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ABSTRACT
Dense gas in the centre of galaxies feeds massive black holes, but can also become a source
of obscuration and limit our ability to find faint active galactic nuclei (AGN). We use a high-
resolution cosmological radiative hydrodynamics simulation to connect the properties of the
gas in the central region (a few tens of parsec) of a high-redshift galaxy to the growth of a
massive black hole during the first billion years of the Universe. We find that the feedback from
the AGN efficiently controls the growth of the black hole and limits the duration of the high
accretion episodes by emptying the gas reservoir. As the galaxy grows in mass, the production
of metals results in the presence of dust-enriched gas in the galaxy centre that can obscure
highly accreting black holes enough to strongly reduce their UV/optical visibility. We also
find that the gas outside the very centre of the galaxy can contribute to the total column density
and obscuration at a level at least comparable to the gas in the nuclear region. We suggest that
this explains the different duty-cycles required to explain the masses of high-redshift quasars
and the observed UV/optical luminosity functions: in our case, the AGN would be observed
with an X-ray luminosity above LX = 1042 erg s−1 around 30 per cent of the time, but with
UV magnitude brighter than M1450 = −23 only 4 per cent of the time.

Key words: galaxies: formation – galaxies: high-redshift – galaxies: nuclei – dark ages, reion-
ization, first stars.

1 IN T RO D U C T I O N

Active galactic nuclei (AGN) are sources emitting over a very
large range of wavelengths and, as a family, they display numerous
differences. Many of these differences are ascribed to the presence
of material between the engine and the observer (Hickox &
Alexander 2018, and references therein). The absorbing material
absorbs a part of the flux, dimming its brightness and modifying
the transmitted spectral energy distribution. Broad emission lines,
produced near the black hole (BH), can only be observed if no
absorbing material is present, otherwise one observes narrow lines
and infrared emission produced by reprocessing of the continuum
emitted by the source.

The classic unification scheme (Antonucci 1993; Urry &
Padovani 1995; Netzer 2015, and references therein) explains
the variety of observed AGN properties with absorbing material
distributed non-uniformly, possibly in an axisymmetric or toroidal
structure, ’near’ the BH, within the central few parsec. While this
picture has had great success in explaining and interpreting most
observations, gas in the host galaxy can further modulate the level
of obscuration. In particular, high levels of host-wide obscuration
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are often advocated in conjunction with galaxy mergers (Sanders
et al. 1988; Hopkins et al. 2006). In the case of powerful quasars
the obscured fraction seems to increase with strong far-infrared
luminosity, indicating high levels of star formation, while high-
luminosity AGN do not seem, necessarily, to be characterized by
non-nuclear obscuration (Merloni et al. 2014; Shimizu et al. 2018).

In local AGN, Ricci et al. (2017b) find that the fraction of
obscured AGN is almost independent of luminosity, but has a strong
dependence on Eddington ratio, with BHs accreting at high rates
being less obscured. They advocate for the obscuring gas being
close to the BH (within the sphere of influence) and for radiative
feedback for the AGN being responsible for clearing out this gas
when the BH reaches an effective dust-dependent Eddington rate.

The fraction of obscured AGN appears to increase with redshift
(Treister & Urry 2006; Vito et al. 2014), and this evolution is
more evident at high luminosity, LX ∼ 1044–1045 erg s−1 for both
optically and X-ray obscured AGN (Merloni et al. 2014; Vito et al.
2018). In Vito et al. (2018) they compared the obscured fraction as
a function of luminosity of AGN at z = 3 − 6 to the local one and
found a strong evolution at high luminosities, with an increase of
the fraction from ∼10–20 per cent to ∼70–80 per cent.

High-redshift galaxies are often rich in gas (e.g. Tacconi et al.
2010, 2013; Santini et al. 2014), although not necessarily very dusty
or metal rich in their earliest phases of evolution. This gas is not
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always available for feeding the BH in the nuclear region, because
of local supernova feedback (Dubois et al. 2015; Bower et al. 2017;
Anglés-Alcázar et al. 2017; Habouzit, Volonteri & Dubois 2017;
Trebitsch et al. 2018) especially in low-mass galaxies, but once
the galaxy/halo becomes sufficiently massive and/or compact, the
central regions can retain gas and feed the BH. This gas provides
the reservoir to feed the accretion disc and then the BH, but it is
also a source of obscuration.

In this paper we examine the role of gas near and around the
Bondi radius in obscuring radiation from BHs accreting in high-z
galaxies. The region we study is intermediate between the ’torus’
(in its various nuances) and the ’nuclear starburst’, beyond the dust
sublimation radius and around the gravitational sphere of the BH
(see Merloni et al. 2014; Hickox & Alexander 2018, for a discussion
of the various physical scales). Previous numerical investigations
of obscuration around BHs focused on multi-scale re-simulations
of idealized galaxies (Hopkins et al. 2012, 2016); the final re-
simulations had a higher spatial and mass resolution than our study,
but did not include the cosmological evolution of a young galaxy. We
do not fully resolve the broad line region and the putative torus in our
simulations, therefore their effects should be added as a correction.
In other words, we estimate a lower limit to the total amount of
obscuration in young galaxies that are actively star forming without
being starbursts but live in very dynamic environments.

2 D ESCRIPTION O F THE SIMULATION

We perform a zoom-in simulation using the public, multigroup
radiative transfer (RT) version of the adaptive mesh refinement
(AMR) code RAMSES 1 (Teyssier 2002; Rosdahl et al. 2013; Rosdahl
& Teyssier 2015). The collisionless particles (stars and dark matter)
are evolved using a particle-mesh method with a cloud-in-cell
interpolation. For the gas, RAMSES solves the Euler equations
with the second-order MUSCL scheme (van Leer 1979) using the
HLLC Riemann solver from Toro, Spruce & Speares (1994) and
a MinMod total variation diminishing scheme to reconstruct the
intercell-fluxes. We impose a Courant factor of 0.8 to define the
time-step.

The RT module propagates the radiation emitted by both stars
and BHs (modelled as sink particles, see Section 2.3) in three
frequency intervals describing the H I , He I and He II photon
field. The frequencies are defined by the ionization energies of
these species, so the groups are 13.60–24.59 eV, 24.59–54.42 eV
and we limit the final He II -ionizing band to the interval 54.42–
1000 eV. The radiation is evolved on the AMR grid using a
first-order Godunov method to solve the first two moments of
the RT equation and assuming the M1 closure (Levermore 1984;
Dubroca & Feugeas 1999) for the Eddington tensor. To maintain
the computational cost of the simulation manageable, we utilize
the reduced speed of light approximation (Gnedin & Abel 2001)
as implemented in Rosdahl et al. (2013), and we choose a reduced
speed of light of c̃ = 0.01c, which is reasonable provided we do
not focus on the propagation of ionization fronts in the IGM. The
coupling to the hydrodynamical evolution of the gas is done through
the non-equilibrium thermochemistry for hydrogen and helium,
assuming the on-the-spot approximation (any photon emitted after a
recombination is absorbed locally). We ignore the radiation pressure
from the UV field to the gas, which plays only a subdominant role
at galactic scales (Rosdahl et al. 2015). Radiation is emitted by

1https://bitbucket.org/rteyssie/ramses/

star particles (representing fully sampled stellar population) as a
function of their age and metallicity following the models of Bruzual
& Charlot (2003). The AGN emit radiation when the accretion rate
on to BH is high. The full description of the model is given in
Section 2.3.5.

The AMR grid is refined using a quasi-Lagrangian criterion: a
cell is selected for refinement if ρDM�x3 + (�DM/�b)ρgas�x3 +
(�DM/�b)ρ∗�x3 > 8 mHR

DM, where ρDM, ρgas and ρ∗ are, respec-
tively, the DM, gas and stellar densities in the cell; �DM and �b,
respectively, are the cosmic DM and baryon mass density; �x is the
cell size, and mHR

DM is the mass of the highest resolution DM particle.
In a DM-only run, this criterion would allow refinement as soon as
there are at least eight high-resolution DM particles in a cell.

2.1 Initial conditions

In this work, we zoom on a halo that ends up with a mass of
∼3 × 1011M� at redshift z ∼ 5.7 embedded in a cosmological
volume of 40h−1 comoving Mpc on a side. The halo undergoes an
∼ 4:1 merger starting around z ∼ 7.1 which translates into a galaxy
merger around z ∼ 6.3. The halo has been selected from a DM-only
run of the full cosmological volume, initially run with 5123 particles
(mLR

DM � 5 × 107 M�). The initial conditions for the cosmological
box as well as the zoom region have been created with MUSIC2

(Hahn & Abel 2011) for a flat �CDM cosmology consistent with
the Planck results (dark energy density �� = 0.692, total matter
density �m = 0.308, Hubble parameter h = 0.6781 and baryon
matter density �b = 0.048; Planck Collaboration et al. 2016). We
select the target halo in the final output with HALOMAKER (Tweed
et al. 2009), which uses the ADAPTAHOP algorithm (Aubert, Pichon
& Colombi 2004).

The initial conditions for the halo of interest are then regenerated
at an effective resolution of 40963 elements (level � = 12), and the
external region is degraded by one level so that the box is covered by
a grid with 2563 elements (level � = 8). This translates in a mass res-
olution of mLR

DM � 4 × 108 M� for the lowest resolution dark matter
particles, and mHR

DM � 105 M� for the high-resolution particles. For
the full radiative hydrodynamics run, we then allow for refinement
down to a minimum cell size of �x = 40h−1Mpc/223 � 7 pc. The
gas in the simulation is assumed to be neutral and homogeneously
metal poor, with an initial gas phase metallicity Z = 5 × 10−3Z� =
10−4.

2.2 Star formation and feedback

At the resolution of our simulation, we describe the stars forming
in the galaxies as star particles with mass m� ∼ 1.8 × 104 M�.

2.2.1 Star formation

We model star formation with a Schmidt-like law (Schmidt 1959),
with an approach similar to that of Rasera & Teyssier (2006). This
thermo-turbulent model has been previously described in details in
Kimm et al. (2017) and Trebitsch et al. (2017), and we use the same
version as implemented in Trebitsch et al. (2018).

During one time-step �t, we convert a gas mass Msf =
ερgas�x3�t/tff in star-forming cells, where G is the gravita-
tional constant, ε is the local star formation efficiency and tff =√

3π/32Gρgas is the free-fall time of the gas. The exact number N

2https://bitbucket.org/ohahn/music/
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of star particles formed in �t is drawn from a Poisson distribution
P(N) = (λN/N!)exp (− λ) of parameter λ = Msf/m�.

Cells are considered star forming when the local density ρ0

exceeds a threshold ρthreshold = 1 cm−3, chosen as the typical ISM
density, and when the local turbulent Mach number exceedsM ≥ 2.
In each of these cells (assumed to correspond to a star-forming
cloud), the efficiency ε is computed following the ‘multi-ff PN’
model of Federrath & Klessen (2012), based on Padoan & Nordlund
(2011).

ε ∝ e
3
8 σ 2

s

[
1 + erf

(
σ 2

s − scrit√
2σ 2

s

)]
, (1)

where σ s = σ s(σ gas, cs) characterizes the turbulent density fluctua-

tions, scrit ≡ ln
(

ρgas,crit

ρ0

)
is the critical density above which the gas

will be accreted on to stars, and ρgas,crit ∝ (σ 2
gas + c2

s )
σ 2

gas

c2
s

.

2.2.2 Feedback from massive stars

Our simulation models feedback from massive stars through two
main channels: type II supernovae (SNe) and radiative feedback
resulting from photoionization heating. Supernovae explosions are
modelled using the subgrid implementation first detailed in Kimm
& Cen (2014) and Kimm et al. (2015). We deposit mass and
momentum in the cells neighbouring the SN host cell in a single
event tSN = 5 Myr after each star particle is formed. The amount of
momentum released depends on the local density and metallicity of
each neighbouring cell in order to capture correctly the momentum
transfer at all stages of the Sedov blast wave. Photoionization
heating is directly included through the coupling between the
ionizing photon field and the gas. Following Kimm et al. (2017),
when the Strömgren sphere of a star particle is not resolved, we
increase the final radial momentum from SNe due to the pre-
processing of the ISM by radiation before the SN explosion, as
suggested by Geen et al. (2015).

2.3 BH model

Just as in Trebitsch et al. (2018), the BH seeding as well as the
subsequent growth and associated feedback are modelled following
the fiducial implementation of Dubois et al. (2012). We will now
briefly recall the main features of this model, and describe two new
features used in this work for the BH dynamics and for the radiation
produced by the AGN.

2.3.1 BH seeding

We represent SMBH using sink particles with initial mass M•,0 =
3 × 104 M�. These sink particles are created in cells where the
following criteria are met: both the gas and stellar density exceed
a threshold that we choose to be ρsink = 100 cm−3; the gas must be
Jeans-unstable, and there should be enough gas in the cell to form
the sink particle. We also impose an exclusion radius rexcl = 40 kpc
to avoid the formation of multiple SMBH in the same galaxy. Each
sink particle is then dressed with a swarm of ‘cloud’ particles equally
spaced by �x/2 on a regular grid lattice within a sphere of radius
4�x. These cloud particles provide a convenient way of probing
and averaging the properties of the gas around the BH.

2.3.2 Accretion

Once a sink particle is formed, it is allowed to grow via gas accretion
and BH–BH mergers. Mergers are allowed to happen when two BH
are closer than 4�x from one another if their relative velocity is
lower than the escape velocity of the binary system they would
form. Gas accretion is implemented following the classical Bondi–
Hoyle–Lyttleton formula (Bondi 1952)

ṀBHL = 4πG2M•2 ρ̄(
c̄2

s + v̄2
rel

)3/2 (2)

where M• is the BH mass, ρ̄ and c̄s are, respectively, the average gas
density and sound speed, and v̄rel is the relative velocity between
the BH and the surrounding gas. The bar notation denotes an
averaging over the cloud particles. The quantities are averaged using
a Gaussian kernel w ∝ exp

(−r2/r2
sink

)
, where rsink is defined using

the Bondi radius rBHL = GM•
c̄s

2+v̄2
rel

:

rsink =
⎧⎨
⎩

�x/4 if rBHL < �x/4,

rBHL if �x/4 ≤ rBHL < 2�x,

2�x if 2�x ≤ rBHL.

(3)

Just as in Trebitsch et al. (2018), we do not use any artificial boost
for the gas accretion on to the BH. The accretion rate is capped at
the Eddington rate:

ṀEdd = 4πGM•mp

εrσTc
, (4)

where mp is the proton mass, σ T is the Thompson cross-section, c is
the speed of light and εr is the radiative efficiency of the accretion
flow on to the BH εr = 0.1. The final BH accretion rate is:

Ṁ• = min
(
ṀBHL, ṀEdd

)
, (5)

and we further prevent the BH to accrete more than 25 per cent of
the gas content of the cell in one time-step for numerical stability.

2.3.3 Dynamics

As discussed e.g. in Pfister et al. (2017), dynamical friction plays
a large role in setting the detailed dynamics of a BH moving in a
galaxy. We however do not have the resolution in our simulation
to resolve properly this phenomenon. We include a drag force to
model the unresolved dynamical friction exerted by the gas lagging
behind the BH as introduced in Dubois et al. (2013). This will
mostly play a role at high redshift, when the galaxies are gas rich
and clumpy, and will help to maintain the BH in dense gas clumps
without resorting to regularly re-positioning the BH. The frictional
force is proportional to FDF = αfgas4πρ(GM•/c̄s

2), where α is an
artificial boost, with α = (ρ/ρDF, th)2 if ρ > ρ th and 1 otherwise,
and fgas is a fudge factor varying between 0 and 2 which depends
on the BH Mach number M• = v̄rel/c̄s (Ostriker 1999; Chapon,
Mayer & Teyssier 2013). In this work, we take ρDF,th = 50 cm−3.
Additionally, we include a second contribution to the dynamical
friction, this time caused by the collisionless particles (stars and
DM). The implementation, based on the analysis of Chandrasekhar
(1943), Binney & Tremaine (1987), is described in Pfister et al.
(2019), and is somewhat similar to that of Tremmel et al. (2015).

2.3.4 AGN feedback

AGN feedback resulting from the accretion on to a BH is modelled
using the dual mode implementation of Dubois et al. (2012). At low
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Eddington ratio λEdd = ṀBHL/ṀEdd < 0.01, the AGN is in ’radio
mode’, and in ’quasar mode’ when λEdd ≥ 0.01. For the quasar
mode, we release thermal energy in a sphere of radius �x centred
on the BH at a rate ĖAGN = εfεrṀ•c2, where εf = 0.15 is the
fraction of the radiated energy that is transferred to the gas, and Ṁ•
is the BH accretion rate. For the radio mode, we deposit momentum
as a bipolar outflow with a jet velocity uJ = 104 km s−1, modelled
as a cylinder of radius �x and height 2�x weighted by a kernel
function

ψ
(
rcyl

) = 1

2π�x2
exp

(
− r2

cyl

�x2

)
, (6)

with rcyl the cylindrical radius. Mass is removed from the central
cell and deposited in the cells enclosed by the jet at a rate ṀJ with

ṀJ(rcyl) = ψ(rcyl)

�
ηJṀ• (7)

where � is the integral of ψ over the cylinder and ηJ = 100 is the
mass-loading factor of the jet accounting for the interaction between
the jet and the ISM at unresolved scales. Gas is pushed away from
the BH on each side of the cylinder with the norm of the momentum
q(rcyl) given by

qJ(rcyl) = ṀJ(rcyl)uJ, (8)

and we inject the corresponding kinetic energy into the gas:

ĖJ(rcyl) = qJ(rcyl)2

2ṀJ(rcyl)
= ψ(rcyl)

�
ηJĖAGN. (9)

The jet is aligned with the total angular momentum of the accreted
gas, and the radio mode efficiency is assumed to be εf = 1.
The feedback efficiencies in both the radio and quasar modes are
empirically determined in order to reproduce the BH-to-bulge mass
relations at z = 0 (Dubois et al. 2012).

2.3.5 AGN radiation

Finally, we have developed a radiative feedback implementation
for the AGN when it is in quasar mode, similar to the work of
Bieri et al. (2017) and to appendix C of Trebitsch et al. (2018). We
release radiation at each fine time-step, and the amount of radiation
released in each frequency bin is given by the luminosity of the
quasar in each band. Contrary to Bieri et al. (2017) and Trebitsch
et al. (2018), we do not use the averaged Sazonov, Ostriker &
Sunyaev (2004) spectrum for the BH but instead use a piecewise
power-law corresponding to a Shakura & Sunyaev (1973) thin disc
extended by a power law at high energy. In each band, the AGN
luminosity is therefore a function of M• and Ṁ• (formally, there
is also a spin dependence, but we do not follow the spin of the
BH in this work.). We further assume that fIR = 30 per cent of the
bolometric luminosity of the disc is absorbed by dust and re-emitted
as IR radiation, that we do not model here, and we keep the radiative
efficiency of the accretion flow to εr = 0.1.

We ensured that the adopted AGN SED yielded an average
spectrum similar to the AGN SED used in Volonteri et al. (2017).
However, in the remainder of this work, we only use this SED to
estimate the ionizing luminosity of the AGN.

2.4 Gas cooling and heating

Our simulation includes non-equilibrium cooling for hydrogen and
helium by tracking the abundances of H, H+, He, He+, He++,

complemented by metal cooling modelled using the standard rates
tabulated in RAMSES and computed with CLOUDY3 (last described
in Ferland et al. 2017) above 104 K. Below 104 K, we account for
energy losses via metal line cooling following Rosen & Bregman
(1995), where the effect of the metallicity is included by scaling
linearly the metal cooling enhancement. We do not take into
account the impact of the local ionizing flux on metal cooling,
but instead assume photo-ionization equilibrium with a redshift-
dependent Haardt & Madau (1996) UV background for the metals.
This UV background is not used for the hydrogen and helium non-
equilibrium photo-chemistry, which is done using the local photon
field transported self-consistently by the RT solver.

3 R ESULTS

3.1 Global properties

We run ADAPTAHOP on the star particles to identify galaxies in the
simulation. The main galaxy is identified at the last time-step (z ∼
5.7, illustrated in Fig. 1), and we track back its progenitors using
TREEMAKER (Tweed et al. 2009). The central BH at that time is
then matched to its host galaxy at each time-step. We show in Fig. 2
the evolution of both the host galaxy (red solid line) and the BH
(black dashed line), with the upper panel displaying the evolution of
the mass of the galaxy and the BH, and the lower panel showing the
star formation rate (SFR) and the BH accretion rate (BHAR), both
averaged on a time-scale of 5 Myr. The vertical grey line indicates
the last major merger for the host galaxy.

When the galaxy is settled and well identified (z � 9), the SFR
slowly increases from Ṁ� � 10 M�yr−1 to Ṁ� � 80 M�yr−1 for a
stellar mass growing from 109M� to almost M� � 2.5 × 1010 M�.
The specific SFR oscillates around 1–5 Gyr−1, and strongly peaks
at the time of the major merger (z ∼ 6.3) as the SFR reaches Ṁ� �
200 M�yr−1. The dip in the BH accretion rate at t � 620 − 680 Myr
is due to the BH being ejected from the central region of the galaxy
due to a minor merger. This also explains the stagnation of the BH
mass around M• � 1.5 × 105 M� during that time. When the BH
falls back to the galaxy, it merges with another BH of similar mass
to reach M• � 3 × 105 M� and then steadily grows until the end of
the simulation, where it reaches M• � 1.4 × 107 M�.

3.2 Self-regulation of the local column density

Let us now focus on the properties of the gas surrounding the BH in
the central region of the galaxy in order to examine the accretion-
feedback cycle at play when the BH is growing.

In the simulation, accretion is estimated through the Bondi
formalism; therefore we can rewrite equation (2) as a relation
between accretion rate, or Eddington ratio, and column density:

Ṁ• = 4πG2mpM•2NH

Racc

(
c̄2

s + v̄2
rel

)3/2 , (10)

where NH is the local gas column density around the BH measured
in the accretion kernel of radius Racc = 4�x. From this, we can
write the dimensionless Eddington ratio fEdd = Ṁ•/ṀEdd as

fEdd = 7.58 εr,0.1M•,6〈NH,22〉R−1
acc,40(c2

s,10 + v2
rel,10)−3/2, (11)

where εr, 0.1 is the radiative efficiency normalized to 0.1, M• , 6 is
the BH mass in units of 106 M�, 〈NH, 22〉 is the average gas column

3http://www.nublado.org/

MNRAS 487, 819–831 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/487/1/819/5489197 by guest on 29 M
ay 2023

http://www.nublado.org/


BH obscuration and duty-cycles at high-z 823

Figure 1. Illustration of the main galaxy studied in this work at the end of the simulation, z � 5.7, with the gas column density on the left and the stellar
surface density on the right.

Figure 2. Top: BH mass and stellar mass as a function of time for the most
massive BH and galaxy of the simulation. Bottom: SFR and BH accretion
rate (smoothed over ∼5 Myr), as well as the Eddington accretion rate as
a function of time. The grey-shaded area marks a major merger. The BH–
galaxy matching is done purely based on the distance of the BH to the closest
galaxy, resulting in some artefacts at early times.

density in units of 1022 cm−2 within the accretion radius, Racc, 40

is the radius within which the accretion rate is estimated, in units
of 40 pc, and cs, 10 and vrel, 10 are the sound speed and relative
velocity between gas and BH in units of 10 km s−1. Note that in the
simulation fEdd is capped at unity.

From equation (11), it appears that a BH needs to be surrounded
by dense gas (i.e. by a large average column density) in its vicinity

to be able to accrete at high rate. If this were the only physics at
play, one should expect a linear correlation between fEdd and 〈NH〉 at
fixed BH mass, temperature and dynamical state. Since temperature
and density are not independent, with dense gas being colder than
rarefied gas, and relative velocity between the gas and the BH are
also a function of the dynamical state, the relation we measure
in the simulation is close to NH, 22∝fEdd

0.50. In this analysis, we
exclude BHs at fEdd = 1 to avoid being biased by the cap. Including
the BHs at fEdd = 1 only marginally affects the trend, and yields
NH, 22∝fEdd

0.56. In any case, a higher fEdd corresponds to a higher
〈NH〉 and vice versa.

We now move to the effect of feedback, through which an
accreting BH injects energy in its surroundings. In our simulation,
three types of feedback are included: mechanical energy injection
at low fEdd , thermal energy injection at high fEdd , and radiation
from the AGN at high fEdd . Since we do not include Compton
heating from X-rays in the simulation, we do not expect the radiation
to play a huge role at the scales we resolve here. Indeed, the
photoionization heating from the AGN will at most increase the
local gas temperature to a few 104 K, and would maintain the local
sound speed above 10 km s−1. In the simulation, the effective sound-

speed vBondi =
√

c̄2
s + v̄2

rel is most of the time above 10 km s−1. We
therefore limit ourselves to the case of direct energy injection, where
we can estimate the relation with gas column density by taking the
ratio of the gas binding energy to the injected energy:

Eb

Einj
∼ G(M• + M� + MDM + Mgas)Mgas

Racc

1

εfεr�tfEddLEdd

∼ 1.9 × 10−4 〈NH,22〉
fEdd

Mtot

M•

Racc,40

εr,0.1εf,0.15�t0.1
(12)

with Mgas = 4πmp〈NH〉R2
acc/3. Here �t ∼ 0.1 Myr is the coarse

time-step in the simulation (hence �t0.1 is normalized to 0.1 Myr)
and εf, 0.15 is the feedback efficiency normalized by 15 per cent,
the efficiency of the thermal energy injection. In this derivation,
we have defined Mtot as the total enclosed mass within Racc, but in
practice, we do not resolve the influence radius of the BH, and at the
resolution of our simulation the gravitational potential is dominated
by the stellar component in the vicinity of the BH. This quantity
can be seen as a stability criterion for the central gas concentration:
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Figure 3. Distribution of Eddington ratio and column density in a sphere
with radius 40 pc, colour-coded by the average ratio of binding energy of
the gas in that sphere and the injected energy from AGN feedback. When
Eb/Einj is larger than unity, the AGN is unable to unbind the gas supply
that should continue feeding it. The grey area marks fEdd < 10−2, where
the AGN is jet mode and this analysis is not strictly valid. The yellow line
indicates the power-law fit of NH as a function of fEdd .

when Eb/Einj < 1, the AGN is powerful enough to evacuate the gas
from the central region and stopping the accretion on to the BH.
At fixed Eddington ratio, equation (12) shows that the higher the
column density the AGN has to lift, the less effective the feedback
will be at unbinding the central gas concentration. We should also
keep in mind that dense gas can cool rapidly and thus some of the
injected energy is ineffective in unbinding the gas. Recall that for
radiative cooling, dominant on the scales and densities of relevance
here, tcool∝ρ−1∝NH

−1. We do not include the correction here, but
the injected energy should be rescaled by the fraction of gas that can
cool in one time-step. We also note that equation (12) is formally
only valid at fEdd > 0.01, because the jet feedback model at lower
accretion rate is, by definition, not isotropic.

In Fig. 3, we show the two-dimensional distribution4 of the
column density NH against the Eddington ratio fEdd in a sphere of
40 pc around the BH, colour-coded by the ratio of the binding energy
of the gas to the injected energy from AGN feedback (assuming
that the feedback mode is always thermal for simplicity; the grey
shaded region marks where this assumption formally breaks down).
The yellow line shows the NH, 22∝fEdd

0.496 ∼ fEdd
0.5 fit discussed

previously. In the red (blue) area, the feedback from the AGN is
(not) strong enough to remove the gas from the centre. The general
behaviour is perhaps unsurprising: at fixed column density, the BH
is unable to unbind the gas when fEdd is low, and conversely at fixed
fEdd , the higher the column density and the easier it is for the gas
to resist the feedback. It is interesting to note that at fixed fEdd ,
the average column density (indicated by the yellow line) is just
slightly higher than that for which Eb = Einj (the white region).
This can be understood in terms of AGN feedback self-regulating
the BH growth: if the BH is able to remove all of the gas that it
feeds on (Eb < Einj), the accretion rate will drop, and as a result

4Note that in this figure as well as all the following (unless mentioned
explicitly), we stack all the snapshots together. This effectively smooths
any trend that would depend on redshift, but these trend would not be well
captured by a single zoom simulation.

the injected energy from AGN feedback will drop as well. From
equation (11), we see that AGN feedback reduces fEdd faster than
NH. Indeed, the AGN-driven wind will not only remove some gas,
it will also heat whatever remains, therefore reducing further fEdd.
For example, after a feedback event, if NH decreases by a factor
of 10, fEdd will decrease by more than a factor of 10, because the
sound speed and relative velocity will increase as well. If the BH
falls in a state where Eb > Einj, then the surrounding gas will be
able to cool and feed the BH again. This will be followed by a new
episode of feedback. As a result of this feeding-feedback cycle,
Eb/Einj will hover around unity most of the time, naturally leading
to an average behaviour of NH, 22∝fEdd

0.5. During the last phase of
the simulation (t � 800 Myr), when the BH self-regulate its growth,
we have a series of episodes where Eb � Einj followed by short
episodes where the BH stops accreting, resulting in Einj → 0 and
therefore Eb/Einj → ∞.

A final point worth discussing is whether the AGN feedback acts
fast enough to regulate the BH growth. We can estimate this by
comparing the time-scale for accretion to happen to the typical time
it takes for the gas to react. We take the former to be the dynamical

time of the accretion region, tdyn =
√

R3
acc

GMtot
. For the feedback time-

scale, we assume that the effect of the energy injection can be
modelled as the propagation of a Sedov blastwave. Under this
assumption, the radius of the shock can be written as

rsh(t) ∼
(

Einjt
2

ρ

)1/5

, (13)

where ρ = mpNH/Racc is the density of the non-shocked gas. The
accretion region will therefore typically react after a time tfb defined
by rsh(tfb) = Racc. Inverting equation (13) yields

tfb ∼
√

R4
accmpNH

Einj
. (14)

We can write the ratio tfb/tdyn as:

tfb

tdyn
∼

√
R4

accmpNH

Einj

GMtot

R3
acc

∼
√

GMtotNHmpRacc

Einj

∼
√

3

4π

Eb

Einj
. (15)

The discussion of the previous paragraphs therefore also applies
here: as Eb/Einj hovers around unity, the feedback time-scale will
be in general of the same order as the accretion time-scale. Of
course, there will be variations: whenever Eb � Einj, not only the
gas will resist its feedback, but also the accretion will happen on a
shorter time-scale than the feedback. Conversely, when Eb � Einj,
the feedback will disrupt the gas in the central region much faster
than it is accreted on to the BH, effectively shutting down accretion
for a while.

This overall paints a picture in which AGN feedback is effectively
regulating the gas content in the vicinity of the central BH: when
there is too much gas in the centre, the BH will accrete efficiently
and release enough energy through feedback to reduce the density
and slow down the BH growth. This translates into a modulation of
the column density around the BH, that we discuss in the following.
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BH obscuration and duty-cycles at high-z 825

Figure 4. Distributions of the fraction of lines of sight above or below
given column density thresholds, in bins of Eddington ratio, i.e. at low
accretion rates (10−4 < fEdd < 10−1.5) and high accretion rates (fEdd >

10−1.5). Top: fraction with NH < 1020 cm−2. Middle: fraction with NH >

1022 cm−2. Bottom: fraction with NH > 1024 cm−2. A fraction shown below
zero represents the fraction at exactly zero. Low accretors (10−4 < fEdd <

10−1.5) have zero lines of sight with NH > 1024 cm−2. Conversely, high
accretors with fEdd > 10−1.5 have a 65 per cent probability of not having
fully transparent (NH < 1020 cm−2) lines of sights.

3.3 Obscuration and local column density

We will now discuss the spatial distribution of obscuring material
around the BH. To this end, we measure the column density of
neutral gas around the BH integrating the local density along rays
starting from the BH position and with a length 40 pc. We use a total
of 192 rays, and the direction of each ray is drawn from a HEALPIX5

(Górski et al. 2005) tessellation of the sphere.
We show in Fig. 4 the distribution of the fraction of sightlines

from the BH, above or below given column densities (f>24 is the
fraction above 1024cm−2, f>22 is the fraction above 1022cm−2, f<20

is the fraction below 1020 cm−2) when the central BH is accreting
efficiently (in blue) or not (in red). At higher accretion rates, the
BH is more often surrounded by a large fraction of dense gas.
This is especially striking in the middle panel of Fig. 4: at high
accretion rate, the BH is almost always surrounded by a column
density larger than NH ≥ 1022 cm−2, and this is almost never the
case for BH accreting inefficiently. This is in contrast with Ricci
et al. (2017b), who analyse the Swift/BAT sample of local AGN
and find an anti-correlation between column density and Eddington
ratio. Ricci et al. (2017b) interpret their results as obscuration being

5https://healpix.sourceforge.io/

Figure 5. Comparison between the column density around the BH and for
the whole galaxy, for all the snapshots of the simulation. Even when the
AGN is unobscured, there will still be absorbing gas the rest of the galaxy.
In total, around 14 per cent of the sightlines have NH,gal > 2 NH,loc, and
more than 1 per cent have NH,gal > 8 NH,loc.

caused by gas within a few tens of parsec from the BH, with radiative
feedback from dusty gas in this inner region responsible for clearing
our gas around the most accretion BHs (see also Lawrence 1991).
They suggest that BHs will loop through a series of high and low
accretion rates events, where the feedback from the AGN would
clear out the gas obscuring the BH (reducing NH) while it is still
accreting efficiently from a gas reservoir, therefore leading to a
large fraction of unobscured AGN at high Eddington ratio. Once the
gas reservoir is emptied, fEdd decreases and the AGN will become
obscured again as the gas falls back to the BH vicinity. While
the feedback process they describe happens on scales smaller than
our resolution, we confirm, numerically and analytically, that a
BH moves to higher NH as its Eddington ratio increases and that
feedback modulates the column density of gas around the BH.
In our simulation, however, accretion on the BH is determined
instantaneously from the local gas density, without an additional
accretion reservoir, therefore we cannot directly assess the time
over which a BH can continue accreting after feedback has cleared
its surroundings of gas.

Because our simulation includes the galactic and circum-galactic
context, we can reproduce a similar analysis for the obscuring
material not only in the inner region of the galaxy, but also all
the way to the circum-galactic medium. For this, we cast again
192 rays from the central BH of the galaxy at each snapshot of the
simulation, and integrate the neutral column density over 10 kpc.
Fig. 5 compares the column density measured in inner 40 pc around
the BH (NH,loc) and in a 10 kpc sphere (NH,gal). The dotted lines
mark the NH,loc = NH,gal relation. We can see that for a large part,
the galaxy-scale column density (and so the obscuring material)
is completely dominated by the small-scale NH , especially in
the NH > 1023 cm−2 regime. However, at lower central NH (and
notably below 1020 cm−2), there is a significant fraction of the
sightlines where the obscuration comes from the gas beyond the
centre of the galaxy. More quantitatively, around 14 per cent of
all the sightlines have ξ = NH ,gal

NH ,loc
> 2, and more than 1 per cent

have NH,gal > 8 NH,loc. If we further select only the sightlines with
NH,loc above (below) 1022 cm−2, the fraction of sightlines where
ξ > 2 becomes ∼8 per cent (∼40 per cent). Outside of the central
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region, the gas distribution is far from homogeneous (e.g. when the
galactic disc forms, as show in Fig. 1). This explains the scatter
in NH,loc at fixed NH,gal: an AGN for which we would measure a
(galaxy-scale integrated) NH of the order of 1022 cm−2 could either
correspond to a BH embedded in a dense enough clump (and would
therefore accrete efficiently from a high NH,loc reservoir) or to a
BH that has cleared its local environment through AGN feedback
(low NH,loc). In the first case, we would expect that the BH is
surrounded by dense gas in all directions, while in the second case,
the observed NH should depend on the line of sight. We quantify
this by defining the porosity of the medium around the BH, defined
by the fraction of sightlines with NH < NH,avg/5, where NH,avg is
the average column density in the 10 kpc sphere around the BH. We
illustrate the dependence of the porosity as a function of NH,avg in
Fig. 6, and the colour-coding indicates the redshift of each snapshot.
The three insets correspond to the all-sky projections of the column
density around the BH at three specific time-steps of the simulation,
with NH increasing from red to blue. The projection is oriented so
that the angular momentum of the gas accreted on to the BH is
aligned vertically. The figure presents three distinct regions: at very
high NH,avg, the porosity is almost always low, meaning that the
BH is embedded in a fairly homogeneous clump, as we expected.
The low end of the NH,avg distribution corresponds to z ≥ 8, when
the galactic disc is not settled at all, and this even includes the
event during which the BH spends some time out of the galaxy. The
porosity is mostly high, meaning that the BH will be surrounded by
a turbulent distribution of gas with a mixture of holes and clumps,
as suggested by the inset. The third region is defined by the points at
relatively high NH,avg, but also high porosity: this matches what we
described earlier, where the AGN has cleared the local obscuring
material, but in certain lines of sight, the galactic disc (the blue
horizontal structure in the inset) still contributes to the total NH .

3.4 AGN luminosity

From the discussion in Section 3.2, we expect that the accretion
rate on to the BH globally increases with the local column density
around the BH. This also holds for the AGN bolometric luminosity,
defined as Lbol = εrṀ•c2. Fig. 7 shows the bolometric luminosity
in the simulation as a function of the local column density in a
sphere of 40 pc (the accretion region). The background colours
mark three regimes of obscuration: blue for an unobscured AGN
(NH < 1022 cm−2), yellow for an obscured AGN (NH < 1024 cm−2),
and red for Compton-thick AGN (NH > 1024 cm−2). While we do
not run any X-ray photon package to estimate directly the X-ray
luminosity from the simulation, we use the Hopkins, Richards &
Hernquist (2007) bolometric correction to convert the bolometric
luminosity measured in the simulation to the X-ray luminosity in
the [2 − 10] keV band, through Lbol = kLX, with

k(Lbol) = 10.83

(
Lbol

1010L�

)0.28

+ 6.08

(
Lbol

1010L�

)−0.020

(16)

so that LX = Lbol/k.
With these definitions, we can quantify the AGN obscured

fraction in our simulation, defined here as the fraction of AGN
lines of sight with column densities above 1023 cm−2, following the
work of Vito et al. (2018). Fig. 8 shows the obscured fraction as a
function of the intrinsic X-ray luminosity using the column density
measured within 10 kpc from the BH. The grey shaded region
indicates the incompleteness limit from Vito et al. (2018). Overall,
we find that the obscured fraction increases with luminosity, in
qualitative agreement with Vito et al. (2018), but in contradiction

with the study of e.g. Burlon et al. (2011) who find the opposite at
low redshift. We note that there seems to be a dip in the obscured
fraction around LX ∼ 1043 erg s−1. While this feature is partly an
artefact of our NH > 1023 cm−2 selection (the value of the dip
strongly changes with the limiting NH.), it is also due to the low
fraction of the time the AGN spends above LX � 1043 erg s−1. We
therefore expect this feature to disappear with a larger simulation
sample. Vito et al. (2018) study a sample of X-ray selected AGN
at z = 3 − 6 in a parameter space similar to that of the simulation:
high-z BHs down to low luminosities. They find, in agreement with
our results, a high obscured fraction at high luminosity. Below
1043 erg s−1 their sample is incomplete, but after correcting for
incompleteness, the obscured fraction appears to decrease at low
luminosity, as in our simulation. They note that at low redshift
the obscured fraction anti-correlates with luminosity, as found by
Ricci et al. (2017b) and Burlon et al. (2011). Vito et al. (2018) note
also that the obscured fraction overall increases with redshift, and
suggest that the differences with respect to the low-redshift Universe
are caused by the larger gas fractions of galaxies at earlier cosmic
epochs. Our results support this interpretation. For this simulation,
we find that while the galaxy-wide gas contributes somewhat to
the total column density of obscuring material (see Fig. 5), the
obscuration is often dominated by the nuclear gas. In particular,
the results of Fig. 8 are essentially unchanged if we consider only
the obscuring material within 40 pc from the BH (shown as dotted
lines). This is in part due to the fact that in this simulation, the
AGN only reaches luminosities comparable to that of the sample
of Vito et al. (2018) when the BH is in a regime where the two
column densities (locally and on a galactic scale) are comparable or
dominated by the nuclear gas. Recently, Circosta et al. (submitted)
reported observations of obscured AGN at z > 2.5 where the
ISM of the galaxy is dense enough to contribute significantly to
the obscuration of the central AGN. While our results cannot be
extrapolated to higher luminosity, our findings are qualitatively
consistent with their study: for most of their objects, they find
that the ISM column density is at least comparable to the nuclear
column density. We would also expect that the ISM contribution to
the obscuration decreases at low redshift, as in the local Universe,
only (U)LIRGs reach gas surface density comparable to high-z
normal galaxies (e.g. Daddi et al. 2010). This would explain the
dichotomy between the results of Vito et al. (2018) and e.g. Burlon
et al. (2011): the large gas content of high-z massive galaxies would
both significantly contribute to the AGN obscuration and easily
replenish the nuclear reservoir once it has been emptied by AGN
feedback. This is exactly what our simulation suggests, although at
lower AGN luminosity.

We can use a similar approach to convert the AGN bolometric
luminosity to a rest-frame UV magnitude at 1450 Å. Namely, we
invert the recommended quasar bolometric correction of Runnoe,
Brotherton & Shang (2012):

log (1450L1450) = log Lbol − 4.74

0.91
. (17)

So far, we only considered the intrinsic UV or X-ray luminosity
of the AGN: however, we have just show in Figs 7 and 8 that
the BH can be significantly obscured. For the X-rays, we can
directly compute the obscuration via τX = σ TNH. In the UV,
the attenuation mainly comes from dust absorption. We estimate
the corresponding wavelength-dependent optical depth, τ d(λ), by
integrating the dust column density along the rays used to compute
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BH obscuration and duty-cycles at high-z 827

Figure 6. Porosity (defined as the fraction of lines of sight with NH below a fifth of the average NHavg) as a function of NHavg. The three insets represent
all-sky projections of NH around the BH, with a colour scale increasing from red to blue.

Figure 7. Bolometric luminosity (Lbol = 0.1Ṁ•c2) as a function local
column density in a 40 pc sphere around the BH. The background colours
indicate three regime of obscuration considered in this work: obscured in
yellow (NH > 1022 cm−2), Compton-thick in red (NH > 1024 cm−2), and
blue for the rest.

NH (see Section 3.3):

τd(λ) =
∫

ray
nd(�)σd(λ)d�, (18)

with σ d the dust interaction cross-section and nd the number density
of dust grains. We follow the implementation of the RASCAS code
(Michel-Dansac et al., submitted) based on the approach of Laursen,
Sommer-Larsen & Andersen (2009) to estimate these quantities: σ d

Figure 8. AGN obscured fraction (with column density above 1023 cm−2)
measured in the simulation (red histogram) compared to the high-redshift
observations of Vito et al. (2018), accounting for obscuring material out to
10 kpc (solid line) and 40 pc (dotted line) . We find a trend consistent with
high-z observations, with a higher obscured fraction at higher luminosity,
and an overall high obscured fraction.

is defined as the cross-section per hydrogen atom, using the fits of
Gnedin, Kravtsov & Chen (2008) for the wavelength dependence
based on their Small Magellanic Cloud (SMC) model. The dust
number density is then to be understood as a pseudo-number density,
given by nd = (nH I + fionnH II)Z/Z0, where fion ∼ 0.01 accounts
for the presence of dust in ionized gas, and Z0 = 0.005 the mean
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Figure 9. Comparison of the optical depth in the UV (τ 1450) due to dust
grains with the optical depth in the X-ray band (τX); the colour coding
indicates the average stellar mass of the galaxy in each bin. A higher stellar
mass corresponds to a more evolved (and more metal rich) galaxy, resulting
in a higher dust attenuation at fixed NH .

Figure 10. Mock UV magnitude at 1450 Å versus the mock X-ray
luminosity, colour-coded by NH . The dashed red line indicates the relation
between M1450 and LX assuming zero obscuration. High LX corresponds
on average to more massive BH in more evolved galaxies, therefore any
obscuring material will be dust enriched and drastically reduce the observed
UV.

metallicity of the SMC. We then evaluate the dust optical depth at
1450 Å as τ1450 = τd(1450 Å). Fig. 9 shows the distribution of τX

against τ 1450, colour-coded by the stellar mass of the galaxy at each
time-step. The dotted line indicates τ = 1, which corresponds to
an attenuation of roughly a factor of 3 [exp (− τ ) ∼ 0.37]. As the
colour goes from yellow to purple, the galaxy grows in mass and the
gas around the BH will be more and more metal-rich: this explains
why at fixed τX, the dust optical depth τ 1450 increases.

We can then compute an attenuated UV or X-ray luminosity. We
illustrate this with Fig. 10, which shows the UV magnitude as a
function of X-ray luminosity, colour-coded by the local NH . The
red dashed line shows the intrinsic emission (i.e. the bolometric
luminosity directly converted in X or UV). The deviations from this
line correspond to differential attenuation between the X and the

Figure 11. Intrinsic and observable duty-cycles for the BH in our simula-
tion. For all panels, the black circles correspond to all the time-steps and
all the directions around the BH, blue triangle selects only fully unobscured
BH (directions where log NH ≤ 20), green squares are partially obscured
BH (log NH ≤ 22) and red pentagons correspond to all Compton-thin AGN
(log NH ≤ 24). Upper panel: fraction of the time spent above a limiting Lbol

(left) or fEdd (right). Lower panel: fraction of the time spent above a limiting
LX (left) or M1450, taking into account obscuration by the gas in the galaxy
and dust attenuation (right).

UV due to the presence of dust, and are more significant at higher
luminosity. This is due to the fact that, on average, the AGN in
our simulation is brighter when the galaxy is more massive (and
therefore more metal rich), so that the same NH will correspond
to a higher dust obscuration. However, even at low NH and low
luminosity, the UV luminosity can be significantly reduced.

3.5 AGN duty-cycle

This brings us to distinguish between an ’intrinsic duty-cycle’, i.e.
the fraction of time the BH is actively growing, and an ’observable
duty-cycle’, i.e. the fraction of time that a growing BH can be
observed as such. We note that here the duty-cycle is defined as
fraction of the total cosmic time. In Appendix A, we discuss what
happens if we define the duty-cycle as the fraction of the time spent
above a given luminosity once this luminosity has been reached at
least once. If the phases when the BH is most active are characterized
by high obscuring column densities (see Figs 4 and 7), then the
measurable growth time will be lower than the intrinsic growth time.
The upper panel Fig. 11 shows the fraction of time the BH is active,
above a bolometric luminosity or Eddington ratio threshold, and
compares the intrinsic duty-cycle to the one that would be inferred
from observations. The lower panel shows the corresponding duty-
cycle making use of the estimates of LX and M1450 discussed in the
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BH obscuration and duty-cycles at high-z 829

previous section. Ricci et al. (2017a) show that the optical AGN
luminosity function is in good agreement with the X-ray luminosity
function of unobscured AGN (NH < 1021 cm−2), therefore we can
use NH ranges to estimate duty-cycles in the UV/optical and X-rays.

For this particular BH, it would be accreting above fEdd > 0.2 for
around 50 per cent of the time, and ∼70 per cent of this time (i.e.
∼35 per cent of the total cosmic time) would be characterized by
NH ≤ 1024 cm−2. In other words, as expected, X-ray surveys would
miss less than ∼ 30 per cent of the growth time. Conversely, fully
unobscured (NH < 1020 cm−2) growth above fEdd > 0.2, that we
can associate as discussed above to optical visibility, represents less
than 2–3 per cent of the total cosmic time. Requiring a growth above
fEdd > 0.5 pushes this fraction far below 1 per cent of the cosmic
time. This is maybe even more noticeable on the lower panel of
Fig. 11: while this specific AGN would be observed with an X-ray
luminosity above 3 × 1042 erg s−1 for approximately a third of the
cosmic time, it would be fully unobscured for only 10 per cent of
that time (around 3 per cent of the total time). This translates into the
UV: the AGN only spends around 2–3 per cent of the time brighter
than M1450 ≤ −19, irrespective of the gas column density.

This explains why theoretical models which connect the halo
mass function to the optical quasar luminosity function require
very low duty-cycles, of the order of 0.01 (e.g. Haiman & Menou
2000; Haiman & Hui 2001; Shankar, Weinberg & Miralda-Escudé
2013; Bolgar et al. 2018) while time-scale arguments require duty-
cycles of the order of unity to explain the masses of z ∼ 6 quasars
(e.g. Haiman & Loeb 2001). Our results are in agreement with,
and confirm, their assumptions. Interestingly, the constraints on the
quasar lifetimes derived by Chen & Gnedin (2018) are extremely
sensitive to the kinematics and distribution of cold gas in quasar
hosts.

4 SU M M A RY A N D C O N C L U S I O N S

In this work, we have used a cosmological zoom-in simulation of a
galaxy at z ∼ 6, performed with the radiative hydrodynamics code
RAMSES, to investigate the link between AGN obscuration by gas
on the scale of a few tens of parsec and accretion on to BHs in
high-z galaxies.

Our main results are the following:

(i) AGN feedback efficiently regulates the growth of the central
BH by controlling the gas reservoir available for accretion (Figs 2
and 3).

(ii) BHs accreting efficiently tend to be buried under a large
column of gas more often than the ones accreting slowly (Fig. 4).

(iii) At high redshift, the gas in the galaxy and the circum-galactic
medium contributes significantly to the total column density along
the line of sight of an AGN (Figs 5 and 6).

(iv) Consistent with the findings of Vito et al. (2018), the
obscured fraction (Fig. 8) seems to be very high at high redshift
and shows no clear trend with luminosity.

(v) The UV emission from our high-z AGN is more attenuated
when the galaxy is more massive/metal rich (Fig. 9) and therefore
at higher (observed) X-ray luminosity (Fig. 10).

(vi) The fraction of time our BH is active and visible in the
UV/optical is very low (of the order of 2 per cent), while its intrinsic
growth duty-cycle is rather of the order of 50 per cent: the difference
is due to the presence of highly obscuring gas in the galaxy (Fig. 11).

Despite the limited observability of an AGN in UV/optical based
on its luminosity, the presence of an AGN in a galaxy can be
revealed through emission line diagnostics (e.g. Baldwin, Phillips &

Terlevich 1981; Juneau et al. 2011; Feltre, Charlot & Gutkin 2016),
a promising tool as shown by recent simulations (Hirschmann et al.
2017). The combination of deep X-ray surveys, as we confirm here,
and emission line diagnostics, especially in the upcoming JWST
era, will contribute to derive a more complete census of BH growth
in high-redshift galaxies.
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APPENDI X A : A LTERNATI VE D EFI NI TI ON O F
T H E D U T Y-C Y C L E

The definition of the duty-cycle used in Section 3.5 effectively
includes the time taken by the BH to grow before it can reach any
threshold luminosity. While this is not a problem when discussing
the time spent accreting above a given Eddington ratio fEdd, this
has the drawback that the duty-cycle must drop at high luminosity
(bolometric, in X-rays, or in the UV). For example, a BH with
mass M• ∼ 105 M� accreting at the Eddington limit will have a
bolometric luminosity of Lbol ∼ 1043 erg s−1, such that the fraction
of time with Lbol > 1043 erg s−1 will be zero before the BH reaches
this mass.

We can redefine the duty-cycle by taking only into account the
time after which the AGN has exceeded the threshold luminosity a
first time, as shown on Fig. A1. With these definitions, the overall
trend of decreasing duty-cycle with decreasing luminosity disap-
pears. For instance, looking at the observed X-ray luminosity (cen-
tral panel), we find that the duty-cycle above LX > 3 × 1042 erg s−1

is of the order of 90 per cent (rather than 30 per cent in Section
3.5). However, if we consider the fully unobscured duty-cycle (blue
triangles), we find a value close to 9 per cent (rather than 3 per cent).
This means that the AGN is unobscured for only 10 per cent of the
time spent above LX > 3 × 1042 erg s−1, in line with our results
from Section 3.5.
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BH obscuration and duty-cycles at high-z 831

Figure A1. Similar to Fig. 11, but computing the duty-cycle using only the part of the simulation when the BH has reached a threshold luminosity at least
once.
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