 20 kpc (bottom row) from the MBH.

Focussing on the molecular phase, we observe that, at
2 kpc, outflowing material is detectable at various red-
shifts. In some cases, outflows reach mass rates of up to
∼ 10 M⊙ yr−1, with velocities around hundreds of km s−1,
supporting the hypothesis that outflows in this phase pre-
dominantly have a stellar origin. Some outflows exhibit ve-
locities exceeding 103 km s−1, although their mass rates

are extremely low, which may indicate that the material is
being accelerated. The fact that, at a distance of 20 kpc,
the maximum outflow rate is of the order of 10−2 M⊙ yr−1

further reinforces this scenario. A similar analysis can be
applied to the atomic phase of the outflows at a distance
of 2 kpc. Here, the outflow mass rate is of the order of
102 M⊙ yr−1 with velocities smaller than 103 km s−1. Just
before and especially after the formation of the cavity
(respectively the green and purple line), together with a
phase in which the MBH is accreting in the ADAF regime
(blue curve), we observe some high-velocity tails, although
the mass rate of these outflows is relatively low, around
1 M⊙ yr−1. At larger distances, a high-velocity tail reach-
ing ∼ 0.1M⊙ yr−1 is still present, suggesting a significant
contribution of the AGN. In contrast, the ionised phase re-
veals a completely different picture. Notably, the radial ve-
locities in this phase can reach significantly higher values.
Specifically, at small distances, we observe that outflows
can achieve very high velocities, above 4× 103 km s−1, es-
pecially at z ∼ 8.5 (green line) and z ∼ 7.9 (purple line). At
z = 8.5, before the formation of the cavity, we find strong
outflows in the ionised state, which likely heat the surround-
ing gas and drive its expansion outward. During the lifetime
of the cavity, no ionised outflows are found, likely because
of the negligible accretion rate of the MBH. Finally, when
the cavity has been refilled with gas and the galactic disc
has reformed, large outflows appear again, similarly to the
pre-cavity phase. Interestingly, at z = 8.3, a massive out-
flow is found at 20 kpc, consistent with the expectation that
the feedback event that opened the cavity has removed the
gas within a few kpc, pushing it tens of kpc away from the
disc with high velocities.
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These results allow us to improve the comparison with
observed outflows. In particular, we first rescale the ob-
served estimates to the MBH masses and luminosities of our
source (MBH ∼ 5 × 107 M⊙ and LBH ∼ 1045 erg s−1), us-
ing the scaling relations obtained for molecular and ionised
winds in the local Universe (0.1 ≲ z ≲ 3) by Fiore et al.
(2017). In the low-redshift sample, molecular outflow rates
are of the order of hundreds of M⊙ yr−1, measured at dis-
tances between 0.1 and 3 kpc from the galactic centre.
Compared to observations, our mass outflow rate is still
approximately one order of magnitude lower. However, it
is important to highlight that the observed molecular out-
flows at low-redshift are typically detected in the very cen-
tral regions of galaxies, while in our case, at a distance of
2 kpc, we are already probing the CGM, outside the sim-
ulated galaxy. Additionally, our simulations have certain
limitations: first, we may not have a high enough resolu-
tion to resolve the formation of molecular gas within out-
flows (Richings & Faucher-Giguère 2018b). Secondly, by al-
ready being outside the galaxy, the gas can mix with the
hot gas in the halo, and is also exposed to the dissociating
UV background, which may prevent molecule formation al-
together. As for ionized winds instead, the radii at which
they are typically observed range from sub-kpc scales up to
tens of kpc, which are comparable to the distances probed
in our simulation. In this case, our results are more con-
sistent with the observations: for a galaxy with the same
bolometric luminosity as in our simulation, we find compa-
rable mass outflow rates of the order of 1 − 100 M⊙ yr−1,
except around the time of the feedback-driven cavity for-
mation, where we expect enhanced outflow activity.

The results just described clearly show how the MBH
feedback in our simulation is able to produce extremely fast
outflows, that have nonetheless a moderate impact on both
the MBH growth and the star formation in the galaxy. Lupi
et al. (2024a) showed that the MBH accretion rate exhibited
extremely wide variations during super-Eddington phases,
suggesting that the impact of MBH feedback on small scales
was relatively strong, but only for a limited amount of time,
yielding an average growth above the Eddington limit.

3.4. Cavity opening and galaxy quenching?

Fig. 4 and Fig. 5 show that, at one point during the simu-
lated MBH’s lifetime, a particularly catastrophic event oc-
curred, resulting in the formation of a cavity within the
central 200 pc of the galaxy. To better understand the role
of the MBH in creating this cavity - and to evaluate the po-
tential observational implications of such events - we now
focus our attention on the redshift interval around z ∼ 8.3.

First, we examine how both inflows and outflows are
spatially distributed with respect to the disc of the galaxy.
Fig. 7 shows the average radial velocity (left column) and
the column density (right column) maps of gas particles
contained within a sphere of radius 500 pc centred on the
MBH. The equatorial plane in all the projections is aligned
with the stellar galactic disc. At early times (top panel),
the MBH is embedded in high-density gas, and the AGN
outflows mostly escape perpendicular to the galactic disc,
resulting in an almost continuous super-Eddington growth.
Around z = 8.5, AGN feedback at more than 1000 km s−1

starts to clear out the gas around the MBH (second row),
reducing the average accretion rate to sub-Eddington val-
ues. The galactic disc that is forming appears perturbed by

the AGN outflows, and not well aligned with the equato-
rial plane. In the third and fourth rows, we see the effect
the AGN outburst that started around z = 8.7 has on the
galactic disc: a patchy disc-like distribution is initially cre-
ated (third row) and the disc is then completely destroyed
(fourth row). During this phase, inflows almost vanish from
the region. At later times (last row), the cavity is replen-
ished by new gas coming from larger scales, recreating the
disc (although with still strong residual perturbations).

To better understand the origin of the cavity, we analyse
now the angular distribution of the gas particles ejected by
the MBH in the ∼40 Myr preceding the formation of the
cavity. We consider two specific snapshots, one at z ∼ 8.77
and one at z ∼ 8.39. We extracted gas particles with posi-
tive radial velocities above 3000 km s−1, and followed their
trajectories back and forth in time. To maintain consistency
over time, we align our reference system with the galactic
disc immediately prior the cavity opening (t1) (with the z
coordinate referring to the direction perpendicular to the
disc). We then flagged all the kicked particles in the time
interval considered, and tracked them for about 10 Myr, at
two specific times: (i) immediately after the MBH feedback
event (t2) and (ii) after further 5 Myr (t3).

We show the spatial distribution of the identified par-
ticles in Fig. 8, before ejection in the top panels, and after
ejection in the bottom ones. We find that, at both redshifts,
the vast majority of the ejected gas approaches the MBH
along the disc plane, but for a few particles off-plane (more
at earlier times, when the galactic disc is thicker). At z ∼
8.77 (left panels), particles preferentially leave the system
perpendicular to the disc (see the outflowing particle dis-
tribution in blue and red respectively). Nonetheless, a non-
negligible number of particles is launched within the disc
plane. The energy transferred to the interstellar medium
in this phase becomes large enough to start regulating the
MBH accretion rate, which drops to sub-Eddington rates.
By z ∼ 8.39 (right panels), the MBH-powered outflows are
significantly less massive than at z ∼ 8.77, and mostly
launched in the form of radiatively-driven winds with a
large opening angle (θ = 45°). This makes the angular dis-
tribution of the kicked particles more isotropic, hence more
prone to effectively interact with the ISM. The sequence
of events just described produces a pressurised bubble that
starts expanding outwards, marking the end of the rapid
accretion phase of the MBH and the opening of the cavity
shown in Fig. 4. During the bubble expansion, the swept-
up gas is compressed in a shell. Nonetheless, the density in
this shell remains moderate, thus leaving the galaxy in a
sort of ‘quenched phase’ characterised by a moderate SFR,
as seen in Fig. 2. The cavity expands and survives as long
as the inner pressure wins over the pressure of the infalling
gas. The effect of the outer pressure (and also of the reverse
shock at the inner boundary of the cavity) can be observed
in the bottom panels (at t3, 5 Myr after the feedback has
been launched), where a few of the previously kicked parti-
cles show signatures of inward radial motion. The number
is however still small, as most particles are still found out-
flowing. By z ∼ 8 (about 25 Myr after the outburst), the
cavity is completely closed, and the galaxy moves back onto
its original evolutionary path, removing any clear signature
of ‘quenching’.
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Fig. 7. Radial velocity (left-hand panels) and density (right-hand panels) projection of the gas particles within a spherical region
of radius 500 pc, assuming the equatorial plane aligned with the stellar galactic disc. We report five different redshift, from top to
bottom, two before the cavity creation, one when the cavity is at its maximum extent, and one after the cavity closes. The entire
set spans a time interval of about 100 Myr.

3.5. Shaping spectra: imprints of super-Eddington accretion
on galaxy observables

While the intrinsic properties of simulated galaxies give us
important information about the physical modelling, they
do not directly allow us to compare results with observa-
tions. For this reason, we consider here how MBH accretion

and the related AGN feedback shapes the host galaxy emis-
sion, by analysing the spectral evolution and observational
features associated to the simulated galaxy during and after
the sustained phase of super-Eddington growth discussed in
the previous Section. We use the open-source Synthesizer
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Fig. 8. Top row : Spatial distribution of the gas particles ejected by MBH feedback at z ∼ 8.77 (left-hand side) and immediately
prior the cavity opening, at z ∼ 8.39, (right-hand side) (t1). The distance of the particles from the MBH are shown in the inner
circle, whereas the angular distribution histogram is reported in the outer ring. 0◦ corresponds to the z-axis orthogonal to the
galactic disc. Bottom row : Histograms of the ejected particle angular distribution (as number of particles) immediately after the
MBH feedback event (t2) and after 5 Myr (t3). Outflowing particles are shown in red and blue respectively, while infalling ones
are identified with cyan and orange colours.

package (Vijayan et al. 2020; Wilkins et al. 2020) 2, which
allows to generate realistic galaxy observables and mock
spectra from cosmological simulations. The emerging spec-
trum of the galaxy stellar component is computed based
on the stellar particle mass, age and metallicity, taking into
account nebular emission, photoionisation reprocessing and
dust attenuation. 3 We assumed here a Calzetti attenuation
law (Calzetti et al. 2000), and self-consistently derived the

2 https://synthesizer-project.github.io/synthesizer/
3 We assume intrinsic stellar emission from the BPASS stellar
population synthesis code (Byrne et al. 2022), including binary
stars and adopting a Chabrier initial mass function (Chabrier
2003) extending between M⋆ = 0.3− 100M⊙.

dust attenuation from the gas distribution and metallicity
provided by the simulation within 1 kpc from the galaxy
centre. The AGN spectrum instead is consistently modelled
starting from a multi-component accretion disc continuum
(Mathews & Ferland 1987), and includes the reprocessed
emission form the broad line region (BLR), narrow line re-
gion (NLR) and dusty torus, assuming dust attenuation
following Aλ ∝ λ−2.

We also account for small-scale obscuration due the un-
resolved dusty torus, modelling the total optical depth as
τAGN = τgal+τtorus, where τgal is self consistently measured
from the galaxy gas distribution. The torus optical depth
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Fig. 9. Top panel : Emerging galaxy spectrum at the end of the sustained super-Eddington growth phase as a function of the rest
frame wavelength for edge-on (black solid lines) and face-on (grey solid line) lines of sight. The stellar and AGN contributions
(when present) are shown by dashed and dotted grey lines, respectively. Overplotted in different colours is the expected galaxy
photometry in several JWST NIRCam and MIRI wide filters, that trace the rest-frame UV and optical emission. Central and
bottom panels: Emerging galaxy spectrum after ≈ 5Myr (z = 8.24) and 10Myr (z = 8.19) from the formation of the cavity shown
in Fig. 4. For comparison, we include spectra of high-redshift systems recently observed undergoing phases of galaxy quenching
(Valentino et al. 2025, z = 4.11 and 7.27) or mini-quenching (Looser et al. 2024, z = 7.3). In the central and bottom panels we
report for reference the galaxy specific flux at z = 8.44 as a thin black dash-dotted line. All spectra are rescaled to match the mass
and redshift of the simulated galaxy.
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is instead estimated as

τtorus = NH,torus X
−1
H kV mp ⟨Z⟩inn DtM , (2)

where mp is the proton mass, XH = 0.76 is the universal
hydrogen mass fraction, kV is the dust opacity, that we as-
sumed for simplicity = 0.0795, ⟨Z⟩inn is the average gas
metallicity in the inner galaxy regions around the MBH
and DtM = 0.5 is the assumed dust-to-metal ratio. We
evaluate the torus gas column density NH,torus as a func-
tion of MBH and fEdd relying on Eq. 6 of Volonteri et al.
(2025), where they develop a simple, spherically-symmetric
model to integrate the expected gas density profile from
the self gravitating radius up the dust sublimation radius.
We model dust emission from the galaxy as a black body at
TBB = 50K (Tripodi et al. 2023), while assuming a warmer
component with Tdust = 100K for the torus, as expected
if AGN obscuration occurs on small scales (Akins et al.
2024). However, the assumed dust temperatures have a neg-
ligible impact on our results, which will primarily focus on
the UV and optical rest-frame emission of the system. In
the following, we analyse how the galaxy emission rapidly
evolves on timescales of ≈ 10 Myr due to the combined ef-
fect of AGN emission and feedback. Specifically, we focus
on (i) the emerging galaxy spectrum right after the phase of
sustained AGN accretion, and (ii) the impact of AGN feed-
back, in particular the formation of the wide cavity shown
in Fig. 4 and subsequent quenching, on the galaxy emission.

3.5.1. The emergence of ’Little Red Dots’ trough
super-Eddington growth

In the upper panel of Fig. 9, we present the galaxy emerging
rest-frame spectrum at redshift z = 8.44, shortly before the
formation of the gas cavity in the inner region around the
central BH. Overplotted are the expected photometric mea-
surements in different JWST NIRCam and MIRI wide fil-
ter bands, covering the rest-frame UV and optical emission.
The resulting galaxy spectrum is characterized by a rela-
tively flat UV continuum, dominated by the stellar emis-
sion, and presents at the same time a strong rising contin-
uum in the optical rest-frame, redward of the Balmer break.
This latter feature is originated by a combined contribu-
tion of older stellar populations and a moderately obscured
AGN, for which we estimate an optical depth τAGN ≈ 0.98
using Eq. 2.

This emerging spectral shape shows a strong resem-
blance to the distinctive SED observed in Little Red Dots
(LRDs). These objects have been tentatively interpreted as
systems powered by mildly obscured AGNs, where super-
Eddington accretion rates might help mitigate several ten-
sions regarding their estimated MBH masses, AGN lumi-
nosities and number densities (see, e.g. King 2024; Lupi
et al. 2024b; Lambrides et al. 2024; Pacucci & Narayan
2024; Madau & Haardt 2024; Rusakov et al. 2025). How-
ever, whether their steep optical continuum is due to a
combination of a stellar Balmer break and AGN emission
(Greene et al. 2024), or results instead from a very dense,
dust-free gas environment surrounding the accreting MBH
(Inayoshi & Maiolino 2025; Ji et al. 2025), remains an open
question.

In this context, it is intriguing to observe a similar spec-
tral shape arising from the simulated galaxy after a phase
of sustained super-Eddington growth. These, in particular,

are expected to be accompanied by galaxy-scale outflows,
such as the one presented in Sec. A.4.3, which deplete the
inner galactic regions of gas and clear potential lines of
sight to the heavily-obscured central AGN, but also to the
young stellar populations. This would generate a transient
phase that could explain the peculiar spectral features ob-
served. However, it has to be noted that the system consid-
ered here might differs significantly from the typical LRD
population, being characterized by a more extended stel-
lar distribution and hosting a central BH within the ‘local’
scaling relation if compared to the host galaxy stellar mass
(MBH/Mstar ∼ 10−3 Reines & Volonteri 2015). As a conse-
quence, the rising spectral shape redward of 4000 Å is due
in our case to a combination of stellar and obscured AGN
emission, with the former dominating the photon budget.
The resulting transition between the UV and optical emis-
sion might therefore be smoother than what could be ex-
pect in LRDs if they were powered by an overmassive black
hole that significantly modifies the the optical emission. To
explore this further, we compared the galaxy expected pho-
tometry in JWST NIRCam wide filters with colour selec-
tion criteria that have been employed in literature to pho-
tometrically select LRDs. These are - in the redshift range
of our interest, z ≈ 8 - F277W − F444W > 1.0mag and
F150W−F200W < 0.5mag (Kocevski et al. 2024). For the
simulated galaxy, we obtain values of F277W − F444W =
0.99 and F150W − F200W = 0.12, respectively, which are
marginally consistent with the LRD selection.

A slightly larger MBH/Mstar ratio or a more intense ac-
cretion phase (fEdd ≳ 1) would likely drive the system to
fall fully within the LRD colour selection criteria. Natu-
rally, the simulated galaxy is an extended system, with esti-
mated Re,F444W ≈ 101 pc, which would likely not satisfy the
compactness criterium considered in the search for LRDs.
However, it is important to highlight that, in our analysis,
we do not account for the limited surface brightness sen-
sitivity expected in real observations. If the outer galactic
regions were dim enough to fall below the JWST sensi-
tivity, the observed galaxy half light radius would appear
smaller. This would, in turn, reduce the UV contribution
of the stellar component, increasing F277W − F444W > 1
and steepening further the red optical continuum emission.
A similar effect would occur if a fraction of the stellar pop-
ulation remained embedded in dense gas, even while in-
tense AGN feedback evacuates the inner galactic regions.
Additionally, recent studies have proposed that the promi-
nent Balmer break and absorption features commonly ob-
served in LRDs may originate from extremely dense, dust-
free, turbulent gas surrounding the massive BH (Inayoshi
& Maiolino 2025; Ji et al. 2025; Naidu et al. 2025). In this
scenario, the AGN emission would be intrinsically faint -
rather than heavily dust-attenuated - producing a promi-
nent Balmer jump, with the AGN dominating the emission
redward of the break even for lower MBH/Mstar ratios. Al-
though modelling the resulting SED in a similar scenario is
beyond the scope of this work, it is worth noting that this
would further enhance the consistency between the sim-
ulated galaxy and the observational selection criteria for
LRDs.

However, as shown in Fig 2, the prolonged phase of
super-Eddington accretion, lasting ≈ 50Myr, triggers a
temporary quenching of the host galaxy, matched by a
sharp decline in the MBH accretion rate. This suggests that
the described spectral feature represents a transient phase
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in early galaxy evolution, linked to brief episodes of accel-
erated MBH growth. Notably, this phase may also precede
a short-lived quenching of the host galaxy, as discussed in
the following section.

3.5.2. Are JWST galaxies quenched or just playing dead?

As extensively discussed in Sec. A.4.3, after the prolonged
phase of efficient accretion onto the simulated MBH, a
≳ 200 pc cavity is opened in the gas distribution. This
brings the galaxy into a state of mild quenching that lasts
for ≲ 100Myr before recovering the previous sustained SF
activity. To investigate how this rapid transition affects
the galaxy emission, and whether the temporary quench-
ing leads to characteristic observational features, we show
the galaxy spectrum at z = 8.24 and z = 8.19 in the bottom
panels of Fig. 9, corresponding to 5 and 10Myr after the
formation of the central gas cavity. The first snapshot cap-
tures the peak of the impact of the AGN feedback event. In
this phase, the SFR has decreased by a factor of ∼ 3 from
previous values of ∼ 200M⊙/yr, while the AGN activity is
starving, as additional gas inflows still haven’t refuelled the
nuclear regions. In the second snapshot, the SFR remains
at comparable low levels, while the central AGN starts to
reactivate.

For comparison, in Fig. 9 we include the spectra of sev-
eral high-redshift systems recently observed with JWST,
which have been identified as undergoing a phase of galaxy
quenching. We first compare our simulated galaxy to the
systems presented in Looser et al. (2024), a z = 7.3
galaxy which appears to have recently experienced a ‘mini-
quenching’ episode on a ≲ 50Myr timescale, following
a ≈ 100Myr phase of efficient SF. While both SN and
AGN feedback might be effective in quenching a galaxy
of this mass (M∗ ∼ 108.3 M⊙), the detection of a relatively
low average metallicity (Z/Z⊙ ∼ −2) tentatively supports
the AGN-feedback scenario. These mini-quenching phases,
likely triggered by fast and powerful outflows rather than
slower quenching mechanism, are expected to be short-
lived. As a result, they represent only a transient phase
in the galaxy evolution and are therefore exceptionally rare
to observe, especially in the high-redshift Universe. This
process is closely reproduced in our simulation, where we
predict a temporary drop in SFR lasting ∼ 50 − 100Myr
after a phase of intense super-Eddington accretion onto the
central MBH. Focussing on the spectral comparison, we ob-
serve a remarkably consistent spectral shape between the
observed galaxy and the simulated system at z = 8.24,
∼ 5Myr after the formation of the cavity. Both present a
blue UV slope and a relatively mild Balmer break, which
would still photometrically classify them as ‘star-forming’
systems, despite their recent quenching.

We also include the spectra of the systems analysed
in Valentino et al. (2025), where outflows are detected
in two massive galaxies (M∗ ∼ 1010.2 M⊙) at z = 4.11
and z = 7.27. These galaxies show signatures of recently
quenched star formation, such as the lack of strong emission
lines and reconstructed SFR100Myr ≲ 15M⊙/yr. Interest-
ingly, neither system shows clear evidence of ongoing AGN
activity, despite the high mass-loading factor (η ≈ 50) es-
timated for the higher-redshift one suggests AGN feedback
as powering mechanism for the observed outflow. When
comparing their spectra to our simulated galaxy, we find
a smoother UV slope in the observed systems, which likely

reflects a more extended phase of quenching. However, a no-
table evolution is observed in the simulated spectra shortly
after, roughly ∼ 10Myr after the formation of the cavity.
At this point the galaxy SFR remains low, while the cen-
tral AGN starts to re-activate thanks to new gas inflow on
nuclear scales. In this phase, the - subdominant - AGN con-
tribution boosts the optical rest-frame continuum, leading
to redder photometric colours. In the lower panel of Fig. 9
we observe how this effect improves the alignment between
the simulated spectra and the ones provided in Valentino
et al. (2025), suggesting that it could potentially mimic a
longer duration of the galaxy quenching phase retrieved re-
lying on SED fitting techniques. Note, however, that this
contribution might be accompanied by typical features of a
reactivated AGN, such as high line ratios or broad emission
lines, which we do not consider in our comparison.

It is interesting to note that, the in-depth analysis of a
prototypical LRD recently presented in Naidu et al. 2025,
suggest that the underlying galaxy emission, once disentan-
gled from that of the central AGN, closely resembles that
of a mini-quenched system. This result offers a first tenta-
tive indication of a possible link between a peculiar growth
phase characterizing the central MBH and its influence on
the host galaxy properties.

We emphasize once again that, as in the previous sec-
tion, we are not claiming that the simulated galaxy precisely
reproduces the systems observed by JWST. Rather, this
comparison suggests that similar episodes of galaxy quench-
ing might represent short-lived transient phases in the early
galaxy evolution, potentially triggered especially by phases
of super-Eddington growth of the nuclear MBH, which are
characterized by the emergence of strong winds and/or col-
limated jets. Interestingly, our simulation suggests that in
galaxies with M⋆ ∼ 1010 M⊙, even maintaining elevated
SFR of ∼ 200M⊙/yr for ≳ 100Myr - which are one order
of magnitude above the averaged estimated values for the
observed galaxies considered here - the stellar feedback is
not sufficient to trigger extended phases of quenching, while
being the main responsible for regulating the SF. While our
system evolves at earlier cosmic epochs and is embedded in
a high density peak, which favour strong gas inflows and
accelerated mass assembly potentially damping the inte-
grated effect of SN feedback, this also suggests that similar
episodes of temporary galaxy quenching might more likely
be linked to AGN activity.

4. Conclusions

In this study, we have analysed the zoom-in cosmological
simulation presented in Lupi et al. (2024a), with the aim of
assessing the impact of super-Eddington accretion on the
(co-)evolution of the galaxy host and the central MBH. We
can summarise our results as:

– despite the stronger MBH feedback compared to L19,
especially during super-Eddington phases when the to-
tal energy conversion efficiency is about 50-60 percent,
the MBH does not significantly affect the galaxy host.
This is due to the ejected material preferentially leaving
the system perpendicular to the galactic disc, interact-
ing moderately with the galaxy. The only exception is
a relatively short (∼ 50 Myr) quenching event during
which the SFR drops by up to one order of magnitude,
slowing down the stellar mass build-up;
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– as soon as the MBH exceeds MBH ∼ 106 M⊙, the im-
pact of the accretion-powered feedback, both in the form
of radiation and kinetic winds/jets, starts dominating
over SN feedback, as shown in Fig. 3. However, for the
subsequent 70 Myr (down to z ∼ 7.8) the SFR does
not significantly change (see Fig. 2). This, together with
the sustained accretion rate of the MBH, suggests that
AGN feedback in this phase only affects a limited re-
gion of the galaxy, of the size of the accretion sphere of
the MBH itself (a few tens of pc on average), preferen-
tially launching outflows which do not significantly alter
the galaxy interstellar medium. We therefore conclude
that SF across the galaxy is mostly regulated by stellar
feedback. Around the end of the simulation, the MBH
accretes close to the Eddington limit, launching outflows
preferentially perpendicular to the galactic disc (see last
panel of Fig. 8), again resulting in a limited impact on
the galaxy-wide SF compared to stellar feedback.

– the huge kinetic power of winds and jets from the MBH
results in the ejection of significant gas from the galaxy
centre, but only a fraction of it is fast enough to leave the
halo, with the rest producing galactic fountains. This is
particularly evident during the outburst phase around
z ∼ 8.3, when the continuous pushing of the AGN winds
and jets on to the galactic disc resulted in the creation
of a cavity a few hundred pc in size, which survived
for about 50 Myr. This event that almost shut-off SF
also stopped MBH accretion, until new gas started flow-
ing towards the centre, rebuilding the galactic disc and
starting a new accretion phase for the MBH at roughly
the Eddington rate;

– with our model, we were able to directly probe the
multi-phase nature of accretion-driven outflows, which
are dominated by slower molecular and neutral gas
within the central few kpc, whereas faster ionised out-
flows start dominating at larger distances. A comparison
with observed outflows in high redshift systems showed
that our estimated outflow rates and velocities are in
line with expectation, when suitably rescaled to the sim-
ulated MBH mass and luminosity;

– relying on the Synthesizer package to post-process the
galaxy emission, we found that in the evolutionary phase
following MBH super-Eddington growth, the quasar
host progenitor exhibits the typical spectral shape ob-
served in LRDs. This is likely the result of a combined
effect of obscured AGN emission and mounting AGN
feedback, which clears lines of sights towards the in-
ner galactic regions. The agreement with standard LRD
colour selection criteria is close but not perfect, due to
(i) the relatively low MBH-to-stellar mass ratio of the
simulated system compared to what is expected for this
emerging population of sources, (ii) the larger physical
size of our simulated galaxy (Rh ∼ 100 pc). However,
when considering realistic sensitivity limits of JWST
observations, the galaxy outskirts might result too faint
to be detected, slightly reducing the stellar contribu-
tion and bringing the system in full agreement with the
expected selection criteria;

– during the major outburst event observed in the sim-
ulation, which follows a prolonged phase of super-
Eddington growth, the galaxy undergoes a rapid tran-
sition (∼ 5− 10Myr) in its spectral emission due to gas
depletion in the central galactic regions. In this phase,
the post-processed emission closely reproduces the spec-

tra observed in high-redshift systems undergoing phases
of quenching (Valentino et al. 2025) or mini-quenching
(Looser et al. 2024) at z ≈ 4− 7. This similarity shows
how these events might represent just transient phases
during galaxy evolution, expected to be relatively short-
lived (∼ 1/10th of the galaxy lifetime at z ∼ 8) espe-
cially at high-redshift, where abundant gas supply and
strong inflows can rapidly rejuvenate star formation.
The simulation shows that, for massive galaxies, these
temporary quenching episodes are more likely driven by
AGN feedback events, possibly related to period of en-
hanced MBH growth.

In conclusion, we have demonstrated that our simulations
have the ability to capture in detail the evolution of high-
redshift quasar host progenitors and the interplay with the
central MBH. In particular, we have been able to show that
these systems, despite having been studied for more than
a decade, remain poorly understood, especially in their in-
fancy phases, when they can change their appearance on
extremely short timescales, mimicking diverse classes of ob-
jects that JWST has revealed for the first time. These rapid
transitions underscore the highly dynamic nature of quasar
host progenitors (and massive galaxies in general) in the
early Universe, and highlight the need for particular cau-
tion when interpreting the observational properties of high-
redshift sources and inferring their long-term evolution.
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Appendix A: Details on the numerical
implementations

Appendix A.1: Gas thermodynamics and chemistry

As in Paper I (Lupi et al. 2019) and II (Lupi et al. 2022),
chemical abundances are evolved out of equilibrium to-
gether with heating/cooling via the publicly available as-
trochemistry package krome (Grassi et al. 2014). Precisely,
the non-equilibrium chemistry of a more detailed chemical
network of 29 distinct species has been treated, including
H, He, H2, O, Si, C, Fe, N and most of their ionised states
(C[I-IV], O[I-VI], N[I-V], and Fe[I-II]), with some of them
commonly observed in quasar hosts. As for heating/cooling
processes, we employ the same processes discussed in Lupi
et al. (2022). To accurately model cooling at low temper-
atures in low-metallicity environments and to properly de-
scribe the different phases of the interstellar medium (ISM),
the simulation also includes H2 formation and evolution,
specifically in the gas phase via H− detachment and on
dust grains (see Lupi et al. 2018 for a detailed descrip-
tion). Due to the limited resolution, the clumpy structure
of molecular clouds where stars are expected to form cannot
be resolved accurately, thus resulting in an underestimated
formation rate of H2 (Lupi et al. 2018). For this reason, a
sub-resolution clumping factor Cρ = exp(σ2

s) = 1 + b2M2

is included in the formation rate of molecular hydrogen on
dust in the simulated high-density regions. Here, M is the
Mach number and b is a parameter associated to the turbu-
lence modes in the cloud, set to 0.4, which corresponds to a
statistical mixture of compressive and solenoidal modes. H2

dissociation is also included, accounting for both the direct
branch and the Solomon process.

Photochemical reactions and photoheating are also in-
cluded, in the form of a suitably shielded uniform meta-
galactic UV/X-ray diffuse background Haardt & Madau
(2012), and a local radiation from young massive stars
added on top. As a further improvement, in order to take
into account the hot X-ray corona that commonly sur-
rounds MBHs, X-ray photochemistry has also been in-
cluded, as extensively discussed in Appendix B. Finally,
in order to simplify the calculations at high temperatures
(where abundances quickly reach chemical equilibrium), for
metal cooling above T = 104 K we employ pre-computed
look-up tables (Shen et al. 2013) obtained with the pho-
toionisation code CLOUDY (Ferland et al. 2013) under
the assumption of photoionisation equilibrium with the UV
background.

Appendix A.2: Star formation

Due to the limited mass resolution, stellar particles in the
simulation represent entire stellar populations distributed
according to a Chabrier initial mass function (Chabrier
2003). Star formation (SF) is then implemented using a
stochastic prescription, which converts gas into stellar par-
ticles according to a star formation rate (SFR) density

ρ̇SF = ϵ
ρg
tff

(A.1)

where tff =
√
3π/(32Gρg) is the free-fall time, ρg the local

density of gas and G the gravitational constant. In this spe-
cific case, the SF efficiency parameter ϵ is allowed to vary
during the evolution, according to the results of turbulent

magnetized clouds by Padoan et al. (2012), as in Lupi &
Bovino (2020). When star formation (SF) is allowed, a stel-
lar particle is stochastically spawned with a mass equal to
that of the progenitor gas cell.

Appendix A.3: Stellar feedback

Stellar feedback can be either radiative or mechanical. Re-
garding the latter, both type II and type Ia supernovae
(SNe) are considered in the simulations. We assume that,
after ∼ 5 Myr, the most massive stars, i.e. 8M⊙ < M⋆ <
40M⊙, explode as type II SNe, while type Ia SNe, that
are associated to stellar binary systems, explode according
to a delay time distribution (Maoz et al. 2012). Their ex-
plosions directly affect the gas content of the halo, together
with the metallicity of the gas, and are modelled as discrete
events based on the prescription presented in Lupi & Bovino
(2020) and improved as discussed in Lupi et al. (2024a). In
addition to SNe, we also include the mass, metal, and en-
ergy release by stellar winds (from massive stars before SN
explosions and from stars below 8M⊙; see Lupi et al. 2024a
for details).

In addition, we also include radiative feedback from
stars, in particular from young massive stars producing
strong ionising and dissociating UV flux able to affect the
atomic and molecular gas thermodynamics. Instead of the
cost-effective approximated radiation transport of L19, we
include here on-the-fly radiation transport as largely de-
scribed in Lupi et al. (2020), with the reduced speed of light
set to cred = 1000 km s−1, which is large enough compared
to the gas motions in order not to affect our results. Pho-
tons are coupled to the gas in the thermochemistry step,
where photochemical reactions and heating are accounted
for through the package krome, as discussed in Lupi et al.
(2018). As in this simulation the radiation spectrum also
extends to X-rays, we track radiation in 11 photobins rang-
ing from 0.7 eV up to 10 keV, where two bins are used to
cover soft (0.2-2 keV) and hard (2-10 keV) X-rays.4

Appendix A.4: MBH physics

Here, we summarise the prescriptions we implemented in
gizmo to model MBH seeding, growth and feedback, and
MBH binary mergers (see Lupi et al. 2024a for details).

Appendix A.4.1: Seeding

Since the resolution in our simulation is not high enough to
track different formation mechanisms of the MBHs, we em-
ploy here a simple ‘seeding’ prescription, in which a MBH
seed with an initial mass MBH = 105 M⊙ is created in those
galaxies having at least 108 M⊙ in stars, identified via a
Friends-of-Friends algorithm (see L19). As is common in
most cosmological simulations, the dynamical friction that
drives a MBH to the centre of its host galaxy is not always
resolved during the evolution of the system, especially in
the early stages when the mass and spatial resolution are
insufficient. This can potentially result in spurious MBH
scattering. As described in Lupi et al. (2024a), we include
here an artificial correction for the unresolved dynamical

4 The radiation spectrum is sampled with 11 bins with energy
limits [0.7, 1.6, 5.6, 11.2, 13.6, 15.2, 24.59, 54.42, 100.0, 200.0,
2000.0, 10000.0].
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friction effect (Dubois et al. 2013; Tremmel et al. 2015;
Pfister et al. 2019). In order to guarantee a large enough
mass ratio between the MBH and the other particles (Trem-
mel et al. 2015), which ensures a more accurate dynamical
evolution, we also decouple the MBH mass in a physical
mass (used for accretion, see above) and a dynamical mass
(employed for the dynamics), the latter set to a value ten
times larger (Anglés-Alcázar et al. 2017). The gap between
the two masses can be physically justified as an unresolved
stellar envelope surrounding the MBH, commonly found in
many galaxies in the local Universe (see Neumayer et al.
2020, for a review).

Appendix A.4.2: Accretion

Because of the limited resolution in our simulations, which
does not guarantee the influence radius of MBHs to be
always resolved, we employ the common Bondi-Hoyle-
Lyttleton accretion formula (Hoyle & Lyttleton 1939; Bondi
& Hoyle 1944; Bondi 1952):

ṀBH = ṀBHL ≡ 4πG2MBH
2ρgas

(vrel2 + cs2)
3/2

(A.2)

where MBH is the MBH mass, ρgas is the density of the
gas surrounding the MBH, vrel is their relative velocity and
c2s is the sound speed. In order to prevent the MBH from
accreting low-density material located far away from it, the
MBH accretion length, defined by the radius encompassing
96 neighbours, is capped at a maximum physical radius
hmax = 1 kpc. As detailed in Lupi et al. (2024a), we do not
cap the accretion rate at the Eddington limit.

Appendix A.4.3: Feedback

MBH feedback is implemented in both radiative and ki-
netic forms, with the feedback mode adjusted consistently
based on the accretion regime. We distinguish the dif-
ferent regimes in terms of the Eddington ratio fEdd =
ṀBH/ṀEdd, where ṀEdd = 16LEdd/c

2 and LEdd =
1.38× 1038(MBH/M⊙) erg s−1 is the Eddington luminosity
(Madau et al. 2014). As described in detail in Lupi et al.
(2024a), radiative feedback is injected assuming a compos-
ite blackbody + X-ray corona spectrum, implemented us-
ing an approximate fit that depends on the MBH mass and
bolometric luminosity. The radiative efficiency is defined as
a function of both the MBH spin and the Eddington ratio
(Madau et al. 2014; Lupi et al. 2016), and is computed in the
simulation assuming a constant spin a = 0.7, always aligned
with the angular momentum of the gas surrounding the
MBH (see, e.g. Huško et al. 2025, for a similar implementa-
tion where spin is also evolved). Kinetic feedback is instead
implemented by imparting a kick with vkick = 30000 km/s
to gas particles within the MBH kernel. The feedback effi-
ciencies (radiative and kinetic) are defined for the different
accretion regimes as follow (see Lupi et al. 2024a, for de-
tails):

– in the advection dominated accretion flow regime (Yuan
& Narayan 2014, fEdd < 2.5 × 10−3), the radiative ef-
ficiency is set to ηrad = 0.103 f

2/3
Edd (Xie & Yuan 2012).

A jet is launched along the MBH spin direction with an
efficiency ηjet(a,Φ) ≃ 0.417 Φ2 , where Φ ≡ ϕ/ϕMAD,
ϕ is the magnetic flux in the disc and ϕMAD is the

magnetic flux in a magnetically-arrested disc (MAD,
Narayan et al. 2003).

– for 2.5 × 10−3 < fEdd < 1, we assume a standard
(Shakura & Sunyaev 1973) disc solution, with ηrad =
0.103, which corresponds to the value of the disc ra-
diative efficiency ηdisc ≡ 1 −

√
1− 2RISCO(a)/3 for

our assumed spin value a = 0.7. In addition, we in-
clude a radiatively-driven wind (produced on unresolved
scales). Since cooling is expected to be efficient (King
2003), we assume the wind to be in the momentum con-
serving regime, which translates in a kinetic efficiency
ηkin = 0.05. Unlike jets, AGN winds are expected to
subtend a large solid angle, that we set at 45° of semi-
aperture with respect to the MBH spin direction.

– in the super-Eddington regime (fEdd > 1), we as-
sume the slim-disc solution with ηrad determined as in
Lupi et al. (2016), and the production of a jet with
ηjet(a,Φ) ≃ 0.637 Φ2.

Appendix A.5: Initial conditions

The initial conditions of the simulations are the same
discussed in L19, and have been generated via MUSIC
(Hahn & Abel 2013) at z = 100, assuming a box size
75 Mpc h−1 and a course resolution grid of 2563. The tar-
get halo was accurately chosen to match the typical halo
mass (∼ 3× 1012 M⊙; Di Matteo et al. 2017; Tenneti et al.
2018) at z = 6 and the galaxy overdensity (Uchiyama
et al. 2018; Mignoli et al. 2020) expected for high-redshift
quasar hosts. Since only one halo with this mass is expected
to form on average in our cosmological box, we opted to
employ a ‘constrained realisation’ technique to ensure at
least one was found. For our simulations, we adopted the
Planck Collaboration et al. (2016) cosmological parameters
H0 = 67.74 km s−1Mpc−1, Ωm = 0.3089, ΩΛ = 0.6911,
Ωb = 0.0489, σ8 = 0.8159, ns = 0.9667, assuming negligible
contribution from both radiation and curvature. From the
parent dark-matter-only simulation, we recursively zoomed-
in on a Lagrangian volume extending up to 2.5 virial radii
of the target halo, following the approach by Fiacconi et al.
(2017), which resulted in an equivalent resolution of 80923
in the high-resolution.

Appendix B: X-ray chemistry

Unlike UV photons, X-rays can penetrate deeper into dense
gas, because of their small cross-section. As a consequence,
their net contribution to the primary ionisation process is
small. However, because of their high energy, the energy of
the primary electrons produced by ionisation is enough for
the electrons to collide with nuclei and further ionise the
gas in the so-called ‘secondary ionisations’. To date, two
effective models have been proposed to describe secondary
ionisations, and the related Coulomb interaction heating,
one by Shull & van Steenberg (1985, S85 hereafter) for a
mixture of H and He, and one by Dalgarno et al. (1999,
D99 hereafter) for H, H2, and He. Since in our chemical
network H2 is particularly relevant, D99 is better suited
for our purpose. However, the modelling by D99 is only
valid for ionisation fractions up to xe ∼ 0.1, whereas the
formalism by S85 can be easily extended to higher xe. In the
following, we reformulate the results by D99 for a mixture
of H, He, and H2 using the formalism in S85, providing new
fits that can be easily integrated in numerical calculations.
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Appendix B.1: Secondary ionisations

The photon interaction with chemical species can be gener-
ally described by a photoionisation rate and a heating rate,
defined as

ζi =

∫ Emax

Emin

σi(E)
J(E)

E
dE ≡

∫ Emax

Emin

ζi(E)dE (B.1)

Hi =

∫ Emax

Emin

σi(E)
J(E)

E
(E − Eth)dE, (B.2)

where Emin and Emax are the limits of the photon en-
ergy band considered, σi(E) is the i-th species photoion-
isation cross section at a photon energy E, and ζi(E) =
σi(E)J(E)/E. Now, the secondary ionisation rate can be
expressed as (S85)

ζi,sec(E) =
1

ni

∑
j

ϕi(E)njζj(E) (B.3)

where ϕi(E) is the photon-energy dependent number of sec-
ondary ionisations per primary electron, and ni and nj are
the i-th and j-th species number densities. If we integrate
over the X-ray spectrum and introduce the i-species frac-
tional abundance xi = ni/nHtot

, we get

ζi,sec =
1

xi

∑
j

∫ Emax

Emin

ϕi(E)
J(E)

E

nj

nHtot

σj(E)dE (B.4)

Now, we can invert the order of the operations, obtaining

ζi,sec =
1

xi

∫ Emax

Emin

(∑ nj

nHtot

σj(E)

)
ϕi(E)

J(E)

E
dE

=
1

xi

∫ Emax

Emin

σ̄(E)ϕi(E)
J(E)

E
dE, (B.5)

where we replaced
∑

nj/nHtot
σj(E) ≡ σ̄. This result is

analogous to the expressions in D99, when one considers
Wi(E) = E

ϕi(E) (see Dalgarno et al. 1999, for details). Now,
instead of using the photon-energy dependent values, we
consider the flux-averaged value ⟨ϕi⟩ (or the equivalent
⟨E/Wi(E)⟩), as in Meijerink & Spaans (2005) and Mei-
jerink et al. (2012), and approximate the rate as

ζ ′i,sec ≃
⟨ϕi⟩
xi

∫ Emax

Emin

σ̄(E)
J(E)

E
dE =

⟨ϕi⟩
xi

ζ̄, (B.6)

where ζ̄ =
∑

j xjζj .
Now, we need to determine the values of ⟨ϕi⟩ for our

mixture of gas. To this aim, we have assumed the limiting
value of Wi(E) for very-high energies (Meijerink & Spaans
2005; Meijerink et al. 2012), thus considering the highest
energy available in D99 (1 keV), and re-fitted the data in
D99 using the functional form by S85, obtaining

ϕH (E) = ϕH,0(E)/(1 + 1.89nH2
/nH) (B.7)

ϕH2
(E) = ϕH2,0(E)/(1 + 0.53nH/nH2

) (B.8)
ϕHe(E) = ϕHe,0(E) (B.9)

10−5 10−4 10−3 10−2 10−1 100
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10−4

10−3

10−2

10−1

100

φ̃
H

Shull+85
Dalgarno+99, fH2 = 0

This work, fH2 = 0

Dalgarno+99, fH2 = 1

This Work, fH2 = 1

Fig. B.1. Number of secondary ionisations for primary electron
of H. We compare the results by S85 (blue solid lines) with
those by D99 (orange thick and red thin lines) for fH2 = 0 and 1
respectively, and with our new fits (green thick and purple thin
dotted lines).

where

ϕH,0 (E) =

[
E

13.6 eV
− 1

]
0.3443(1− x0.6649

e )4.3928(B.10)

ϕH2,0(E) =

[
E

15.4 eV
− 1

]
0.3749(1− x0.5805

e,eff )2.3414(B.11)

ϕHe,0(E) =

[
E

24.6 eV
− 1

]
0.0509(1− x0.7883

e )4.9301(B.12)

(B.13)

and xe,eff = 1.83xe/(1 + 0.83xe).
In Fig.s B.1, B.2, and B.3, we compare our new fits to ϕi

with the original works by D99 (shown as orange thick and
red thin lines) and S85 (shown as blue solid thick lines).
The top panel reports ϕ̃H = ϕH/(E/13.6 − 1) for fH2

≡
nH2

/nH = 0 (thick lines) and fH2
= 1 (thin lines), the

middle one shows ϕ̃H2 , and the bottom one ϕ̃He. Our new
fits are reported as green thick and purple thin dotted lines.
In the interval where both S85 and D99 are present, our new
fits agree very well with D99, with mild differences from
S85, whereas for higher xe, they naturally extend smoothly
up to the fully ionised case.

For heavy elements, secondary ionisations from primary
electrons can also be important. To include them, we fol-
low Meijerink & Spaans (2005), Meijerink et al. (2012) and
Ádámkovics et al. (2011), rescaling the hydrogen rate ζH
by the cross-section ratio σA/σH, and write

ζA,sec =
σA

σH
ζH,sec. (B.14)

As an example, for C, σC/σH = 3.92, hence the volumetric
production rate can be written as(
dnC+

dt

)
sec

= 3.92nC
⟨ϕH,0⟩

1 + 1.82(nH2
/nH)

(ζH +
nHe

nH
ζHe)

= nC⟨ϕH,0⟩
nHζH + nHeζHe

nH + 1.82nH2

,
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Fig. B.2. Same as Fig. B.1, for H2.
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Fig. B.3. Same as Fig. B.1, for He.

(B.15)

where ⟨ϕH,0⟩ represents an average over the X-ray spec-
trum.

Appendix B.2: Heating

While part of the primary electron energy contributes to
secondary ionisations and excitations, the rest is deposited
as heat. Similarly to what we have done for ionisations, we
can rewrite the heating rate from electron-atom collisions
as

Γsec = ηnHtot

∫ Emax

Emin

σ̄
J(E)

E
(E − Eth)dE

= η
∑
i

∫ Emax

Emin

niσi
J(E)

E
(E − Eth)dE

= η
∑
i

Γi, (B.16)

where η is the heating efficiency for the considered element
mixture, Γi = niHi, with Hi the normalized heating rate,

10−5 10−4 10−3 10−2 10−1 100

xe

10−4

10−3

10−2

10−1

100
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Shull+85
Dalgarno+99, fH2 = 0

This work, fH2 = 0

Dalgarno+99 (scaled), fH2 = 1

This Work (scaled), fH2 = 1

Fig. B.4. Same as Fig. B.1, but showing here the heating ef-
ficiency from secondary ionisations by X-rays. The r = 1 cases
here have been scaled down by a factor 0.1 only for visualisation
purposes.

which can be approximated as

Hi ≃
∫ Emax

Emin

σi(E)J(E)dE (B.17)

since, in the X-ray band, E ≫ Eth. Also in this case, we
follow the formalism by S85. However, instead of using their
Eq. 1, we assume that after N collisions the electron will
come at rest, hence its energy will be negligible. Since both
secondary ionisations and excitations go to zero for xe → 1,
the heating efficiency should also reach unity. Hence, we
define ηi ≃ 1−C ∗ (1− xa

e )
b, and we fit the results by D99,

getting

ηHeH = 1− 0.8957(1− x0.5078
e )2.9620 (B.18)

ηH2He = 1− 0.9377(1− x0.3428
e,eff )1.4169. (B.19)

(B.20)

The total efficiency can then be written as

η =
10rηH2He + ηHeH

10r + 1
, (B.21)

where r = nH2
/nH. Our new fit is reported in Fig. B.4 for

r = 0 and r = 1, where the r = 1 curves have been scaled
down by a factor 0.1 only to better distinguish the two
cases, that would have otherwise overlapped significantly.
Compared to the original S85 results, our new fits agree
very well with those by D99, and again naturally extend to
higher xe in a similar way to S85.

Appendix C: Feedback events

To support the hypothesis that the cavity observed in our
simulation is the result of continuous energy injection in
the central region, rather than a single energetic event, we
present here the same analysis shown in Fig. 8, but at red-
shift z ∼ 9.46. At this stage, the MBH has just entered
the super-Eddington accretion regime and begins to grow
efficiently, as illustrated in Fig. 1. The galactic disc is rela-
tively thick, and the accreting material comes from different
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Fig. C.1. Same analysis as in Fig. 8 but for z ∼ 9.46.

directions (top panel of Fig. C.1). The ejected material, as
shown in the bottom panel, leaves the galactic centre al-
most isotropically, but escapes the galaxy only perpendic-
ular to the galactic disc, as the outflow shocking with the
high-density gas in the disc is immediately slowed down and
falls back onto the MBH within 5 Myr.
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