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Abstract 1

Abstract

Active-galactic-nucleus (AGN) feedback has nowadays become an imperative in-
gredient in modern theories of galaxy formation to reproduce key observables of
galaxy populations and it is routinely incorporated both in semi-analytic and
hydrodynamical simulation models. In this doctoral thesis, I present a new
model for AGN feedback in numerical simulations, which takes into account the
spin-dependence of feedback anisotropy. Then, I explore some applications of it
aimed at advancing our understanding of massive black holes (MBHs) growth,
dynamics and their interaction with the host galaxy. In § 1.1, I begin the discus-
sion by introducing relevant concepts about AGNs from both an observational
and theoretical perspective. In § 1.2 I outline the fundamentals of AGN feed-
back, explaining the processes through which AGNs release energy and influence
the evolution of their the host galaxies. Section § 1.3 provides insights into the
dynamic evolution of pairs and binaries of MBHs and shows how feedback is
involved in these processes. In § 2 discuss the development of novel numerical
recipe for AGN feedback that accounts for the angular dependence of radiative
feedback upon black hole spin. I then show tests of this model and an initial
application in the context of co-evolution between an AGN and its host isolated
disc galaxy. The results of this work have been presented in [20]. Chapter § 3,
which is based on [21], explores the dynamical friction driven inspiral of MBH
pairs at tens of pc scale in circum-nuclear-discs, specifically considering the in-
fluence of spin-dependent anisotropic feedback. In § 4 I study the implication of
this phenomenon on the migration of bound pc-scale MBHs in circum-binary-
discs. The main results and limitations of this thesis are summarized in § 5,
concluding with a discussion of potential future developments for this project.





Chapter 1

Introduction

1.1 Active Galactic Nuclei and Massive Black Holes

A first indirect evidence for the existence of MBHs at the centre of galaxies comes
from the fact that a small fraction of them reveal a much broader spectrum than
one would expect from the emission from dust, gas and stars in the galaxy. For
such galaxies, in fact, the spectrum extends from the radio band to the X-band,
and the UV is often characterised by strong, broad emission lines. In addition,
these spectra show a rapid variability (of the order of weeks), which suggests that
the radiation originates from a small region, only a few parsecs in size, which is
called the Active Galactic Nucleus (AGN). Despite their extremely small size,
the AGNs luminosity can exceed that of the host galaxy, sometimes by as much
as a factor of a thousand. As discussed below (1.1.3), it is believed that AGNs
are powered by matter accreting onto a MBH. Before discussing more in detail
the AGNs phenomenology and their theoretical understanding in the framework
of accretion disc physics, I briefly recall some fundamentals of astrophysical black
holes. I recommend the reviews [1, 2, 22] for a more extensive introduction.

1.1.1 Astrophysical black holes

While from a theoretical point of view BHs can have any mass, provided there is
an adequate formation mechanism, observational measurements reveal that the
distribution of astrophysical BH masses in the universe is bimodal, characterized
by stellar mass and supermassive BHs (see Fig. 1.1):

• Stellar-mass BHs have masses in the range ∼ 3−100M⊙, and are thought



4 1. Introduction

Figure 1.1: Sketched number density of BHs in the Universe. Credit: [1]. In order, are
shown primoridal BHs, stellar-mass BHs, intermediate-mass BHs and super-massive
BHs. The shapes of the dashed distributions are arbitrary, as primordial BHs are
speculative and for intermediate mass BHs only few candidates exist.

to originate from the core collapse of massive stars at the end of their lives.
Such BHs are often observed in X-ray binary systems, i.e. binary systems
consisting of a BH and a star, whose gas accretes on the compact object
and as it heats up it emits X-rays. Cygnus X-1 was the first such object to
be discovered [23]. The BH masses in these systems can be estimated from
binary orbital parameters and/or X-ray luminosity. If stellar mass BHs
are not accreting, their mass can be measured from gravitational waves
signals (GW) once they coalesce with another compact object [24].

• MBHs are found in practically all observed galaxies with a significant bulge
[8, 25], and have masses in the range ∼ 105 −1010M⊙. Estimates of these
masses are made using different techniques depending on whether the black
hole accretes gas (and shines as an AGN) and whether its sphere of influ-
ence, defined as

rinf ≡ GM•
σ2 ≃ 10

(
M•

108M⊙

)(
200km/s

σ

)2

pc, (1.1)

is resolved, where G is the gravitational constant, M• the MBH mass and
σ the stellar velocity dispersion of the central part of the galaxy. In partic-
ular, if the MBH is accreting, its mass can be estimated via reverberation
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(or echo) mapping or simple Eddington-luminosity arguments (see 1.1.4),
and if the rinf is resolved BH mass can be measured directly from the
dynamics of stars, e.g. (e.g. SgrA⋆ [26, 27]), and gas. See Sec. 3 of [2]
for a review on MBH mass measurements. Differently from stellar mass
BHs, whose formation mechanisms are well known, the formation of MBHs
progenitors at high redshift and their subsequent growth over cosmic time
still represents an intriguing challenge in modern astrophysics.

1.1.2 Black holes in General Relativity

The existence of objects compact enough to retain the light emitted from their
surface was hypothesised by [28], simply by applying the Newtonian concept
of escape velocity to light particles. Such hypothetical objects, initially named
“dark stars”, must have a radius smaller than

rs = 2GM•
c2 = 2.95

(
M•
M⊙

)
km, (1.2)

where M• is the mass of the compact object and c the speed of light. [28] also
noted that the presence of such invisible dark stars could be inferred indirectly
from the motion of proper stars orbiting them.
More than a century later, this intuition was confirmed in Einstein’s general
relativity and the radius (1.2) is nowadays referred to “Schwarzschild radius”, in
honour of the physicist who found the first solution of Einstein’s field equations
in the case of spherical symmetry and in the presence of a static, uncharged,
non-rotating point-like massive object [29]. The Schwarzschild space-time metric
takes the form

ds2 = −
(

1− rs/r
)
c2dt2 +

(
1− rs/r

)−1
dr2 + r2

(
dθ2 +dφ2 sinφ2

)
. (1.3)

This solution is characterised by two singularities: at r = 0 and at r = rs. While
the first is a physical singularity, i.e. the Riemann curvature tensor diverges,
the latter is a coordinate singularity, that is inherent to the chosen coordinates
system and not physical. Such singularity demarcates the location of the so
called “event horizon”, from which neither light nor massive particles can escape
from, hence the name “black hole”.
In later years, this result was extended, and the most general solution to the
stationary metric of a BH is described by the Kerr-Newman metric [30], where
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the MBH is characterized by three parameters: its mass, angular momentum J•
and charge Q•. It was later shown that BHs can in fact be described at most
by these three parameters (see, e.g. [31]), a result known as “no hair” theorem.
Special cases are the Kerr metric [32] (Q• = 0), the Reissner-Nordstrom metric
[33] (J• = 0) and the Schwarzschild metric discussed above (Q• = 0, J• = 0). In
addition, in typical astrophysical environments, it is usually true that a charged
astrophysical object would be rapidly neutralized by surrounding plasma, i.e. it
is usually assumed that Q• = 0. In general, we also expect BHs to rotate, either
because they are formed by the collapse of a rotating object or because they
have accreted surrounding material with non-zero angular momentum. For this
reason, the most complete description for an astrophysical BH is the Kerr metric
[34]. Using the Boyer-Lindquist coordinates, the Kerr metric reads

ds2 = −
(

1− rrs/ρ
2
)
c2dt2−2rrsasin2 θρ−2cdtdφ+ρ2/∆dr2+

+ρ2dθ2 +
(
r2 +a2 + rsra

2 sin2 θρ−2
)

sin2 θdφ2,

(1.4)
where ρ2 = r2 +a2 cos2 θ, ∆ = r2 − rsr+a2 and

a= J•c

GM2
•
, (1.5)

is the BH spin parameter. Note that, setting a = 0 in Eq. (1.4) gives the
Schwarzschild metric. It is believed that a cannot exceed the value 1, as it
would give a gravitational field with a “naked” singularity, which is believed to
be forbidden from the gravitational collapse of well behaved initial conditions.
A BH with a= 1 is called maximally spinning and negative spin values are used
to indicate BH spins w.r.t. counter-rotating particle orbits. Differently from
the Schwarzschild metric, the tφ component of the Kerr metric is non-vanishing.
This implies that a particle with zero angular momentum released from rest
far from the Kerr BH acquires a non-zero angular velocity as it spirals toward
the BH, a phenomenon known as frame-dragging. In a Kerr BH, the radial
coordinate of the horizon can be written as 1

rk = rs
2

(
1+
√

1−a2
)
. (1.6)

1In the Kerr metric, there are actually two event horizons (internal and external). However,
the external event horizon described here is proper the event horizon of the BH in the sense
that it is the first one-way surface an external particle crosses.
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Since the Kerr metric varies with the spin parameter, the orbits of massive
particles around Kerr BHs also change depending on the value of a. When
a= −1,0, and 1, the innermost stable circular orbit (ISCO) of a massive particle2

is at risco = 9,6, and 1 × rg, respectively, where rg ≡ rs/2 denotes the so-called
gravitational radius. If r < risco, a particle can only spiral inwards (or outwards,
if it has enough velocity to do so) and cannot maintain a stable circular orbit,
differently from Newtonian mechanics, which allows stable circular orbits around
a point-like object at any radii. More in general, the location of the ISCO as a
function of the BH spin reads

risco(a) = ξ(a)rg, (1.7)

where
ξ(a) = 3+z2 ∓

√
(3−z1)(3+ z1 +2z2), (1.8)

and
z1(a) = 1+(1−a2)1/3

[
(1+a)1/3 +(1−a)1/3

]
,

z2(a) =
√

3a2 +z2
1(a).

(1.9)

The function (1.7) is shown in Fig. 1.2 (right) for both the prograde and retro-
grade case. Astrophysical accreting BHs are believed to be normally surrounded
by accretion discs. The ISCO then roughly coincides with their inner edge (see
Fig. 1.2, left).
We conclude this paragraph briefly introducing the Lense thirring precession
[36]. This phenomenon concerns the precession of particles orbits which are
misaligned with respect to the BH angular momentum. More specifically, in the
weak field limit the acceleration of a particle in motion around a spinning BH
can be written as

a = −∇Φ+v×ΩLT, (1.10)

where Φ is the gravitational potential of the BH, v the particle velocity and ΩLT
is the Lense-Thirring frequency. The second term in Eq. (1.10) is a correction

2The massive particle here is to be understood as a test particle. The moment this approx-
imation ceases to be valid, and the contribution of such a particle to the metric is no longer
negligible, then the values of the ISCO given above also change, see e.g. [35].
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Figure 1.2: (left) Illustration of the ISCO as the inner edge of accretion discs, credit
[2]; (right) the location of the ISCO in units of rg as a function of the spin parameter,
credit [3].

of the acceleration due to the BH rotation. The Lense-Thirring frequency reads

ΩLT = 2G
cr3

[
J• − 3(J• ·r)r

r2

]
, (1.11)

and represents the frequency of rotation of the particle orbit around the BH
angular momentum direction. In the BH equatorial plane (J• · r = 0), the pre-
cession frequency is given by

ΩLT = 2GJ•
cr3 . (1.12)

I will discuss the implication of this effect in § 1.1.5, in the context of warped
accretion discs.

1.1.3 AGN observations

As mentioned at the beginning of this chapter, the existence of MBHs is revealed
to us indirectly by the radiation emitted by the gas accreting on them. The first
such object to be discovered was the quasar 3c 273 in 1963 [37] (see Fig. 1.3, left),
which only a few years later would be interpreted as an accreting MBH [38]. To
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Figure 1.3: HST images of 3c 273 quasar (left) and NCG 4151 Seyfert galaxy (right).

date, many other similar objects have been observed, all catalogued under the
name AGN. In general, an object is classified as AGN if it has one or more of the
following characteristics: i) a compact nuclear region much brighter than a region
of the same size in a normal galaxy; ii) non-stellar (non-thermal) continuum
emission; iii) strong emission lines; iv) variability in continuum emission and/or
in emission lines on relatively short time scales. The observed AGN population
is classified into subgroups according to their observational properties. In the
following, I give a brief overview of the different classes of AGNs:

• (a) Seyfert Galaxies: active galaxies with spiral-like morphologies and
bright nuclei (see e.g. Fig. 1.3, right). Seyfert galaxies are characterised
by continuous non-thermal spectra with strong emission lines and often
show variability over a time span of less than one year. Seyfert galaxies are
divided into type 1 and type 2 according to the width of the emission lines.
Type 1 Seyferts show both broad lines, as for Hα and Hβ , with full widths
at half maxima (FWHM) corresponding to velocities in the range 1000-
5000 km s−1, and narrow lines, as for [OIII], with FWHM corresponding
to velocities of a few hundred km s−1 (see Fig. 1.4). In contrast, Seyfert
2 galaxies show only narrow lines, typically of a few hundred km s−1. A
different width of the lines is interpreted as a consequence of a different
region from which they are emitted. In particular, lines with FWHM
corresponding to a velocity of about 103 km s−1, are said to come from
the Broad Line Region (BLR), which extends no further than ∼ 1 pc from
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Figure 1.4: A composite spectrum of AGN revealing the typical non-thermal continuum
and various emission lines. Credit [4].

the MBH, while narrower lines are said to come from the Narrow Line
Region (NRL), which can extend up to 100 pc from the central MBH. See
Fig. 1.6 for a schematic representation of the BLR and NLR. I remark that
the lack of broad emission lines in Seyfert 2 does not necessarily imply the
absence of a BLR, it may merely reflect that this region is blocked from
our view.

• (b) Radio Galaxies: a class of active galaxies characterized by relatively
strong radio emission. Almost all host galaxies of radio AGN are ellip-
ticals, although radio jets have been observed in Seyfert galaxies as well
[39]. Radio galaxies can be classified according to the width of the emis-
sion lines in the continuum, similar to Syefert galaxies, but also according
to the properties of their radio emission, e.g. its morphology and its spec-
trum. Radio galaxies usually display a double-lobed structure extending to
several hundred kiloparsecs or even megaparsecs from the central nucleus
(Fig. 1.5).

• (c) Quasars and QSOs: objects typically found at high redshift (e.g. z∼
2−3, but also at z ∼ 7), and initially recognized as stellar objects but with
anomalous spectrum and strong radio emission, hence first called “quasi-



1.1. Active Galactic Nuclei and Massive Black Holes 11

Figure 1.5: Colour composite image of Centaurus A, revealing the lobes and jets ema-
nating from the active galaxys central black hole. The 870-micron sub-millimetre data
are obtained from LABOCA on APEX, X-ray data from the Chandra X-ray Observa-
tory, visible light data from the Wide Field Imager (WFI) on the MPG/ESO 2.2 m
telescope.

stellar radio sources”, or “quasar”. The optical spectrum of quasars is very
similar to that of Seyfert 1 galaxies, but they are brighter, characterized
by luminoisites L∼ 1045 − 1047 erg/s. Thanks to the spatial resolution of
HST, it has been possible to observe the host galaxy of several low redshift
quasars and this has revealed that quasars can be found in galaxies that
manifest very different morphological properties; while some quasar hosts
appear to be normal spirals and ellipticals, others are strongly disturbed
or interacting systems [40].

• (d) Blazars and BL Lac: objects very luminous at almost all wave-
lengths, from radio to gamma rays, that display spectra mostly lacking of
spectral lines. Their emission is dominated by the emission of a relativistic
jet.

The plethora of AGN phenomenologies is often interpreted on the basis of a
“unified model of AGNs” [41, 42, 43], as illustrated in Fig. 1.6, initially proposed
for the unification of the two Seyfert types of galaxies. The idea is that in the
nucleus there is the so-called “central engine”, that is an accreting MBH ([44],
[38]). Indeed, the small size of the emission region of an AGN, as inferred from
time variability of the order of weeks, and the large amount of energy output,
suggest that the central engine must be compact and have relatively large mass.
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Figure 1.6: Different components of an AGN in the standard paradigm: a central MBH
surrounded by an accretion disc at sub-pc scale, the BLR at ∼ 1 pc, the dusty torus at
∼ 1-10 pc, the NLR at tens of pc and a jet emerging from the inner disc propagating
up to kpc scales. Credit [4].

Of all known astrophysical compact objects, black holes are the only ones with
such a deep potential wall such that they can convert gravitational energy into
radiation in the observed amount, so as to explain AGN luminosities. In the
AGN model, the accreting MBH is surrounded by gas moving in the two zones
BLR and NRL (one inner and one outer). Also surrounding the MBH is a
structure dominated by dust and with a toroidal shape. The various types
of AGN listed above are thus distinguished according to i) their high or low
luminosity; ii) the presence or absence of a radio jet; iii) the angle of inclination
with respect to which we observe them. Indeed, different classes of AGN are not
intrinsically different but but only appear different because we observe them at
different angles.

1.1.4 Black hole accretion

In the MBH paradigm, an AGN is assumed to be powered by a MBH accreting
gas, and the energy source is the gravitational potential of the central black hole.

1.1.4.1 Eddington luminosity

To comprehend the energy scale involved with MBH accretion, we consider the
luminosity such that its radiation pressure on a ionized medium due to Thomp-
son scattering equals the gravitational force due to the MBH. This calculation
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gives the Eddington luminosity

LEdd =
4πGcmp
σT

M• ≃ 1.28 ·1046M•,8 erg/s, (1.13)

where mp is the proton mass, σT the Thompson cross section and M•,8 =
M•/108M⊙. The Eddington luminosity is the largest possible luminosity that
can be achieved under the approximation of spherical accretion and radiation-
gas interaction occurring via Thompson scattering. From these simple consid-
erations, we see that a bright quasar with a luminosity L ∼ 1046 erg/s may
be powered by a black hole with a mass M• ∼ 109M⊙(λEdd/0.1)−1, where
λEdd ≡ L/LEdd.

1.1.4.2 Spherical accretion

Early studies of gas accretion on a gravitating object focused on accretion of
gas by stars moving through an infinite non-self gravitating gas cloud at steady
supersonic speeds. This problem was first studied by [45] and later improved by
[46]. Then, [47] studied the spherically symmetric accretion onto a gravitating
object at rest in a gaseous medium and found that the accretion rate is given by

ṀB = 16πρG2M2
•

c3
s

≃ 3 ·10−2M2
•,6

( T

104K

)−3/2( ρ

M⊙/pc3

)
M⊙/yr. (1.14)

where M• is the mass of the object and cs, T and ρ are the gas sound speed,
temperature3 and density of the medium at large distance from the object, i.e.
at a distance much larger then

rB = 2GM•
c2

s
≃ 30M•,6

( T

104K

)−1
pc, (1.15)

which is known as the Bondi radius. At distances larger than rB the gas internal
energy dominates over gravity, while inside the Bondi radius gas dynamics is
dominated by the massive object, rather than by its thermal state. In addition,
[47] proposed an extension of this formula also valid for objects in motion relative
to the medium, which, after being corrected by [48] with an extra factor of two,

3In Eq. (1.14) an adiabatic equation of state has been assumed to express the sound speed
in terms of temperature.
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reads
ṀB = 4πρG2M2

•
(c2

s +vgas)3/2 , (1.16)

where vgas it the object velocity relative to the gaseous medium. I stress that in
the derivation of Eqs. (1.14) and (1.16) it is assumed that there is no feedback
from the accreting object on surrounding inflowing gas. I recommend [49] for an
extended review on Bondi accretion.

1.1.4.3 Accretion discs

In real astrophysical environments, gas always retains a certain amount of an-
gular momentum with respect to the MBH and accretion unlikely occurs in a
purely spherical fashion. As gas flows towards the central object, conservation of
angular momentum makes it circularize and settle into a Keplerian disc structure
and accretion occurs only in the presence of a mechanism that transports gas
angular momentum outward and makes the gas flow inward, reach the ISCO and
then plunge into the event horizon. During this path, a gas parcel of mass m in
the disc, falls onto the MBH following a series of shrinking circular orbits. Due
to virial theorem, at each circular orbit of radius r, the gas element mechanical
energy is given by −GM•m/2r. If the gas element takes a time ∆t to reach the
ISCO, starting from distance r0, then the energy lost per unit time reads

1
∆t

(
−GM•m

2r

)∣∣∣∣∣
risco

r0

≃ −GM•Ṁacc
2risco

, (1.17)

where we have defined Ṁacc = m/∆t and used r0 ≫ risco. As the gas element
inspirals inwards, its dissipated mechanical energy is converted into heat and
then radiated away, yielding a luminosity

L= GM•Ṁacc
2risco

= 1
2ξ
Ṁaccc

2 = ηṀaccc
2, (1.18)

where we have used Eq. (1.7) and we have defined the disc radiative efficiency
as

η(a) = 1
2ξ(a)

. (1.19)
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Figure 1.7: Radiative efficiency as a function of the spin parameter. Credit [3].

More precisely, a full GR computation [50] yields

η(a) = 1−

√
1− 2

3
1
ξ(a)

. (1.20)

The function (1.20) is shown in Figure 1.7 for both the prograde and retrograde
case. For example, η∼ 0.057 at a= 0 and η= 0.324 for a= 0.9982 (the maximum
spin value allowed once the capture of the disc radiation by the BH is taken into
account [51]). By contrast, the efficiency with which hydrogen is burned into
helium in stars nuclear reaction is only ∼ 0.007, almost a factor of one hundred
times less efficient than accretion onto a highly spinning MBH, which is then
the most efficient process in nature for producing energy.
From Eq. (1.18), in particular, the Eddington luminosity defined in Eq. (1.13)
corresponds to a mass accretion rate

ṀEdd = LEdd
ηc2 ≃ 2.8M•,8

( η

0.1

)−1
M⊙/yr, (1.21)

which is the highest possible accretion rate in the simple spherical model.

Viscosity So far I have simply assumed that gas accretion onto the central
object occurs as the gas elements in the disc follow shrinking circular orbits.
It is fair to wonder, how is it that elements orbiting in a central force field
lose their angular momentum and inspiral inwards? Put another way, how a
differentially rotating flow is disrupted into an accretion flow? It occurs when i)
it is energetically favorable to do so and ii) a path to these lower energy states is
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available. Indeed, given a Keplerian disc, a lower energy configuration do exist,
characterized by all the disc mass being located at the minimum of the potential
and all disc angular momentum being carried away by an infinitesimal mass at
infinite distance. A mechanism for angular momentum transport is provided by
the onset of instability that triggers and sustains turbulence, which dissipates
the gas bulk kinetic energy and acts as an effective viscosity. In the case of
accretion discs around BHs, the magneto-rotational-instability (MRI) has been
shown to be an efficient mechanism for such an angular momentum transport
[52]. This complex viscous angular momentum loss is usually simply modelled
(both in analytical models and simulations) by means of the so called Shakura
& Sunyaev α-prescription [53], in which gas kinematic viscosity is assigned to be

ν = αhcs, (1.22)

where h is the disc thickness. This formulation neglects the details of the onset
of instability and turbulence, which are hidden in the value of coefficient α < 1.

Disc evolution If the accretion disc is axisymmetric and thin, its structure
can be described by its surface density Σ(R,t), where R is the cylindrical radius
on the disc. The time evolution of Σ(R,t) is governed by the conservation of mass
and angular momentum [54] and can be expressed in terms of a diffusive partial
differential equation for Σ(R,t), which can be derived directly from the Navier-
Stokes equations for a viscous fluid in cylindrical polar coordinates. From this
equations, it is found that the timescale on which viscosity smooths out surface
density gradients at R is

tν ≃ R2

ν
. (1.23)

Assuming stationarity, the surface density of the disc is described by

Σ = Ṁacc
3πν

(
1−
√
risco
R

)
, (1.24)

which connects the disc surface density with viscosity and accretion rate. See
[5, 54] for more details.
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1.1.4.4 The growth of massive black holes

One important fact that any theory of AGN formation must take into account is
that quasars are observed up to redshift ∼ 7. The cosmic time at such a redshift
is about 0.5 Gyr, and so the growth timescale of a MBH must be shorter than 0.5
Gyr. If the growth of a MBH is through radiative accretion, the mass accretion
rate can be written as

Ṁacc = L

ηc2 = L

LEdd

M•
ηtSlap

, (1.25)

where the first equation follows from Eq. (1.18) and the second from (1.13) and
the definition of Salpeter time

tSalp = σTc

4πGmp
∼ 4.5 ·108yr. (1.26)

However, in the accretion process, a fraction ϵ of the accreting mass-energy is
released into the environment. Then, the actual accretion rate on the MBH is

dM•
dt

≡ Ṁ• = (1− ϵ)Ṁacc = (1− ϵ)
η

λEdd
M•
tSlap

. (1.27)

In standard thin radiatively efficient discs it is usually assumed that ϵ = η, as
energy is released only in the form of radiation. If both λEdd and η are inde-
pendent of time, we get a differential equation for MBH mass growth which is
solved by

M•(t) =M•,0 exp

(
1−η

η
λEdd

t

tSalp

)
, (1.28)

where M•,0 is the initial BH mass, which, in turn, depends on how the black
hole was initially created. From Eq. (1.28), the Salpeter time can be understood
as the time it would take for the MBH to increase its mass by an e-fold while
accreting at a fraction λEdd = η(1−η)−1 of the Eddington limit. We note that, if
L=LEdd and a= 0 (corresponding to η= 0.057), then the timescale for accretion
is 3 · 107 yrs, while if a = 1, we have that η = 0.42 and then the timescale of
accretion is about one order of magnitude higher. For example, if M•,0 = 103M⊙,
then in the Hubble time TH = 104 Myr, a MBH can easily grow up to 109M⊙
both in case of a = 0 or a = 1. However, the observation of quasars of 109M⊙
at z = 6 − 7 poses a challenge. At z = 7, where TH ≃ 750 Myr, if a = 0, MBHs
can still grow of about a factor of e25 ∼ 1011, provided the MBH can support
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Eddington accretion up to z ∼ 7, whereas only by a factor of e2.5 ∼ 10 if one
assumes λEdd = 0.1. The situation is even more problematic in the case of
maximally spinning MBHs. In this case, even assuming Eddington accretion,
MBHs can grow only by a factor of ∼ e2.5 ∼ 10. By taking into account the
torque exerted by the radiation emitted by the disc on the MBH, [51] showed
that the MBH spin cannot exceed the limiting value of 0.9982, which correspond
to a radiative efficiency of η≃ 0.324. In this case, we would still obtain e3.5 ∼ 33.
Then, if a≥ 0.9982, even heavy seeds of 105M⊙ cannot grow into massive 109M⊙
BHs at z= 7. This rises a problem since efficient prograde accretion tends to spin
up the MBH (see § 1.1.4.6), hence increasing η and slowing down the accretion
preventing the formation of MBHs at high redshift. Some solutions to this
problem have been suggested:

• When including MHD in accretion disc models [55] the spin a = 0.9982
cannot be reached exactly. Similarly, as the emission of jets through
Blandford-Znajek [56] mechanism is powered by the rotational energy of
the MBH, it contributes in keeping the spin at low values during MBH ac-
cretion. Then, since the increase of η(a) with the spin magnitude is steeper
for higher spin values, it is possible to have high spin but η small enough
to form MBHs at high redshift. For example, if a = 0.9, then η = 0.15,
which allows MBHs to increase their mass by a factor of ∼ 104M⊙ in 750
Myr, which is enough to form 109M⊙ MBHs at z ∼ 7 starting from heavy
seeds.

• Another way is that Eddington limit works strictly for spherical systems.
If the radiation emitted by the disc has not a spherical angular pattern,
accretion can proceed unhindered in preferential directions allowing to ex-
ceed Eddington limit [57]. For example, [58] showed that by allowing for
a mild super-Eddington accretion (λEdd = 2) in the fable simulation, to-
gether with a reduced AGN feedback efficiency and earlier seeding, it is
possible to grow ∼ 109M⊙ MBHs at redshift 7.

• Accretion episodes can be chaotic, i.e. some accretion events tends to spin
up, others to spin down, with the net result of keeping the MBH spin close
to zero [59].

Finally, I note that MBHs more massive than 109.5M⊙ are rare, and so a MBH
cannot accrete at the Eddington limit continuously over its entire lifetime. This
is perhaps not surprising, given that AGN can release huge amounts of energy,
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both in radiation and in kinetic forms, into its surrounding. Such energy feed-
back can heat the gas in the host galaxy or even drive the gas out of it, thereby
quenching further gas accretion. From an observational perspective, [60] inves-
tigated the distribution of MBH accretion rates with redshift (up to z ∼ 4) and
galaxy stellar mass. They found that λEdd has a broad probability distribution
function, consistent with the stochastic nature of AGN fuelling, characterized
by a power law shape increasing towards lower λEdd, a cutoff at ≳ 0.1−1, and a
plateau for small (10−3 − 10−2) λEdd. The truncated shape close to Eddington
accretion rate suggests that accretion is feedback regulated.
In a self-regulated MBH accretion it is possible that significant growth only
occurs during the active (quasar) phase(s) of the AGN, while the mass remains
more or less constant during the long dormant quiescent phase(s). The fraction
of time spent by a MBH in an active state is referred to as duty cycle.

1.1.4.5 The Sołtan argument

A first important claim about MBH cosmic growth came with the Sołtan ar-
gument [61] (see also [62]), which illustrated that if quasars were powered by
accretion onto a MBH, then such MBHs must be present in the local universe
as quiescent MBHs. More in detail, given the number of observed quasars at
various redshifts, i.e. the luminosity function of AGNs n(L,z) as the density of
AGNs at a given redshift and per unit luminosity, [61] computed the integral
of the luminosity emitted by all AGNs at a given cosmic time, which is propor-
tional to the rate at which MBHs grow at that redshift. By integrating further
in time, he then obtained an estimate of the mass density of MBHs

ρMBH(z) =
∫ ∞

z

dt

dz′ dz
′
∫ ∞

0

1−η

η

L

c2n(L,z)dL. (1.29)

This computation revealed that i) the growth of MBHs occurred essentially at
z ∼ 2 (see also Fig. 1.12), as the bulk of the luminosity of AGN comes from that
redshift, and that ii) in the local universe ρMBH(z= 0) ∼ 2·105(η/0.1)−1M⊙/Mpc3.
Being the galaxy number density in the local universe approximately ngas ∼
0.1Mpc−3, Sołtan result implies that in each galaxy, on average, there must be
a MBH with mass ∼ 2 ·106M⊙. Indirectly, this argument also suggests that the
radiative efficiency should be, on average, η∼ 0.1, and hence MBHs spins should
be low.
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Figure 1.8: Specific angular momentum at the ISCO as a function of the spin param-
eter. Credit: [3].

1.1.4.6 MBH spin growth

AGN discs, while accreting mass on the central MBH and increasing its mass,
they also accrete angular momentum and hence change the MBH spin. I can
provide a rough estimate of the timescale needed to spin up an initially non-
rotating (Schwarzschild) BH. I denote with Λisco the specific angular momentum
of gas carried at the ISCO. A full GR calculation [63] reveals that

Λisco(a) = ±GM•
cξ

ξ2 ∓2a
√
ξ+a2√

ξ−3±2a/
√
ξ
. (1.30)

The function (1.30) is shown in Figure 1.8 for both the prograde and retrograde
case. In particular Λisco/GM•c

−1 is equal to
√

12 for a Schwarzschild BH and
to 2/

√
3 (−22/3

√
3) for a maximally spinning prograde (retrograde) BH (see

also Fig 19 in [64]). In the following, for simplicity, I will consider a Newto-
nian approximation and assume the specific angular momentum at the ISCO
for a non-spinning BH to be Λisco ≃ risco

√
GM•/risco =

√
6GM•/c. Then, the

accreted angular momentum on the BH reads

J̇acc = ṀaccΛisco ≃
√

6GM•Ṁacc
c

. (1.31)
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By combining Eq. 1.31 with the derivative of Eq. (1.5) we get an equation for
spin evolution:

J̇• = GM2
•

c

da

dt
+ 2aGM•

c

dM•
dt

=
√

6GM•Ṁacc
c

, (1.32)

which can be simplyfied into

da√
6(1−η)−2a

= dM•
M•

. (1.33)

By integrating both sides and assuming η = 0.057, as for non-spinning BHs, we
find that in order to spin up the MBH (reach a= 1), its final mass must be

M•,f = 2.73M•,i, (1.34)

i.e. the MBH needs to approximately triple its initial mass M•,i. However, I
stress that in this computation I have assumed the risco and η to be constant
during the spin growth, while in fact the former decreases and the latter increases
with the spin. [34] and [51] carried out the correct GR computation and found
the spin value a reached for a given increase of mass M•,f/M•,i to be

a=
(2

3

)1/2 M•,i

M•,f

[
4−
(18M•,i

M•,f
−2
)1/2

]
. (1.35)

Eq. (1.35) reveals that a complete spin-up is achieved once M•,f =
√

6M•,i ≃
2.45M•,i. Note also that in retrograde accretion, spin evolution would be faster
because risco is larger and therefore the BH accretes more angular momentum
per unit mass, i.e. an MBH requires to accrete less mass to spin down than to
spin up.
Finally, if a non-spinning MBH has to roughly double its initial mass in order
to become maximally spinning, the timescale tspin-up for this to occur can be
estimated as

tspin-up ∼
√

6M• −M•

Ṁacc
=
(√

6−1
) η

λEdd
tSalp ≃ 650Myr

( η

0.1

)(λEdd
0.1

)−1
.

(1.36)
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Figure 1.9: Illustration of the additional hydrodynamic effects present in a warped disc.
Two neighboring and misaligned fluid annuli experience a vertical shear induced by the
warp. The relative vertical displacements of the mid-planes of the annuli generate radial
pressure gradients that act as a radial forcing, which is resonant with the disc epicyclic
frequency if the potential is nearly Keplerian. Credit: [5].

1.1.5 Warped accretion discs

While accretion changes the magnitude of the MBH spin, it can also change
its direction, provided the accretion disc angular momentum is misaligned with
respect to the MBH spin. When this is the case, the disc annuli exchange torques
with the MBH and with each other and disc looses its flat structure and gets
warped (see Fig. 1.9).
The state of a warped disc is jointly described by the surface density Σ(r) and the
unit vector normal to the local disc plane l̂(r), where r is the radial coordinate.
In addition, it is assumed that the disc is geometrically thin, that the fluid
orbits are circular (modulo corrections due to radial gas flow), and that l̂(r) is a
smooth, continuous function. Before discussing how the spin and disc structure
evolve due to their reciprocal interaction, I briefly comment on the warped disc
evolution as driven solely by internal torques.
Given two adjacent and misaligned disc annuli, their relative inclination causes
both vertical and radial shear. Vertical shear, in turn, results in periodic vertical
displacements of the annuli mid-planes, generating periodic radial pressure gra-
dients, see e.g. [65]. If the potential is Keplerian, the forcing pressure gradients
are resonant with the disc epicyclic frequency and launch waves. If the disc is
sufficiently viscous, such waves are damped locally, and the warpe evolution is
said to be in the viscous regime. The condition for viscous warp evolution is
that [66]

α≳ h

r
, (1.37)
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where h is the disc semi-thickness. In the opposite regime, radial propagation of
the warp occurs via waves, provided that the potential is nearly Keplerian. The
equations that describe the evolution of the warp in the viscous and wave-like
regimes are different and they predict different qualitative behaviours. Discs
around black holes and other compact objects are likely to be described by
viscous warp dynamics, therefore in the following I will focus on this regime
only. The equations for the evolution of warp structure in the viscous regime
have been derived from conservation of mass and angular momentum by [67]
and from fully non-linear hydrodynamic framework by [68].
According to [67] discussion, the evolution of an annulus angular momentum
density (i.e. per unit area) L = l̂Σr2Ω is described by the equation

∂

∂t
L = 3

r
∂r

[
r1/2

Σ
∂r(ν1Σr1/2L)

]

+ 1
r
∂r

[(
ν2r

2|∂r l̂|2 − 3
2
ν1

)
L
]

+ 1
r
∂r

[
1
2
ν2r|L|∂r l̂

]
,

(1.38)

where the first term describes the angular momentum transport due to the az-
imuthal shear viscosity between differentially rotating annuli, while the second
and third terms describe the alignment of misaligned annuli (∂r l̂ ̸= 0) due to
vertical shear viscosity. While the first process is regulated by the kinematic
viscosity ν1, which is the same as in Eq. (1.22) and discussed in § 1.1.4.3, the
second is characterized by a kinematic viscosity ν2, which, in principle, does not
have a simple or obvious relationship with the former. The connection between
the dissipative vertical (ν2) and horizontal (ν1) viscosities emerges from the full
hydrodynamic derivation of the warped disc equations carried out by [68]. His
analysis yields expressions for the kinematic viscosities in terms of the Shakura
& Sunyaev α parameter and of the local strength of the warp |ψ| = r|∂r l̂|. Both
viscosities have a non-trivial form, typically decreasing as the warp amplitude
becomes increasingly non-linear. In the small warp (linear) regime (|ψ| ≪ 1),
their relationship reads

ν2
ν1

≃ 2(1+7α2)
α2(4+α2)

≃ 1
2α2 , (1.39)
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where the final expression is valid for the usual case where α ≪ 1. In reality,
as discussed in § 1.1.4.3, it expected that disc viscosity is generated by MHD
turbulence, triggered by the MRI. How this turbulence interacts in the vertical
direction has yet to be fully determined.
Finally, from dimensional analysis of Eq. (1.38), the timescale for vertical dis-
turbances diffusion and propagation reads

tν2 = r2

ν2
. (1.40)

Note that, given (1.39) and α≪ 1, this timescale can be much shorter than the
accretion timescale tν1 (1.23).

1.1.5.1 Bardeen-Petterson effect

Returning to Eq. (1.38), I now consider the effect of external torques T on
the evolution of warped discs. The most famous example is the Lense-Thirring
(LT) effect, which leads to the precession of orbits around Kerr black holes that
are inclined with respect to the equatorial plane (see § 1.1.2). The precession
frequency ΩLT is given in Eq. (1.12). Each annulus of the disc experiences a
torque

TBP = ωLT ×Jannul.
r3 , (1.41)

where ωLT = ΩLTr
3. Then, the total torque experienced by the disc is given by

dJd
dt

=
∫

ωLT ×L(r)
r3 2πrdr. (1.42)

[6] observed that differential precession due to the LT effect, acting on an initially
planar but tilted disc, would rapidly warp the disc close to the black hole and
drive up |ψ| (see Fig. 1.10). We can define the characteristic warp radius
rw, as the radius at which the timescale over which the disc is warped by LT
effect equals the viscous timescale of diffusion of the warp disturbance. The
first timescale is given by tLT ∼ r3/ωLT, while the viscous timescale is (1.40).
Equating these two timescales we find the warp radius as

rw = ωLT
ν2

= 2GJ•
c2ν2

. (1.43)
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Figure 1.10: Disc mid-plane twisted structure as driven by LT precession. Credit: [6].

For larger radii r > rw, tν2 < tLT and any warped induced by the LT effect is
immediately dissipated by viscosity and the disc keeps its initially flat misaligned
shape. As we approach rw, viscosity is no longer able to redistribute and diffuse
out the warps as they form on the same timescale tw ≡ tν2(rw) = tLT(rw). For r <
rw, the LT torque is stronger than the viscous torque and any warped structure
induced at r < rw over a timescale tLT(r) will be dumped by viscosity on a
timescale tν2(r)< tw, in this way making the disc within the warp radius lay in
the BH equatorial plane. This process of the disc acquiring an aligned orientation
on the small scale while remaining misaligned on the large scale due to the LT
precession is called Bardeen-Patterson effect.

1.1.5.2 Spin (counter)alignment

In the warp structure solution shown in the previous paragraph time evolution
was neglected. However, as the spin exerts a torque on the disc, by inducing
differential precession on its annuli, an opposite and equal torque must be expe-
rienced by the BH spin, according to Newton third law:

dJ•
dt

= −dJd
dt

. (1.44)

If the spin is parallel to the ẑ axis, for each annulus, the LT torque lays in the xy
plane, and hence the total torque on the disc does too. Since the torque acting
on the MBH is perpendicular to the spin, it makes it change direction (inducing
alignment and precession), but not magnitude. Therefore, as noted by [69], it is
possible to decompose the torque experienced by the MBH into two components



26 1. Introduction

as
dJ•
dt

= −K1(J• ×Jd)−K2
(
J• × (J• ×Jd)

)
, (1.45)

where K1-term is responsible for precession and K2-term for (counter)alignment,
and both coefficients depend on the details of the disc structure. From simple
geometrical analysis, by assuming that the spin modulus is constant, as well as
the total (BH+disc) angular momentum, [69] found that the spin always aligns
to the total angular momentum, without changing its magnitude. Conversely,
the disc angular momentum is dissipated in this alignment process (dJd/dt≤ 0).
The BH spin and disc angular momentum counteralignment occurs if Jtotal <J•,
i.e.

cosθ <− Jd
2J•

, (1.46)

where θ is the angle formed by the BH and disc angular momenta. From Eq.
(1.46) counteralignment does occur if θ > π/2 and Jd < 2J•.

1.1.5.3 Timescale for spin alignment

I can provide an estimate for the timescale of spin alignment in the limit where
the accretion disc has infinite extension and it is continually fed at its outer
edge by matter whose angular momentum has constant direction ĵdisc,out. In
this case, the BH aligns its spin to the outer disc direction. The alignment
timescale tal can be written as

tal ∼ J•
dJ•/dt

= J•
|
∫

ωLTr−3 ×L2πrdr|
∼ J•

ωLTr
−3
w Jw

, (1.47)

where Jw is the angular momentum of the annulus at the warp radius rw and in
the last passage I have assumed that most of the exchanged torque come from
that disc-spin interaction at rw. In fact, at smaller radii the disc lays in the spin
equatorial plane due to the Bardeen-Patterson effect and no angular momentum
is exchanged, whereas at larger scales the torque rapidly decays, as ∝ r−5/2 for
a Keplerian disc, and its contribution can be neglected. Then, recalling that
tw = tν2(rw) = r2

w/ν2 and using Eq. (1.40), the alignment timescale reads

tal ∼ tw
J•
Jw

. (1.48)



1.1. Active Galactic Nuclei and Massive Black Holes 27

Now, we can approximate Jw as

Jw ≃ πr2
w|L| = πr2

w
Ṁacc
3πν1

√
GM•rw = λEdd

M•
3η

tν1(rw)
tSalp

√
GM•rw, (1.49)

where in the second equality we used (1.24) for Σ and in the last one (1.25).
Now, by replacing (2.16) in (1.48), and carrying out some algebra we obtain

tal ∼ 3aν1
ν2

√
rg
rw
tspin-up. (1.50)

The numerical value of the alignment time scale depends on the details of the
disc model, but in general, as shown in (1.50) it works out to be short-compared
to the Salpeter timescale on which accretion would change the magnitude of
J•. The ease with which a misaligned disc can change the spin axis of a black
hole, compared to changing its magnitude, occurs because of the larger specific
angular momentum of disc gas that drives the alignment (at ∼ rw) compared
to that responsible for spin growth (at risco ≪ rw), and because in the viscous
regime ν2 ≫ ν1 (Eq. 1.39).
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1.2 AGN feedback

In this section I study how the presence of an AGN can affect its host galaxy,
through the release of energy and momentum into the surrounding environment,
a phenomenon known as AGN feedback. In these terms, AGN feedback can
be seen as a by-product of accretion, which can influence galaxy evolution at
a wide range of scales, from the AGN/BLR scale itself to the circum-galactic-
medium CGM, through a wide range of phenomena, such as the driving of multi-
phase outflows and the regulation of the host galaxy star formation (SF). AGN
feedback is then a rich a complex phenomenon and shows that the study of AGN
is not just for understanding AGN per se, but is an inseparable part of galaxy
formation and evolution.
We can see this with a rough estimate. As shown above, the accretion process
is associated with the release of large amounts of energy, whose power can be
expressed by the relation

dE

dt
= ϵṀaccc

2, (1.51)

where ϵ = η+ ηm is an effective efficiency factor, η is the radiative efficiency
defined in Eq. (1.20) and ηm the efficiency associated to the kinetic energy of
mechanical feedback, e.g. jets. Now, assuming that the efficiency ϵ remains
constant throughout the MBH growth process and that the MBH comes to
acquire a mass M• mainly through accretion (see Sec. § 1.1.4.5), then we obtain
that the total energy released amounts to

E = ϵ

1− ϵ
M•c

2. (1.52)

Now, by comparing this energy with the binding energy of the host galaxy, it
is possible to have a first indication of the effect that feedback may have on it.
Assuming that the galaxy is an early type and is characterised by a mass Mgal
and velocity dispersion σ, then its gravitational binding energy, in accordance
with the viral theorem, can be expressed as W ∼ −Mgalσ

2. It then follows that

E

|W |
∼ ϵ

1− ϵ

M•
Mgal

(
c

σ

)2

. (1.53)

According to the observed MBH-host galaxy scaling relations4 M•/Mgal ∼ 10−3,

4Note that in this relation Mgal is the mass of the central dispersion dominated spheroid
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see e.g. [8]. Thus, by assuming that σ ∼ 300 km/s, the ratio E/|W | is about
103ϵ(1− ϵ)−1. If we assume ϵ to be around 0.1, as in radiative feedback (see e.g.
§ 1.1.4.5), the released energy is still orders of magnitude larger than that of the
host. Consequently, if only a small fraction of this energy is able to couple to
the gas, it will be capable of having an impact on the host galaxy, which points
out how AGN feedback plays an important role in the formation and evolution
of galaxies. In order to properly quantify the impact of AGN feedback on galaxy
formation, there are two questions that need to be addressed. The first concerns
the value of ϵ and the second the effectiveness with which the released energy
couples with the gas in the galaxy, and both factors depend on the details of the
type of feedback considered.

AGN feedback and MBH - galaxy co-evolution In the absence of AGN
feedback, a MBH and its host galaxy would barely know about each other. The
event horizon of a MBH is a billion times smaller than the size of a galaxy and
its typical mass is less than 1 per cent of the galaxy stellar bulge mass. In this
scenario the MBH has a negligible influence on its surrounding, limited to its
sphere of dynamical influence (Eq. 1.1), and its growth is primarily determined
by its galactic environment i.e. by the availability of cold gas, which is consumed
and recycled by star formation, and by its ability of losing sufficient angular
momentum to reach the inner sub-parsec region of the galaxy [70]. Put another
way, MBH evolution is the result of its galactic environment, which instead is
not influenced by the presence of the MBH. This corresponds to the situation
illustrated in Figure 1.11, without the red and black arrows. The presence of
AGN feedback, with the large amount of energy released in this process, allow to
draw the remaining arrows, standing for the influence that the MBH exerts on its
host galaxy. In other words, AGN feedback can serve as a connection between
the MBH and the host galaxy and can drive their co-evolution, characterized
by a reciprocal influence on each other [71, 72]. In this picture, both AGN
activity and star formation are fuelled by the cold gas found in the common
galaxy halo, which in turn can be supplied by various processes such as mergers
between gas-rich galaxies, recycling of gas within the halo caused by baryonic
feedback and accretion from intergalactic filaments [73]. In turn, AGN activity
and star formation exert feedback on the surrounding environment in various
forms, including winds, jets, radiation and cosmic rays [11, 74]. These feedback

of the galaxy, which, in case of ellipticals, constitutes the entire galaxy or the dominant part
of it.
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Figure 1.11: A sketch of the complex interplay between star formation, stellar feedback,
BH growth and AGN feedback. Credit: [7]

processes have an impact on the cold gas that fuels the AGN and star formation
in the first place, providing a complex self-regulatory feedback mechanisms. The
detailed interaction between star formation, stellar feedback, BH growth and
AGN feedback is probably the key to understanding the overall co-evolution of
BHs and galaxies and, as a consequence, the properties of the galaxy population.

Observational evidence for co-evolution Indirect hints that a MBH-galaxy
co-evolution does occur are provided by:

• the observed tight scaling relations between MBH and galaxy bulge prop-
erties, i.e. the M• − σ and M• −Mbulge relations (See fig. 1.12, left)
[8, 25, 75, 76]. It is worth mentioning that the sample from which these
relations have been discovered or tested contains about 65 galaxies, and
most of the MBHs in question are in the mass range of 107 to 109M⊙, and
the few that are above or below this range show departures from at least
some of the correlations, or more scatter [77].

However, I note that an alternative explanation of the M• −Mbulge rela-
tion has been suggested that does not require the effect of AGN feedback.
This idea was formulated by [78] and subsequently developed by [79, 80]
and predicts that the M• −Mbulge scaling relation is the result of the
hierarchical assembly of MBH and stellar mass through galaxy merging,
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Figure 1.12: Left: MBH-stellar bulge scaling relations. The MBH mass is found to
correlate with the stellar bulge mass and its velocity dispersion. Right: Evolution with
redshift of the volume density of black hole accretion rate (black line with grey band),
scaled up by a factor of 5000, and of cosmic star formation rate (blue and orange
points). Credit: [8].

without implying the need for any physically coupled growth of MBHs
and bulges through AGN feedback. Further supporting this idea is the
fact that MBH mass correlates closely with the properties of bulges and
ellipticals but not with those of pseudobulges, which indeed are not the
result of galaxy mergers but of secular evolution [8].

• The similarity of the star-formation and MBH accretion histories [81] (Fig
1.12, right). Quasars and starbursts appear to be closely related. The
most luminous starbursts always show signs of AGN activity, even if these
do not dominate the bolometric output, and the host galaxies of AGNs
often show sign of ongoing or recent star formation. [82] noted that the
volume-averaged ratio of MBH accretion rate to SF rate today is ∼ 10−3,
close to M•/Mbulge. Whether this is a coincidence or the result of a deep
causal connection between the evolution of MBHs and galaxies is still a
subject of study.

While these evidences seems to indicate a co-evolution between MBH and host
galaxy, some doubts have been raised as to the role AGN feedback plays in this
process.

Is AGN feedback responsible for co-evolution? It remains one of the
hottest topic in modern extra-galactic astrophysics understanding to what ex-
tent AGN feedback is responsible for such co-evolution and how it unfolds over
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cosmic time. Indeed, similar SF and MBH accretion histories and the MBH-
bulge correlation can be the result of processes that shape separately both MBH
and galaxy growth, and by no means AGN feedback is the exclusive or the
established main driver of these phenomena. As put by [83]:

At the very root of the problem there is a crucial question: are the
MBHs systematically found in massive galaxies nuclei a chance or
a necessity? In other words, is the growth of a nuclear MBH the
result of independent processes that produce both MBH and galaxy
growth? If this is the case, BHs are a chance. Alternatively, do
the two systems influence significantly their respective growth in a
non-linear feedback loop? In this case MBHs may be a necessity.

In this respect, if MBHs are a necessity, AGN feedback stands as a crucial in-
gredient in determining the co-evolution. In this scenario, the MBH-host scaling
relations are established as a result of reaching a limiting MBH mass and AGN
luminosity such that the MBH drives powerful outflows that reach the halo es-
cape velocity, thus sweeping away the surrounding gas and consequently halting
both MBH growth and star formation in the galaxy [84, 85]. In the alterna-
tive view, the chance scenario, the galaxy sets the MBH mass by regulating the
amount of gas that trickles to the MBH.
In addition, as emphasized by [9], besides the debated role of AGN feedback in
regulating the co-evolution, it is not clear when the correlation is established.
Three possibilities (Fig. 1.13) can be conceived: i) MBHs could have grown
in symbiosis with their host galaxy; ii) the MBHs could have grown faster by
dominating the process of co-evolution, with the galaxy catching up later, or,
iii) on the contrary, the galaxy grew first determining the conditions for the
evolution of the MBH, which later adjusted to its host. The second and third
paths require that feedback and self-regulation were somehow different at early
times.

Observational and theoretical evidences of AGN feedback Irrespective
of the role of AGN feedback in establishing the MBH host scaling relation and
the similarity in the MBH growth and SF histories, there is clear observational
and theoretical evidence for AGN having a huge impact on its surrounding en-
vironment. Indeed, observations reveal

• large amounts of hot, X-ray-emitting gas in individual giant ellipticals and
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Figure 1.13: Possible routes to MBH and galaxy co-evolution, starting from black holes
forming in distant galaxies in the early universe. Credit: [9].

groups and clusters of galaxies. These X-ray cavities or “bubbles” are
believed to be inflated by AGN jets [11].

• Nuclear winds and galactic-scale outflows. Some bright quasars show blue-
shifted X-ray spectral absorption lines interpreted as coming from winds
with velocities v∼ 0.1c and with mass loss rates of one to tens of M⊙/yr [86,
87]. Non-relativistic outflows with mass outflow rates of ∼ 1000M⊙yr−1

at kpc scales are also observed [88, 89]. Such outflows can potentially clean
a galaxy of cold gas in a single AGN episode.

AGN are also an attractive solution in models to supply the energy required to
reproduce many key observables of galaxy populations and intergalactic material:

• episodic AGN feedback is believed to solve the “cooling flow” problem that,
in the absence of energy input, X-ray halos in giant galaxies and in clusters
of galaxies would cool quickly, but cool gas and star formation are not seen
in the predicted large amounts. This phenomenon is sometimes referred
to as “maintenance-mode AGN feedback”.

• At high masses, the galaxy mass function drops more steeply than the
mass function of dark halos that is predicted by our standard cosmology.
The proposed solution is that higher mass AGNs are more efficient at
preventing late galaxy growth, again through the action of radio jets that
keep baryons suspended in hot gas [90], i.e AGN feedback is used to explain
the high mass end of the galaxy stellar mass function.
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• Mergers convert spiral galaxies into classical bulges and ellipticals. Since
the former are gas-rich and star-forming whereas the latter are gas-poor
and “red and dead”, something connected with mergers presumably re-
moves gas and quenches star formation. The observed bimodality in the
color-magnitude correlation can be explained by a rapid quenching of star
formation. Expulsion or heating of residual cold gas may be accomplished
by AGN feedback [91].

1.2.1 AGN driven outflows and their impact on star formation

In this section I discuss more in depth the nature of AGN-driven outflows and
how they affect the host galaxy star formation, both from a observational and
theoretical perspective.

1.2.1.1 Galactic outflows

Galaxy-wide (≳ 0.1 - 10 kpc) energetic outflows and turbulences represent one
way that AGN are known to be capable of interacting with their host galaxy
multi-phase interstellar medium (ISM) [88, 89, 92, 93]. Observational signatures
of outflows in the form of broadened (Doppler shifted) emission and absorption
lines have been detected for a number of galaxies hosting an AGN. Detected
outflows have characteristic speeds of 1000 km s−1, spatial scales of ∼ 1−10 kpc
and often appear to consist of a complex multi-phase medium. This typically
comprises a hot ionized component that can travel at speeds as high as ≃ 3000
km s−1 [92], a partially overlapping neutral atomic component at speeds not
much exceeding ≃ 1000 km s−1 [94] and a substantial portion of cold molecular
gas, as revealed by spatially resolved CO-emission and OH-emission/absorption
features [94, 95]. As an example, Fig. 1.14 shows an object where both the AGN
and outflow are seen is the low redshift (z = 0.04) quasar/merger Mrk 231 [10].
The outflow is characterized by a velocity of ∼ 1100km s−1 and a mass outflow
rate of 420M⊙yr−1, several times greater than the star formation rate. The
outflow power is about one per cent of the bolometric luminosity of the AGN.
Using CO observations of a sample of local Ultra Luminous Infrared Galaxies
(ULIRGs) and QSOs, [95] have shown that the mass outflow rates, the kinetic
luminosity, the momentum flux and the spatial extension of detected outflows all
correlate with the fraction of the host galaxy bolometric luminosity attributed
to a central AGN (see. also [96, 97]). This supports the idea that outflows
are indeed powered by AGNs. In addition, both observations and theoretical
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Figure 1.14: Neutral gas velocity map in the quasar/merger object Mrk231 [10]. Credit:
[11].

modeling suggest that galaxy-scale AGN outflows have momentum fluxes well
in excess of the radiative momentum flux output of the central AGN, Ṗrad =
LAGN/c. Observationally, the “momentum boost” Ṗoutflow/Ṗrad ranges from ∼ 2
to ∼ 30 in local ULIRGs dominated by AGN [10, 94] and in luminous quasars.
Although the uncertainties are large, collectively these measurements indicate
that AGN-driven, galaxy-scale outflows may commonly have momentum fluxes
∼ 10LAGN/c.
I mention that besides AGN, also supernovae and star-bursts are capable to
drive galactic outflows, though, theoretical models of supernova-driven feedback
exclude outflow speeds much exceeding ≃ 600 km s−1 on energetic grounds.
Therefore, most of the lower velocity winds are considered to be driven by stellar
feedback and identifying the effects of AGN feedback in outflows often relies
on observing higher winds velocity (e.g. > 500km s−1) and an outflow power
exceeding that predicted by any central starburst. Nonetheless, there is no
clear distinction between AGN- and stellar- driven outflows, especially in dwarf
galaxies.

1.2.1.2 Outflows driving mechanism

Theoretically, AGN galactic outflows may be driven by different mechanism:

• Radiative processes: as seen above, accretion discs release the energy dis-
sipated by viscosity in the form of heat and then radiation, and for a
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radiative efficiency of η ∼ 0.1, the amount of energy made available in
this way is enormous. This can affect the environment by both radiation
pressure and radiative heating. In models, radiative energy injection is
sometimes called “quasar” or “wind” mode and is usually associated with
high Eddington ratios (λEdd ≳ 0.01).

• Mechanical processes: the release of energy from an AGN can occur through
the emission of a relativistic jet collimated along the direction of the MBH
spin (see [98] for a review). Such jets can release an amount of kinetic
energy comparable to the radiative energy of the source and can therefore
have a significant impact on the host galaxy, up to the galaxy cluster scale.
This type of feedback is associated with low Eddington ratios.

• Energetic particles (cosmic rays): Although there is currently no evidence
that this feedback channel can have an impact comparable to the previous
two, the production of energetic particles could in principle contribute
to the overall feedback process exerted by the AGN on the surrounding
environment, see [99] for a review.

Overall, radio jets are usually found in the most massive systems with old stellar
populations, at least in the local universe, while radiative AGN are most com-
mon in galaxies with ongoing SF and younger stellar populations at all cosmic
epochs. As a consequence, these two categories of AGN may represent distinct
evolutionary phases and/or distinct MBH accretion mechanisms depending on
the host galaxy mass and environment. Also, note that jets characterize a small
fraction of the AGN population, contrary to AGN winds which are ubiquitous
in AGNs.
In this thesis I am only concerned with the first of these mechanisms, i.e. with
AGN radiative feedback. In this feedback mode, the interaction between the
AGN radiation and the ISM that give rise to galaxy-wide outflows can occur
though two main channels, i.e. via launching small scale winds that mediate the
radiation-ISM interaction or through direct radiation-ISM coupling at galactic
scales. In the next chapters I will focus solely on the first, channel, i.e. on
radiation-driven AGN winds.

Now we turn our attention to the influence that galactic scale outflows and
the overall AGN feedback process have on the galaxy host star formation rate
history.
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1.2.1.3 The impact of outflows on star formation

AGN feedback is widely believed to regulate the rate of star formation in AGN
host galaxies. However, the details of how and when this occurs remain uncertain
from both an observational and theoretical perspective.
For example, i) evidence that AGN-driven outflows may have a significant im-
pact upon star formation is that the measured mass outflow rates of molecular
outflows in low redshift ULIRGs and quasar host galaxies appear to exceed the
concurrent SFRs [95]. Consequently star forming material appears to be being
removed more rapidly than it can be formed into stars in these galaxies, i.e. star
formation could be suppressed by the removal of star forming material. Alter-
natively ii) AGN might kinematically disturb, compress, shock and/or heat the
gas and consequently reduce or enhance the efficiency of converting the available
gas supply into stars without the need to remove it.
A more direct indication of AGN feedback regulation of SFR is provided by
observations of a small number of distant luminous AGN (z ∼ 1 − 3) that show
evidence for an anti-correlation between the spatial location of an ionised outflow
and the location of narrow Hα emission (a star formation tracer) [100] . These
results may indicate that star formation has been reduced in the regions of
the outflow, although an alternative possibility is that these diffuse outflows
preferentially escape away from the dense star forming material. Instead, the
observational evidences of AGN outflows triggering star formation are slim, but
examples exist where star formation seems to occur within the AGN-driven
outflow itself at kpc scales [101, 102, 103] 5. A recent example of enhanced star
formation due to AGN driven outflow or jet [12] is shown in Figure 1.15. In
some cases, observational papers have also reported evidence of suppression and
enhancement working simultaneously in the same galaxies [104], i.e. positive and
negative AGN feedback do not necessarily act against one another. In particular,
[104] used SINFONI nearIR integral field spectroscopy of an obscured quasar at
z ∼ 1.6 to show that a prominent outflow traced by [OIII] lines coincides with
the location of an empty central cavity surrounded by star forming regions,
suggesting that the outflow is removing gas from the cavity (negative feedback)
while triggering star formation at the edge of the cavity (positive feedback).
[105] looked for signature of AGN on SF in the CARS sample and found no strong
evidence for a global positive or negative AGN feedback. Or in other words, no

5Analyzing over 2.500 galaxies in MaNGA, [103] identified a sub-sample of 37 galaxies with
outflows, of which ∼ 30% show signs of star formation within the outflowing gas, ranging from
0.1 − 1M⊙/yr and contributing 5-30% of the total SFR in the galaxy.



38 1. Introduction

Figure 1.15: Hα map showing evidence of SF being triggered by an AGN jet in a dwarf
galaxy. Credit: [12].

systematic suppression of SFR could be detected with respect to the non-AGN
galaxy reference sample, and no specific trend of SFR with AGN luminosity
has been found. Similarly, in a previous study, [106] considered a large galaxy
sample of AGN host galaxies and by applying uniform techniques across the
sample, found that average SFRs are independent of AGN luminosity. The lack
of detection of any correlation between AGN luminosity and SFR, suggests that
the AGN phase and SFR occur on different timescale. If AGN phase is short,
there would be not enough time passed to see the impact on the global SFR when
selecting AGN samples. This was already pointed out by [107], who showed that
luminous AGNs are preferentially found in gas-rich SF galaxies, i.e. there is no
direct causal link between instant MBH accretion and galaxy growth. More
recently, also [108] emphasised that the observed influence of AGN feedback on
SF is weak, i.e. they found no obvious galaxy wide signature of AGN feedback in
the MANGA survey. They argue that the integrated AGN accretion is required
for AGN feedback to suppress SF. To summarize, observations support the idea
that instantaneous AGN activity and corresponding outflows do not necessarily
translate into instantaneous quenching.

What do simulations teach us? The scenario emerging from observations
suggests that luminous AGNs are preferentially found in gas-rich star forming
galaxies, which is apparently in tension with the negative feedback scenario re-
quired by simulations. Indeed, from a numerical perspective, most galaxy forma-
tion models require some form of negative AGN feedback to eject existing ISM
gas from massive galaxies and/or prevent CGM gas from cooling and accreting
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Figure 1.16: The ratio of stellar mass to halo mass as a function of halo mass for three
different runs of a simulation (Sommerville & Hopkins 2008) and for the semi-empirical
relationship (Moster & Naab, 2013). Credit: [7] The impact of including star formation
feedback is to reduce the efficiency of converting baryons into stars in low mass haloes.
For massive haloes, energy injection from AGN is required in order to reduce these
efficiencies.

onto the galaxy, in this way suppressing star formation and quenching massive
galaxies (Fig. 1.16). Otherwise, large-scale simulations of galaxy evolution show
that the high-mass end of the galaxy stellar mass function is over-predicted [109].
In numerical models, AGN feedback is also crucial in order to properly recover
galaxy sizes and central densities, and the observed bimodality in galaxy colours
[90, 110, 111]
It is then informative to obtain a prediction on the SFR in AGN host galaxies
from a cosmological simulation that requires the suppression of SF during peri-
ods of rapid MBH growth to reproduce such observable galaxy properties. For
example, in agreement with the observation, the reference model of the EAGLE
simulations [112] (that includes AGN feedback in the form of thermal energy
injection) shows no evidence for reduced average SF rates with increasing MBH
accretion rate. [113, 114] studied the correlation between the AGN activity and
SFRs analysing high-resolution simulations of galaxy mergers, focusing on the
phases pre-, during and after galaxy merger. They found that the MBH accre-
tion rate does not correlate to the galaxy wide SFR, while it shows some level
of correlation with the nuclear (within 100 pc) SFR. Similarly, by analyzing
large scale cosmological simulations, [115] found no negative trends between the
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AGN luminosity and SFR and that high AGN luminosity and SFR are found
in galaxies with high gas fractions of molecular gas. Following the same line of
reasoning, [116] studied the dependence of SF quenching on different parameters
using a random forest approach, based on EAGLE, Illustris and IllustrisTNG
and also galaxy-wide surveys SDSS & CANDELS and found that the MBH mass
is the most predictive parameter of central galaxy quenching at all epochs (from
cosmic noon to z = 0). Conversely, the AGN luminosity has little predictive
power over galaxy quenching. That is, the current state of the AGN is not a
useful proxy for the cumulative/integrated impact of historic AGN feedback on
the galaxy, which is instead traced by MBH mass. In such a scenario, it is the
energy released over long periods from AGN which really matters for quenching.
Consequently, quiescence may emerge as a long term consequence of AGN heat-
ing preventing gas cooling and accretion from the CGM into massive galaxies,
ultimately starving the system of fuel needed for further star formation. Instan-
taneous feedback may still trigger quenching (e.g., [117, 118]), but without long
term heating of the CGM, gas cooling will inevitably re-kindle star formation in
massive galaxies, removing them from the quenched state.
This discussion highlights that it is not possible to conclude a lack of impact by
AGN upon star formation based purely on an empirical result where average SF
rates are not reduced for galaxies that host the most instantaneously luminous
AGN.

1.2.2 Simple outflow analytical models

Now I briefly discuss the impact of AGN winds on a spherically symmetric
gaseous environment by means of simple analytical models. This discussion is
based on works by [13, 14, 84, 85, 119, 120]. In these models it is usually assumed
a quasi-spherical wind originating from the accretion disc scales, ignoring how
this wind is launched in the first place. The wind mass, momentum and energy
flux densities at a radius R from the MBH can be expressed as, respectively:

ṁw = ρwvw = Ṁw
4πRb

,

ṗw = ρv2
w +Pw,

ėw = 1
2
ρwv

3
w +

(
γ

γ−1

)
Pwvw,

(1.54)
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where γ is the adiabatic index of the wind gas, b = Ω/4π ≤ 1 is the fractional
solid angle and Ω the solid angle covered by the wind. The wind pressure Pw
can be expressed in terms of the wind sound speed as Pw = γ−1ρwc

2
w and in the

supersonic limit (vw ≫ cw) the terms involving Pw in the equations above are
subdominant and can be discarded. Now, by integrating the ram pressure ρwv

2
w

and the kinetic luminosity 1/2ρwv
3
w over the surface area at R, one obtains the

total momentum flux Ṗw and kinetic luminosity Ėw of the wind as

Ṗw = Ṁwvw,

Ėw = 1
2
Ṁwv

2
w.

(1.55)

Then, the total wind momentum flux Ṗw can be parameterized in terms of the
impinging AGN radiation momentum flux L/c through Ṗw = τ(L/c), and the
wind velocity in terms of the speed of light through vw = βc. Following this
parameterization, the total mass, momentum and kinetic energy fluxes of the
wind read

Ṁw = τ

β

L

c2 , (1.56)

Ṗw = τ
L

c
, (1.57)

Ėw = τβ

2
L. (1.58)

The parameters τ , β and b, which allow to determine the properties of the AGN
wind from its luminosity, in turn depend on the processes driving the winds
and therefore require general-relativistic magneto/radiation-hydrodynamic sim-
ulations and observational constraints to be determined. We can compute the
conversion efficiency of AGN luminosity into wind kinetic energy as

Ėw/L= τβ

2
= 0.05τ

( β

0.1

)
. (1.59)

The further evolution of wind-driven outflows has been discussed in many papers
[14, 85, 121, 122, 123] and textbooks [124], in the context of both stellar and
AGN feedback. I briefly review some aspects here. Once launched, the AGN
wind moves in the ambient medium shovelling the material it encounters along
its path, forming a shell expanding at constant velocity ∼ vw. This phase is
referred to as free-expansion and lasts approximately until the swept-up mass
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Figure 1.17: A sketch of the wind-driven outflow structure. Credit: [13].

equals the mass of the impinging wind. If the ambient medium has uniform
density ρ0, the free expansion timescale reads

tfree =

(
3

4π

)1/2(
Ṁw
ρ0v3

w

)1/2

. (1.60)

When the shell radius reaches a distance ∼ Rfree ≡ vwtfree, the momentum of
the material added to the shell start causing it to slow down significantly and
free-streaming brakes down. According to Eq. (1.60) and using (1.56) we can
express this scale as

Rfree = 27.4

(
η(a)
η(0)

)1/2(
M•

107M⊙

)1/2(
µn

cm−3

)−1/2(
vw/c

10−2

)−1

pc, (1.61)

where µ is the gas mean-molecular-weight and n the gas number density. From
now on, the incoming wind forms a strong reverse shock against the slowing
down shell (Ṙsh ≪ vw) and a significant fraction of the wind kinetic energy
is thermalised. In the frame of the shock, the wind travels with the speed
|Ṙsh − vw| ∼ vw and, as a result, the post-shock temperature TR-shock is given
by

TR-shock = 3
16
µmp
kB

(
Ṙsh −vw

)2 ≃ 1.2 ·1010

(
β

0.1

)
K, (1.62)
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where kB is the Boltzmann constant and I have assumed µ = 0.6, i.e. a fully
ionised hydrogen and helium plasma of primordial composition. Similarly, a
forward shock is formed that propagates in the ambient medium. Under the
assumption that such medium is static and that the shock is strong, from the
Rankine-Hugoniot jump conditions it follows that the shock advances into the
unperturbed ambient medium at velocity (γ+1)/2Ṙsh = 4/3Ṙsh. The tempera-
ture TF-shock of the ambient medium after being invested by the forward shock
is given by

TF-shock = 1
3
µmp
kb

Ṙ2
sh ≃ 2.4 ·107

(
Ṙsh

1000km s−1

)2

K. (1.63)

We can now distinguish a four-layers structure formed by the AGN wind, the
shocked wind, the shocked ambient medium and finally the unperturbed envi-
ronment (Fig. 1.17). The dynamics of this structured shell, or outflow, has been
studied extensively both theoretically [13, 119, 120, 121, 122, 124] and numer-
ically [14, 15]. In a nutshell, the subsequent evolution of the outflow depends
on the ability of the shocked wind to preserve its thermal energy, which in turn
depends on the cooling processes involved and on the associated timescales (see
Fig. 1.18). If the radiative losses in the shocked wind are negligible, it expands
adiabatically exerting a ‘PdV ’ work on the overlying shell, i.e. the shocked am-
bient medium, driving an “energy driven” outflow [69]. On the other hand, if the
cooling in the shocked wind is efficient, the gas rapidly loses its thermal energy
and shrinks to form a thin layer and the shell of shocked ambient medium is
driven only by the ram pressure of the wind [85]. These outflows are referred
to as “momentum driven” [85]. In the intermediate situation, when the shocked
wind undergoes radiative cooling but in an inefficient manner, the resulting out-
flow will have characteristics intermediate to the momentum and energy driven
cases [120].
I briefly mention that the main cooling process that could make the momentum
driven regime possible is the Compton cooling of free electrons in the shocked
wind shell against the AGN photons, as discussed in [15, 85, 120, 123, 125, 126].
Following [127], assuming that the AGN radiation field has a nearly obscuration-
independent Compton temperature TAGN = 2 · 107 K, the gas Compton heat-
ing/cooling rate for gas with temperatures T < 109 K (non relativistic regime)
is

ΛCpt = neσTL

mec2πr2 kB(T −TAGN), (1.64)
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Figure 1.18: A sketch of the outflow propagation in the momentum- and energy-driven
regimes. Credit: [14].

where T is the gas temperature, me the electron mass, σT the Thompson cross-
section, ne the electron number density (bound + free) and r the distance of the
gas element from the AGN.
The evolution of the outflow, in both energy- and momentum-driven regimes,
can be studied starting from energy and momentum conservation principles. In
the momentum-driven regime, the momentum imparted by wind ram pressure
is completely transferred to the thin radiatively cooling shell of shocked wind.
This condition automatically yields and equation for the temporal evolution
of the contact discontinuity between the shocked wind and shocked ambient
medium, which is solved by Rsh ∝ (L/ρ0c)1/4t1/2. In the energy driven regime,
taking into account the energy exchange within the shocked wind (due to wind
injection and work performed on the overlying layer) and the momentum transfer
through PdV work from the hot wind to the shocked environment, the solution
Rsh ∝ (Lvw/ρ0c)1/5t3/5 is derived. Starting from these simple solutions, one
can compute the AGN luminosity needed so that the shell velocity exceeds the
escape velocity of the system hosting the AGN, which, in the first place, can be
simply modelled as an isothermal sphere. For such a luminosity all the gas in the
host system is ripped off and no further accretion on the MBH takes place. If
the AGN is assumed to shine at Eddington luminosity, this condition translates
into a relation between the final mass of the MBH and the velocity dispersion of
the isothermal sphere, which is proportional to its potential well. By means of
this simple argument, [84, 85] showed that it is possible to recover the M• −σ

relation, which supports the idea that AGN feedback plays an active role in the
establishment of the MBH-galaxy host scaling relations.
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1.2.3 AGN feedback numerical models

Due to its relevance, AGN feedback has become an imperative ingredient in
modern theories of galaxy formation to reproduce key observables of galaxy
populations and it is routinely incorporated both in semi-analytic and hydrody-
namical simulation models. In this section, I provide a brief review of the most
popular approaches used to model AGN feedback Lagrangian (based on particles
or moving-mesh) simulations. I begin noticing that despite their central impor-
tance, the physical processes governing AGN feedback and MBH accretion are
only poorly understood and the modelling in cosmological hydrodynamic sim-
ulations is hence very sketchy, and typically encapsulated in heuristic sub-grid
models. Indeed, with a typical mass resolution of ∼ 105 −107M⊙ and spatial res-
olution of ∼ 100 pc, black hole accretion and wind launching cannot be resolved
in large scale cosmological simulations (see e.g. [128]), nor even in high resolution
“zoom-in” simulations of massive galaxies with mass resolution of ∼ 103M⊙ and
spatial resolution of ∼ 1 pc (see e.g. [129]), and hence AGN feedback is treated in
a simplified phenomenological fashion based on energy injection around accreting
MBHs. More specifically, sub-grid feedback models in Lagrangian codes typically
fall into two categories: thermal and kinetic energy injection modes. In thermal
mode, AGN feedback is performed by injecting thermal energy in the BH neigh-
bour gas particles at a rate proportional to the AGN luminosity [14, 91, 110].
With some modifications, this is the approach followed in most state-of-the-art
cosmological simulations [112, 130, 131, 132, 133, 134, 135]. On the other hand,
in kinetic mode, energy is injected in kinetic form into a number of cell/particle
neighbours [132, 136, 137, 138, 139, 140]. Both these methods have some lim-
itations (see [15], section 5.1, for a detailed discussion). In a nutshell, i) they
fail to reproduce the correct AGN wind thermalization scale, provided this can
be resolved, ii) they are accompanied by a decrease in the resolution around the
accreting black hole, once the neighbour gas particles are driven outwards by the
energy injection, and iii) the injection itself is anisotropic as it follows the mass
distribution of such neighbours gas particles. Furthermore, in these models, the
proportionality factor between AGN luminosity and injected energy is treated
as a free parameter, calibrated to ensure that certain observables, such as the
M• −Mbulge relation, are correctly reproduced by the simulation, thereby lim-
iting the predictive power of the simulations with regard to the origin of these
observables and the efficiency of the feedback. [15] proposed a novel sub-grid
model in which wind mass is explicitly injected along with momentum and en-
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Figure 1.19: A schematic view of [15] “wind injection” technique. (Left): The the
density, temperature and pressure, in units of the corresponding quantities of the back-
ground medium, and the wind tracer concentration. (Right): the Voronoi mesh of the
ambient medium and of the “wind injection boundary” across which the small-scale
wind is injected.

ergy at a fixed spatial scale across a desired solid angle, independently of the
configuration of the gas cells surrounding the black hole (see Fig. 1.19). A similar
approach is followed by [126], which consists in directly spawning wind particles
and in ejecting them outward into the MBH surrounding resolved scales. Both
these “wind injection” approaches do not suffer from the limitations mentioned
above. Fig. 1.19 shows an example of an outflow resulting from the injection of
a wind into a homogeneous density environment.
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1.3 Massive Black Holes evolution across cosmic time

In this chapter I discuss the dynamical evolution of MBHs across cosmic time,
with particular focus on the formation of dual MBHs in the aftermath of galaxy
mergers, their Dynamical Friction (DF) driven inspiral in galactic nuclei, and the
formation and evolution of pc scale bound MBH binaries (MBHBs). In doing so,
I will discuss to what extent accounting for AGN feedback alters these processes
and the efficiencies of MBHs pairing and coalescence.
Central MBHs are found in practically all observed galaxies with a significant
bulge [8, 25]. This observational evidence, together with the fact that galactic
mergers are a common occurrence [141], rises the interests in studying MBH
pairs and binaries, their cosmic evolution and their ability to merge across cosmic
epochs.
From an observational point of view, we have evidence of quasar pairs at tens
of kpc separation [142, 143, 144, 145, 146, 147, 148, 149], of accreting MBHs
with a separation of the order of or less than a kpc [150, 151, 152], and only one
observation of a MBH binary with a separation of few pc [153]. In general, ob-
servations of bound MBHs when the binary separation is unresolved are elusive
and rely on indirect techniques consisting of the observations of Doppler shifts
in broad line UV spectra [154, 155] and quasi-periodic variability in the contin-
uum [156], which, for most candidates, can be explained alternatively without
invoking MBH binaries.
From a theoretical perspective, the dynamics of MBH pairs in merging galaxies
has been first explored in a seminal work by [157], which first entertained the
possibility of black hole mergers in galactic nuclei, provided the astrophysical
environment yields a way to dissipate their angular momentum in less than a
Hubble time. In this journey, MBHs will have to cross an impressive range of
scales, from when they are hosted in separate galaxies at early times, to the end
of their path, when they coalesce with each other. In their study [158] high-
lighted the occurrence of three steps that characterize MBHs pairing. In the
initial phase, MBH are at kpc scale separation and they both will sink by dy-
namical friction to the innermost region of the core of the merger remnant losing
orbital energy and angular momentum [159, 160, 161], leading to the formation
of “paired” black holes in a common bulge. When the mass enclosed by the orbit
of these two MBHs is smaller than the sum of their masses, they will form a MBH
binary [162]. At this point the MBHs cannot shrink their orbital separation by
means of dynamical friction and further loss of angular momentum is promoted
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by three-body interactions with single background stars and/or gravitational
interaction with a gaseous disc (the so-called “hardening” phase). In the final
phase, when the MBHs reach a separation aGW ∼ 10−3(MMBHs/106M⊙) pc,
gravitational waves emission becomes the most efficient mechanism driving the
binary shrinking and leading to coalescence. Gravitational waves from MBHs
are a prime source in the frequency range of the future Laser Interferometer
Space Antenna (LISA, [163]).
In the following I review some aspects of the first two phases and I refer the
reader to the many existing reviews for a more complete presentation of the
topic [160, 164, 165].

1.3.1 Dynamical Friction Regime

At kpc scales, when the MBHs are embedded in the galaxies merger remnant,
their loss of angular momentum and consequent inspiral towrds the minimum of
the potential well is driven by the interaction with the surrounding stellar and
gaseous environment.

1.3.1.1 Interaction with collisionless media

In brief, stellar DF operates as follows: given an object of mass M• moving in a
medium of collisionless particles of mass m⋆ ≪M•, it modifies their motion and
deflects them leading to the formation of a trailing overdensity, referred to as
“wake”, which is dragged behind the moving massive object. The gravitational
interaction between the wake and the moving object acts as a drag force that
decelerates it. Such drag force is the so-called Dynamical Friction. [166] first
calculated this force under idealised assumptions. Given a MBH of mass M•
and velocity v relative to the surrounding background of stars, the DF force
experienced by the MBH assuming i) stellar homogeneous density ρ⋆, ii) stellar
isotropic velocity distribution and velocity dispersion σ and iii) by accounting
only the contribution from stars moving slower than the MBH, reads

FDF ∝ −M2
•ρ⋆G

( v
σ

)
lnΛ v

v3 , (1.65)

where lnΛ ∼ 10 is the Coulomb logarithm and the function G(x) depends on the
stars velocity distribution. For a Maxwellian distribution G(x) ∼ x3 for x ≪ 1
and ∼ 1 for x≳ 2. A first rough estimate of the role played by DF in the process
of MBHs pairing can be made by considering a MBH in a circular orbit at a
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radius r in a stellar halo and by computing the orbital decay timescale as given
by Eq. (1.65). Modelling the stellar background with an isothermal profile
(ρ⋆ ∝ σ2r−2) it can be shown [167] that the timescale required by the MBH to
sink to the centre is

τDF ≃ 8Gyr
lnΛ

( r

kpc

)2 σ

200km/s
107M⊙
M•

, (1.66)

which, being shorter than the Hubble time, reveals how stellar DF is an essential
factor in promoting MBH binary formation after galaxy mergers. Note also that
in the early stage of a galaxy merger, M• may be replaced by the mass of a
residual galactic core embedding the MBHs, resulting in much shorter time-
scales [62].
This calculation subtends many assumptions, which, if relaxed, can notably en-
rich this simplified picture and significantly widen the range of binary shrinking
timescale as driven by DF:

• In the approach sketched above the DF is a local phenomenon and the
contribution from global torques is neglected. Global torques may arise
from global asymmetries in the host system triggered by the presence of
the perturber [168] and can affect the MBH pairs orbital decay.

• In the above calculation (Eq.1.66) we assumed that the density profile is
isothermal, which may not be the case for real galaxies, where in general
the profile tends to be shallower. For example, if we only consider dark
matter, its density profile is usually modelled with a Navarro-Frenk-and-
White (NFW) profile, and for dwarf galaxies this may be even shallower
due to baryonic feedback. In general, a more cored profile tends to slow
down the orbital decay due to DF and thus the paring of MBHs after
galaxy merger, to the point of preventing it altogether by stalling MBH
orbits at tens of pc separation in the aftermath of equal mass dwarf galaxy
mergers (see. e.g. [169]), which can be a problem as these are the galaxies
expected to host the MBH binaries to which LISA will be mostly sensitive
to.

• If the mass ratio between the two MBHs is small, then DF remains the
main mechanism of shrinking separation even once the BHs are bound and
form a binary. In this case the wake formed by the secondary is different
from the case considered by [166], and there is also the formation of an
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overdensity of stars leading the MBH, which tends to mitigate the overall
DF force, delaying the decay.

• Bars are common features of galaxies and constitute a significant non-
axisymmetric perturbation to the host potential, which can have an im-
portant effect on MBH pairs dynamics. [170] has recently shown that if
a bar is present in host of a MBH pair, than it is likely to dominate the
torque on the MBHs (compared to the local DF) and it can produce a wide
range of decay timescales, both suppressing and enhancing the formation
of a binary.

• A MBH moving in a clumpy medium where clumps masses are compara-
ble to the MBH mass undergo a stochastic orbital decay, in which both
enhancement and suppression of the pairing can occur [164]. This is likely
to be relevant for high redshift galaxies where giant gas molecular clouds
tend to be more massive (in the range of ∼ 107M⊙ − 108M⊙) and hence
more capable to disturb MBHs orbits.

1.3.1.2 Interaction with gas

In the case where a galaxy is gas-rich, as is frequently the case at higher redshift
[171], the gas too has an influence on MBH dynamics and participates in the
dynamical friction process. Similarly to what happens when a MBH moves in
a collisionless particles medium, a moving massive MBH in a gaseous medium
perturbs its surroundings, leading to the formation of a trailing density wake,
whose gravitational interaction with the MBH itself acts as a DF. [172] first
carried out this computation assuming a homogeneous gas density background
ρgas and found that

FDF,gas ∝ −M2
•ρgasGgas

( v
cs

)
lnΛ v

v3 , (1.67)

where cs is the sound speed and Ggas(M) → 1 for M ≫ 1 and ∼ M3 for M → 0.
It was shown by [172] that, if ρgas = ρ⋆ and cs = σ, then, in the supersonic
(subsonic) regime, the gaseous DF is stronger (weaker) than the stellar one.
The relative role of gaseous and stellar dynamical friction has been tackled in
numerical simulations too.
[173] and [174] studied the binary formation driven by DF that results from
the merger of two equal mass spiral galaxies. In both of these studies the gas
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Figure 1.20: This image, taken from one of the [16] simulations, shows the effect of
feedback from a recoiling MBH on the host galaxy. The formation of a low density
bubble and its relative position to the MBH generate an anti-DF that causes the MBH
to orbit in the opposite direction to the gas.

contribution appears to dominate over the stellar contribution to DF. However,
this result can be attributed to the absence of AGN feedback in their simulations,
which can cause excessive gas accumulation in the remnant center. In contrast,
[162] found that orbital decay is driven primarily by stellar instead of gaseous
dynamical friction, a result confirmed more recently by [175]. Notably, both
papers included AGN feedback6.

Effect of feedback Once AGN feedback is taken into account, the effect of
gaseous DF on the MBH changes since feedback can heat and sweep away gas, al-
tering its distribution around the MBH and consequently its dynamical effect on
it. In a first study, considering Radiation Hydrodynamic simulations of an AGN
moving in a uniform gaseous background, [176] showed that radiative feedback
can lower the gas density partially destroying the density wake and promotes
the formation of dense shell of gas in front of the MBH. These effects combined
result in an acceleration of the MBH in it direction of motion, i.e. an anti-DF.
Evidences of a sign reversal of the DF torque exerted by a rotating gaseous back-
ground affected by MBH feedback have been discussed on galactic scales by [16]
(see e.g. Fig. 1.20). In particular, the authors found that recoiling MBHs on

6Besides that, in [162] the merger is between unequal mass galaxies, which compared to
an equal mass merger involves less funneling of gas due to shocks and gravitational torques in
the remnant nuclear region.
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initially radial orbits tend to circularize corotating with the gaseous disc, and ex-
perience a fast orbital decay, when AGN feedback is not included, while settle on
counter-rotating orbits, resulting long orbital decay timescales, when accretion-
powered feedback is included. This early claim has been numerically confirmed
in the contexts of MBH pair dynamics in galactic-scale simulations that involve
mergers of gas rich disc galaxies ([175, 177]) and on circum-nuclear-disc (CND)
scales [178], where the pairing efficiency of the MBH is significantly reduced by
the AGN feedback and some small acceleration in the direction opposite to that
of the standard DF is measured.

1.3.2 Hardening phase

When dynamical friction succeeds in bringing the separation of the MBHs at
about pc scale, the two objects get bound and form a MBH binary (MBHB) and
the subsequent shrinkage is known as binary hardening. As for the DF phase,
both the interaction of the binary with gas and with stars can contribute to
the hardening process. While many studies have focused on these mechanisms
separately, only a few have considered them simultaneously [179, 180]. Below I
briefly present both.

1.3.2.1 Stellar Hardening

When MBHs form a binary DF friction is no longer effective and shrinking in a
stellar environment occurs through 3-body interactions with single stars, which
remove energy and angular momentum from the binary. More generally, when
there is a 3-body interaction between a binary and a third object approaching the
two bound objects, several outcomes are possible: i) the third object performs
a fly-by (single passage), or remains temporarily bound in a meta-stable triple
system, and subsequently it is ejected with more or less energy than when it
approached the binary; ii) it replaces one of the elements in the binary which
instead gets ejected; iii) the system is ionised, i.e. the binary is unbound by the
interaction with the third object. Under the assumption of a hard binary, i.e.
that7

a≤ ah ≡ Gµ

4σ2 , (1.68)

7In other words the binary becomes hard once its binding energy is larger than the average
kinetic energy of the surrounding stars.
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where a is the binary semi-major axis, µ is the binary reduced mass and σ the
local stellar velocity dispersion, and assuming that the third object has a mass
much smaller than the binary objects, as in the case of stars interacting with
a MBHB, it has been shown that repeated encounters with surrounding stars
make the binary shrink at a rate

d

dt

1
a

= Gρ⋆

σ
H, (1.69)

where H ≃ 15 − 20 is numerical coefficient weakly dependent on the properties
of the binary [181]. As Eq. (1.69) shows, when σ and ρ⋆ are constant, binary
hardening proceeds at a constant rate. However, as the binary becomes more
bound and the stars with which it has interacted are ejected, ρ⋆ decreases, and
with it the rate of shrinking. In other words, the loss cone, i.e. the region of
phase-space containing stars with angular momentum low enough to interact
with the binary, is depleted. This happens in the initial phase of hardening, in a
time of the order of the orbital period of the stars. The effectiveness of hardening
therefore depends on the possibility of repopulating the loss cone. As shown by
[158] in their seminal paper, under the assumption of spherical symmetry, loss
cone refilling can only occur through two-body relaxation, which takes longer
than the Hubble time. Therefore, in the absence of other loss cone refilling
mechanisms, the binary stalls at pc scale separation, an issue that led to the
the expression final parsec problem. A number of solutions have been suggested
in recent decades, and today the last parsec problem is no longer considered
a problem. For example, by relaxing the assumption of spherical symmetry,
as expected in real galaxy merger remnants, and by assuming a triaxial stellar
bulge, it has been shown that the loss cone can be repopulated more rapidly, in
less than one Hubble time [62]. In addition to this, it was shown that the rotation
of the nuclear region of the galaxy (in the prograde direction with respect to the
binary) can also facilitate the stellar hardening process, by promoting a more
efficient extraction of energy from the binary.

1.3.2.2 Gaseous hardening

I now turn the attention to the evolution of MBHBs embedded in a gas-dominated
galactic nucleus. After a merger between galaxies, the gas is funnelled into the
nuclear region of the merger remnant by gravitational torques and is likely to
retain an amount of angular momentum larger than that corresponding to the
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Figure 1.21: An illustration of the basic features of circumbinary accretion. Credit:
Ryan Miranda (2017).

ISCO of the MBHs, and thus forms a disc around the binary: the so-called
circum-binary disc (CBD). CBDs have been posited to be a gas-dynamical solu-
tion to the final parsec problem. This shrinking channel is likely to be effective
in high-redshift gas-rich galaxies, where the existence of nuclear gaseous discs is
supported by both theory [173, 182, 183] and observations [184, 185]. For exam-
ple, in [173] two merging galaxies (each containing a MBH), initially separated
at ∼ 100 kpc, collide with each other, and eventually end up with two MBHs
separated by ∼ 10 pc and surrounded by an extended (∼ 100 pc) disc/torus
at the center of the merged galaxy. In the following I discuss some aspects of
MBHB dynamical evolution in CBDs.

Circumbinary discs Figure 1.21 illustrates the basic features of a CBD: gas
from large distances looses angular momentum due to viscous dissipation and
spirals toward the binary; a central cavity might be present, with radius of few
binary separations, cleared by the binary tidal torque; gas from the the edge of
the cavity can spiral inward forming accretion streams that reach the MBHs and
form “mini-discs”, which buffer the accretion on individual MBHs.
Given the importance of CBDs, many numerical studies have been carried out to
investigate the evolution of these systems and the role they play in the hardening
of the binary and the growth of MBHs. These studies have been conducted using
both SPH simulations [18, 186, 187] and Eulerian codes [188]. In recent years,
several finite-volume moving mesh codes have been used to study circumbinary
accretion, such as DISCO [189, 190], and mesh-free hybrid codes, such as GIZMO
[191]. Most of the simulations deal with viscosity in an idealised parameterized
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Figure 1.22: Illustration of type I (left) and type II (right) migration regimes. Credit:
[17].

manner, while few resolve the MHD on the fly [192].
In the following I discuss how binary migration, as driven by the presence of a
CBD, depends on the binary and CBD properties, in particular, on the binary
mass ratio q and the CBD - secondary MBH mass ratio. I denote the binary
mass with Mbin, MBH masses and separation with M1, M2 and abin, and the
local measure of the CBD mass with M(r) = 4πΣ(r)r2, where Σ is the CBD
surface density.

• M2 ≪M(abin) ≪M1
This regime is typical of protoplanetary discs, and can be seen as the

secondary perturbing the accretion disc of the primary object. This prob-
lem then is usually tackled with a linear perturbation theory approach.
In this framework the gravitational potential of the secondary is decom-
posed in Fourier modes and each mode is treated as a linear perturbation
separately. Angular momentum exchange can be expressed as the sum
of torques exerted at discrete resonant locations within the disc. These
resonances correspond to the locations within the disc at which the per-
turbation excites waves. What emerges from this analysis is that

– interaction with gas exterior to the orbit increases the angular mo-
mentum of gas and decreases that of the perturber, i.e. the secondary
migrates inward and gas is repelled from it;

– interaction with gas interior to the orbit decreases angular momentum
of gas and increases that of the perturber, i.e. the secondary migrates
outward and gas is repelled from the secondary.
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This can be understood also as the perturber interacting with an outer
trailing density wave and with a leading inner density wake. The net effect
is a negative torque on the perturber T ∝ −M2

2 abinΣ, corresponding to a
migration timescale tmig ∝ 1/M2. The type of migration outlined so-far it
is usually referred to as “type I” migration, in the planetary community.
In this regime the perturber mass is assumed to be low enough to leave the
disc structure almost unperturbed. The secondary remains fully embedded
within the disc and material to exchange torque with is present at all
resonant locations.

For sufficiently large perturber masses this approximation breaks. As the
perturber becomes more massive, the torque increases and starts to modify
the disc structure and an annular gap within which Σ is reduced is opened
in the disc. Resonances close to the perturbed are severely depleted of
material and contribute little or nothing to the total torque

The treshold for this regime to occur, i.e. for a gap to be opened, can be
computed by comparing the timescale of angular momentum transfer from
the perturber to the disc with the timescale for the viscous loss of angular
momentum. The gap opening regime is usually referred to as “type II”
migration. In this regime the secondary behaves like a fluid element in the
disc, evolving at viscous rate tmin = tν(abin) ∼ a2

bin/ν, i.e. binary hardens
on a timescale comparable to the viscous time-scale. The morphology of
the disc in the type I and type II migration regimes is depicted in Fig.
1.22.

• M2 ≳M(abin) ≪M1
When q ≪ 1, but the secondary mass becomes of the order or grater then
the local disc mass (whether you consider a more massive perturber or
place it at a larger separation from the primary), the disc cannot effi-
ciently redistribute the angular momentum acquired from the binary, and
the shrinking rate decreases compared to the type II regime. This regime
is sometimes referred to as type II migration “in the secondary-dominated
limit”. If the angular momentum of the perturber is f times larger than
that of the disc, then it will take approximately ∼ f viscous times to ex-
change that angular momentum and migrate inward. The proper shrinking
rate in this regime has been computed by [193, 194], and can be expressed
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Figure 1.23: Illustration of the “no-cavity” (left) and “cavity” (right) migration regimes.
In the first case the binary remains embedded in the disc and induces an ellipsoid-
shaped density perturbation in the gas. In the second, the binary tidal torque clears a
central cavity and induces spiral density perturbations in the disc. Credit: [18, 19].

as
tmig = M2 +M(abin)

M(abin)
tν(abin). (1.70)

As noted by [195] or [194] this regime can occur at such a separation where
the disc is self-gravitating.

• M1 ≲M2
When the secondary mass becomes comparable to that of the primary,
the migration timescale strongly depends on the ability of the binary to
clear a central cavity in the disc (as the one shown in Fig. 1.21). [19,
196] investigated this problem and devised a cavity opening criterion for
comparable mass binaries embedded in CBDs. The underlying idea is the
same for gap opening in the limit q≪ 1. The binary induces a density non-
axisymmetric perturbation in the disc, which has a shape of an ellipsoid
(if Mbin ≲ M(abin)) or of a two arms spiral (if Mbin ≳ M(abin)), and
the tidal interaction between the binary and such perturbations acts as a
positive torque on the gas, with the tendency of pushing it away from the
binary and clearing a central cavity. The gas also experiences a negative
viscous torque that makes it loose angular momentum and approach the
binary. The critical binary mass for cavity opening is found by equating the
timescale for cavity opening caused by the tidal interaction of the binary
on the disc, and the timescale for cavity closing, caused by the viscous
torque acting on the gas. This computation yields the following criterion
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for cavity opening [19, 196]:

∆topen
∆tclose

= 1
fq

(
vgas
vbin

)2(
cs
vgas

)(
H

abin

)
≤ 1, (1.71)

where fq is a factor which depends on the disc viscosity and on the geom-
etry of the density perturbation and its value increases with decreasing q,
vgas is the gas velocity, cs its sound speed, vbin the MBHs velocity, H the
disc thickness and all quantities are evaluated at abin/2. So, similarly to
what discussed in the case of small mass ratios, hot and thick discs hosting
low mass MBHs at small separations make the binary remain embedded
in the disc, whereas cavity formation is fostered in the opposite region of
parameter space (see Fig. 1.23). These two opposite regimes correspond
to different binary migration timescales, which can be referred to as the
analogs of type I and type II migration for comparable mass binaries. If a
cavity is present (and M2 ≫M(abin)), the binary attains a slow migration
regime, and the migration timescale can be estimated as [197]:

tmig = M1M2
MbinM(abin)

tν(abin). (1.72)

Conversely, if M(abin) ≳Mbin and the binary remains embedded in the
disc, the tidal interaction with the off-axis ellipsoid density perturbation
induced in the disc makes the binary migrate within few orbital times, i.e.
the binary attains a fast migration regime e.g. [18, 198, 199].

The migration rates sketched above can be severely altered once other physical
phenomena, e.g. AGN feedback, are taken into account, which makes numerical
simulations a fundamental tool to reliably asses the shrinking timescales of MBH
binaries in CBDs.

AGN feedback Regardless of the dominant hardening mechanism, the pres-
ence of AGN feedback can influence its effectiveness, just as it does for the DF
inspiral phase. The effect of feedback in the hardening regime is largely unex-
plored and is limited to the case of pc scale separated binaries [199]. In a recent
study, [199] considered different setups of binaries in CBDs, both in the regime
where a cavity is present and in its absence. When the binary opens a cavity,
shrinking takes place over a long time scale (slow migration regime) and little
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gas accretes on the MBHs. Consequently, AGN winds carry little mass and due
to the presence of the cavity they have little impact on the CBD. On the other
hand, if the cavity is absent and the MBHs are embedded in the CBD, i.e. the
fast migration regime, then the MBHs accretion is enhanced and AGN feedback
efficiently expels the gas surrounding the binary, thus forming a “feedback cav-
ity”. Consequently, due to the lack of gas with which to exchange torque, the
gaseous hardening is suppressed and the binary stalls. This shows that AGN
feedback, in the regime where hardening is driven by a CBD, can have a crucial
effect on the evolution of the binary. In the case of binaries that shrink due to
stellar hardening, the effect of AGN feedback has not been explicitly studied but
I can speculate that this may have a limited effect on existing stars, but may
suppress the formation of new stars. Therefore, if binary evolution is slower than
star formation, this can prevent loss con refill due to the formation of new stars
and potentially it can slow down binary migration.





Chapter 2

Radiative feedback anisotropy and the
MBH spin

In this chapter I present a novel implementation for AGN feedback through
ultra-fast winds in the code gizmo. This feedback recipe accounts for the an-
gular dependence of radiative feedback upon black hole spin. Indeed, the MBH
spin is an important parameter to be considered when modeling AGN feedback,
and more generally MBH evolution, owing to the complex non-linear influence
spin and feedback have on each other. In fact, on one hand the spin modulates
radiative efficiency of AGN discs (Eq. 1.19), which influences the MBH accre-
tion and the amount of energy released in radiation, and, for thick radiatively
inefficient discs, it regulates the kinetic power and direction of jets [56]. On
the other hand, feedback strongly impacts the MBH spin growth as it affects
the gas reservoir that fuels MBH accretion which, together with MBH mergers,
is the main channel for spin evolution [200] (see § 1.1.4.6). In addition to its
relevance in the context of AGN feedback, the spin has a strong influence on the
gravitational wave emission of merging BHs [201], and thus also on the expected
recoil velocity of the merger remnant [202], which make the spin a fundamental
parameter to be considered when we aim at understanding the cosmic evolution
of MBHs. Due to its importance, some recent works started to include spin
evolution in hydrodynamical simulations [3, 203, 204, 205] and semi-analytical
models of galaxy formation [206, 207, 208, 209]. These studies, together with
observations [210], have shown that the distribution of MBH spins depends on
several quantities, such as host galaxy morphology, MBH mass, and redshift.
Recently, [211] first discussed the influence that the MBH spin has in shaping
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the angular pattern of the AGN radiation, showing that more rapidly spinning
black holes result in more isotropic radiation patterns, as the geodesics of pho-
tons emitted in inner region of the disc undergo a stronger gravitational bending.
[212] and [213] first discussed the relevance of this effect in the context of radi-
ation pressure-driven outflows in isolated spherical galaxies, by means of semi-
analytic models. They showed that AGNs with rapidly spinning MBHs launch
quasi-spherical outflows propagating on large scale at all inclination angles, op-
posite to MBHs with low spin values that produce weaker bipolar outflows driven
in the polar direction. As a consequence, [213] argued that AGNs with slowly
spinning MBHs should be accompanied by higher obscuration levels and higher
accretion rates, being the AGN radiation less prone to remove gas from the disc
equatorial plane. Numerical simulations also suggest that the AGN anisotropic
radiation can have a dramatic effect on the outflow properties [214] and MBH
pair dynamics [215] (see § 3), but in these studies the anisotropy factor remains
unconstrained and simply left as a free parameter.
In this chapter, I present a new implementation of AGN radiative feedback in
the code gizmo [216] that takes into account the spin-dependence of feedback
anisotropy. In this model, accretion from resolved scales onto an unresolved
(sub-grid) AGN disc, spin evolution, the injection of AGN winds into resolved
scales and their spin-induced anisotropy, are all self-consistently evolved. This
implementation builds upon existing modules for MBH accretion and spin evo-
lution [204] and AGN wind [126]. Equipped with this model, I investigate the
role of AGN wind anisotropy in shaping AGN-driven outflows and the evolution
of isolated disc galaxies hosting active MBHs. This chapter is organized as fol-
lows: in section § 2.1 I review the spin-dependence of AGN radiation angular
pattern and I connect it to the anisotropy of AGN winds. The implementation
of this effect in gizmo is presented in section § 3.1, and section § 2.3 shows some
tests of this model. I discuss an application of it in the context of isolated disc
galaxies in section § 2.4, and I draw my conclusions in section § 2.5.

2.1 Theoretical Background

In this section, I review how the MBH spin influences the angular patter of
the emitted radiation and I show how this reflects on the properties of AGN
radiation-driven winds. Then, I discuss two analytic solutions of outflows driven
by such anisotropic winds.
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Figure 2.1: The luminosity angular pattern η(a)f(θ;a) for different spin values.

2.1.1 Radiation angular pattern from accretion discs

Recently, [211] and [213] pointed out that the BH spin not only influences the
amount of energy released in radiation during the accretion process (Eqs. 1.19,
1.20) i.e., the disc luminosity, but also the angular pattern of such radiation.
This is a consequence of the spin-dependence of the location of the ISCO (Eq.
1.7) and of the relativistic gravitational bending of photons being more effective
closer to the BH, i.e., in a stronger gravitational field. Indeed, in the Newtonian
case, with straight-lines photon geodesics, the luminosity angular distribution
follows a simple cosine-like pattern, with the maximum luminosity observed
when the disc is face-on and the minimum in the side-on configuration. If we
take into account photon geodesics in full GR, due to the gravitational bending
more radiation is capable to reach to observer’s eye in the side-on configuration,
and this occurs in a way that is sensitive to the BH spin. In particular, for
larger BH spin values, the ISCO is located nearer to the BH and therefore the
photons emitted by the inner annuli of the disc (the ones that dominate the
disc luminosity) experience a stronger gravitational bending, funneling more
radiation in the side-on direction, yielding a more isotropic radiation angular
pattern.
[211] and [213] computed the precise emission pattern numerically by means of
the KERRBB model implemented in XSPEC [217]. In addition, [211] proposed
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Figure 2.2: The radiative efficiency (left y-axis) and the effective radiation semi-opening
angle (right y-axis) as a function of the spin parameter a.

a normalized fitting function f(θ;a) describing the luminosity angular pattern
for different viewing angles θ and spin parameter a, so that

L(θ;a) = f(θ;a)L (2.1)

is the luminosity measured by an observer whose line-of-sight forms an angle θ
with the spin direction. With the above definition, the optically thick emission
from a non-relativistic disc (i.e., when any light bending is neglected) would be
described by f(θ,a) = f(θ) = 2cosθ. The term f(θ,a)η(a), in the relativistic
case, is shown in Fig. 2.1.
In order to quantify the degree of anisotropy as a function of the BH spin,
I define an effective semi-opening angle θeff(a), as the truncation angle of the
corresponding isotropic emission such that its angle-integrated output equals
that of the actual angle-dependent emission. In Fig. 2.2 I show θeff(a) together
with η(a). From this figure we see that we have a smaller θeff, i.e, a more
collimated and anisotropic angular pattern, for low spin values, whereas the
radiation distribution is more isotropic (larger θeff ≃ 90◦) for high spin values.
Similarly, from Fig. 2.1 we see that in spin close to zero, the radiative flux is
vertically focused along the spin axis and it decreases with increasing θ. On
the other hand, the flux reduction for high θ ≲ 90◦ becomes less pronounced
for increasing spin values, i.e., the flux collimation decreases moving towards a
nearly isotropic radiation pattern.
As [212] and [213] pointed out, if the radiation from the accretion disc couples to
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the surrounding material by exerting radiation pressure on dust or by launching
line-driven AGN winds, then the emerging outflow inherits the anisotropy of the
impinging radiation, which, in turn, it is shaped by the BH spin. This outflow
spin-dependent anisotropy can affect the outflow ability to couple with the ISM
and hence it may change the impact that AGN feedback has on the host galaxy
and on the MBH growth. In this way, the MBH spin, through its influence on
AGN feedback, can possibly play a role in the MBH-galaxy host co-evolution
(see § 1.2).

2.1.2 AGN anisotropic winds

As discussed in § 1.2.2 (see Eq. 1.57), the total momentum carried by an AGN
wind can be written as

Ṗw = τ
L

c
. (2.2)

Using Eq. (2.1) and by writing the momentum loading as Ṗw ≡
∫
ṗw(θ)r2 dΩ,

where ṗw(θ) is the wind momentum flux in the direction θ at a distance r from
the AGN, Eq. (2.2) yields

ṗw(θ;a) = τ
L

c

f(θ;a)
4πr2 . (2.3)

That is, the momentum flux of the wind follows the same angular pattern of the
radiation. Assuming that the wind is launched at a constant velocity vw, then
the mass flux in the direction θ is simply ṁw(θ;a) = ṗw(θ;a)/vw, and hence the
mass flux angular distribution of the wind follows the same angular pattern as
well. By combining Equations (1.18) and (2.2) instead I obtain the total mass
loading:

Ṁw ≡ Ṗw
vw

= ηwṀacc. (2.4)

where I have defined the mass loading factor

ηw = η(a)τ c

vw
. (2.5)

I derive now the analytic solution for the propagation in an homogeneous medium
of an outflow driven by an anisotropic wind, both in the energy- and momentum-
driven scenarios (see the § 1.2.2 for a general overview in the case of isotropic
winds). I characterize the evolution of the outflow by calculating the location
R(θ, t) of the contact discontinuity that separates the shocked wind from the
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Figure 2.3: Schematic view of the outflow structure in a slice subtended by a solid
angle ∆Ω and centered in a direction forming an angle θ with the MBH spin. This
stratified structure comprises the AGN wind, the shocked wind (which extends up to
a distance R(θ, t) from the MBH), the shocked ISM, and the unperturbed ISM. The
illustration also shows the warped accretion disc that feeds the spinning MBH.

shocked ambient medium (see Fig. 2.3). In the energy driven regime, the
shocked wind shell is hot and thick and its thermal energy evolution is due
to the energy injected by the wind (suddenly converted in thermal energy) and
the work done on the above shocked ambient medium. Using Equations (1.18)
and (2.4), we have that the thermal energy is added to the shock wind layer at a
rate 1/2Ṁwv

2
w = 1/2τ(vw/c)L≡ ϵL, where ϵ= (1/2)τvw/c. Now, if we consider

a single slice of the outflow, in the direction θ and subtended by a solid angle
∆Ω, as in Fig. 2.3, then the impinging disc luminosity in the slice direction
is Lf(θ,a)∆Ω/4π (see Eq. 2.1) and a fraction ϵ of it is converted in thermal
energy in the shocked wind layer of the slice. Then, if P is the pressure of the
shocked wind layer, the pressure force exerted on the layer above can be written
as P∆ΩR2 and the PdV work as P∆ΩR2dR. Assuming that the shocked wind
layer is thick enough to neglect the portion of the slice occupied by the freely
streaming wind, its volume can be approximated with that of the slice up to R,
i.e. ∆ΩR3/3, and hence its internal energy with (3/2)P∆ΩR3/3. Then, if ρ0
the ambient medium density we can write the conservation of the shocked wind
energy and the conservation of the shocked ambient medium momentum of the
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slice as

d

dt

3
2

(
∆Ω
3
R3P

)
= ϵLf(θ;a)∆Ω

4π
−∆ΩR2ṘP, (2.6)

d

dt

(
ρ0

∆Ω
3
R3Ṙ

)
=R2∆ΩP, (2.7)

respectively. By solving Eq. (2.7) for P and replacing in Eq. (2.6) we get

10R2Ṙ3 +8R3ṘR̈+ 2
3
R4 ...

R = vwLf(θ;a)
2cπρ0

, (2.8)

which admits the self-similar solution

Rsh(θ, t) =

(
125

308ρ0π

vw
c
Lf(θ;a)

)1/5

t3/5. (2.9)

Eq. (2.9) describes the evolution of the contact discontinuity in time, for each
direction θ, in the energy driven regime.
In momentum-driven outflows, the energy of the shocked wind is quickly dissi-
pated on small scales via radiation losses and the shocked wind shell collapses
into a thin layer, as its thermal pressure support is radiated away. Then, the
shocked ambient medium layer is driven outward directly by the ram pressure
of the impinging AGN wind, which equals the momentum flux of the disc radia-
tion if τ = 1. In this case, we write the momentum conservation of the shocked
ambient medium in the slice as

d

dt

(
ρ0

∆ΩR3

3
Ṙ

)
= Lf(θ;a)∆Ω

4πc
, (2.10)

which is solved by

Rsh(r,θ, t) =

(
3Lf(θ;a)

2πcρ0

)1/4

t1/2. (2.11)

Eq. (2.11) represents the evolution of the contact discontinuity in the momentum
driven regime.
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2.2 BH accretion and AGN feedback implementation

In order to investigate the role of anisotropic radiative feedback in more realistic
scenarios, I implemented the anisotropic spin-dependent AGN wind discussed
above in the code gizmo [216]. gizmo has been developed from the gadget3
code, itself a descendant of gadget2, and presents a new approach to solving
hydrodynamics, aimed at capturing the advantages of both Lagrangian codes,
such as adaptive resolution, and Eulerian codes, such as shock capturing, while
avoiding their limitations. Specifically, in gizmo the volume is discretized into
particles/unstructured cells at which the fluid density is calculated in a kernel-
weighted fashion. The properties of the fluid within a particle are then evolved
via a Godunov scheme across effective faces among the particles in the target
particle kernel. In the mesh-less finite-mass (MFM) method employed in this
thesis, the effective faces are defined so that the mass fluxes vanish, i.e. the
particles constitute a discretization of the fluid as in Lagrangian codes.
In the AGN model presented here, the MBH mass and spin are evolved in a sub-
grid fashion according to the properties of an unresolved accretion disc, which
are influenced by the resolved accretion flow on it. Once every timestep the
unresolved system parameters are updated, they are used to model the effects
of MBH feedback into resolved scales. In § 2.2.2 I present how this is done
by means of the wind-spawning technique developed by [126], whose approach
is similar to that devised by [15] for arepo, i.e. the “wind-injection” approach
described in § 1.2.31. As AGN wind is ejected, it affects the inflow that in the first
place powered it, and it does so in different ways depending on its magnitude
and anisotropy. This results in a complex non-linear interplay between MBH
fueling, feedback, its anisotropy and the MBH spin, which the sub-grid model
presented here is aimed to capture.

2.2.1 Accretion and spin evolution

Here I provide more details about the accretion and spin evolution models. While
the methods of unresolved accretion and spin evolution presented below will be
the same as those used throughout the rest of this thesis, different approaches
will be followed for resolved accretion.

1I anticipate that this AGN feedback approach is the same also employed in the simulations
presented in § 4, whereas in § 3 a “kinetic energy injection model” will be used
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2.2.1.1 Unresolved accretion

In this implementation, which is based on [204, 218] (see also [3]), the MBH
particle is meant to represent a structured, sub-resolution system consisting
of a MBH surrounded by an unresolved, warped accretion α-disc. The sub-
grid accretion disc mass Mα evolves due to i) the accretion Ṁin from resolved
scales on the sub-grid disc, ii) the ejection of winds Ṁw, and iii) due to the
accretion Ṁacc = fEddṀEdd within the sub-grid disc on the MBH. Instead, the
time evolution of the MBH mass M• is governed solely by the accretion rate in
the disc. The equations that dictate the evolution of sub-grid masses are then:

Ṁ• = (1−η)Ṁacc, (2.12)
Ṁα = Ṁin −Ṁacc −Ṁw. (2.13)

Similarly, the MBH angular momentum J• evolves due to the accreted angular
momentum carried by the unresolved disc at the ISCO, which modifies the spin
magnitude but not its direction. In general, J• and the sub-grid disc angular
momentum Jα are misaligned, i.e., the α-disc is warped, with the inner region
laying in the MBH equatorial plane and the outer part aligned with Jα [6]. The
model then also accounts for the exchange of angular momentum between the
MBH and the sub-grid disc due to the Bardeen-Petterson torque TBP, in this
way following the MBH spin (counter)alignment consistently with evolution of
the sub-grid disc properties. The disc angular momentum evolution dJα/dt is
set equal and opposite to dJ•/dt, according to angular momentum conservation,
plus terms that account for the exchange of angular momentum with the resolved
environment through winds J̇w and inflows J̇in:

dJ•
dt

= sign
(
J• ·Jα

)
ΛISCOṀacc −TBP, (2.14)

dJα

dt
= −dJ•

dt
+ J̇in − J̇w. (2.15)

Here ΛISCO is the specific angular momentum of the gas at the ISCO and TBP
is modelled as in [3]. The angular momentum carried by the wind is given by

J̇wdt= Jα

(
1−
(

1− Ṁwdt

Mα

)7/5
)
, (2.16)
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which is computed assuming that the wind arises as ejecta from the outskirt of
the disc i.e. J̇wdt=

∫ Rout
R′ Σ

√
GM•R2πRdR where the inner integration bound-

ary R′ satisfies Ṁwdt=
∫ Rout

R′ Σ2πRdR, with Σ ∝ R−3/4 being the disc surface
density and Rout the disc external radius, defined as the radius where the disc
becomes self-gravitating (see [219]).
The accretion in the disc Ṁacc is self-consistently evolved according to the evo-
lution of the sub-grid quantities determined by Eqs. (2.12)-(2.15). In particular,
at any given MBH timestep, fEdd is computed as

fEdd ≃ 0.76

(
η

0.1

)(
Mα

104M⊙

)5(
M•

106M⊙

)−47/7(
a|Jα|
3|J•|

)−25/7

, (2.17)

see [3] for its derivation.
While all sub-grid quantities evolve smoothly in time, instead, the growth of
the MBH particle mass M•,dyn, i.e. the mass used in the computation of the
gravitational force, is performed in a discrete fashion by selecting stochastically
the gas particles in the BH vicinity (i.e. in its kernel, see § 2.2.1.2) to be accreted,
with probability p ∝ max[M• +Mα − (M•,dyn +

∑N
k mk),0], where mk is the

mass of the k-th gas particle among theN selected. This guarantees that at every
timestep, on average, M•,dyn ≃ M• +Mα. I note that in this implementation
there are no measures to handle the situation where the accretion from resolved
scales in a timestep exceeds the mass contained in the BH kernel. However, with
an estimate we can verify a posteriori that this never occurs in simulations of
§ 2.4. Indeed, even assuming the maximum inflow rate found in those simulations
∼ 10M⊙/yr, and a long BH timestep of dt• ∼ 5 ·102 yr, I note that the accreted
mass amounts to ∼ 5 · 103M⊙, which is much smaller than the employed gas
mass resolution (see § 2.4). Therefore there is no risk that the mass available in
the kernel is not sufficient to sustain the accretion estimated with the modified
Bondi prescription.
Below I discuss more in detail how the inflows Ṁin and J̇in are computed.

2.2.1.2 Resolved accretion

The accretion rate Ṁin from resolved scales on the sub-grid disc is estimated
based on the properties of the gas particles within the MBH smoothing length
h•, which is defined as a spherical region centered on the MBH enclosing a given
effective number of particles Nngb capped to a maximum size Rmax. The kernel
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function adopted throughout this thesis is the standard cubic-spline. In partic-
ular, the inflow Ṁin is estimated through a modified Bondi-Hoyle prescription
that accounts for the angular momentum of gas in the BH kernel, as proposed by
[131]. The argument suggested by [131], similarly to the classical Bondi-Holye
derivation, is based on the definition of a characteristic accretion radius Racc,
relative to the MBH, within which gas is bound to the MBH, and from which
the accretion rate is computed as Ṁin ∼ πR2

accρv, where v is the characteristic
velocity of gas nearby the MBH and ρ its the density. The accretion radius is
defined as the radial distance at which the gravitational potential of the MBH
balances the internal and bulk energetics of the gas, but differently from the
classical Bondi-Hoyle derivation, the computation is carried out in the reference
frame of rotating gas, where the gas angular momentum provides an effectively
lower gravitational potential: Ueff(r) = −GM•/r+Λ(r)2/2r2, where Λ(r) is the
angular momentum per unit mass of the gas at distance r from the MBH. If
the dominant motion of the gas is rotational rather than a bulk flow, the energy
balance reduces to the requirement that the effective potential balances with the
thermal energy of the gas, i.e. Ueff ∼ c2

s/2. This allows to get Racc and then,
assuming that the characteristic velocity of gas can be approximated as v ∼ cs,
one obtains

Ṁin = 4π(GM)2ρcs
(v2

φ + c2
s )2 , (2.18)

where vφ ≡ Λ(r)/r encapsulates the amount of angular momentum support the
gas has on the smallest resolved scales. Numerically, vφ is computed by esti-
mating the specific angular momentum Λ of gas close to the MBH (i.e. prone
to accrete) as the ratio between the kernel weighted averages of angular momen-
tum and mass of particles in the MBH kernel. Then, assuming that angular
momentum on the larger scales is conserved once the gas reaches the smallest
resolved scale, vφ = |Λ|/Rin, where Rin ≡ h•/3 is a proxy of the smallest resolved
scale in the MBH kernel. Then, if vφ < vbulk, where vbulk is the mass averaged
velocity of gas in the MBH kernel, the usual Bondi-Hoyle formula (see § 1.1.4.2)
[91, 110, 204] is adopted

Ṁin = 4π(GM)2ρ

(v2
bulk + c2

s )3/2 , (2.19)

otherwise Eq. (2.18). Both in Eq. (2.18) and (2.19) ρ and cs are computed
as mass-weighted averages on the gas particles within the MBH kernel. As
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an example, in Fig. 2.4 I show the evolution of the ratio between Ṁin and
the corresponding classical Bondi-Hoyle (Eq. 2.19) prescription in one of the
simulations discussed in § 2.4. This ratio is always much smaller than one, i.e.
Eq. (2.19) is never employed to compute the accretion on the sub-grid disc as
in the setup employed in § 2.4 gas kinematics is dominated by rotation instead
of bulk motion. The Bondi-Hoyle accretion is about two orders of magnitude
larger than the modified Bondi (Eq. 2.18) accretion, in agreement with other
works (e.g. [70, 131, 220, 221]), which showed that the classical Bondi-Hoyle
accretion has the tendency to overestimate the accretion on the MBH. Once the
accretion rate Ṁin is computed, it is used to update the mass of the sub-grid
disc, which evolves smoothly over time, as outlined in § 2.2.1.1.
I remark that both in the computation of the accretion rate Ṁin and in the
stochastic accretion of M•,dyn, only non-wind particles are accounted, i.e. parti-
cles not spawned from the sub-grid disc (see section § 2.2.2), since such particles
are initialized as outflowing and hence they do not contribute to the accretion
flow on the MBH.
From the accretion Ṁin on the sub-grid disc, the accreted angular momentum
on the sub-grid disc is computed as J̇in = ṀinΛdt, where |Λ| is limited as in
[204] in order to account for not resolved processes like shocks and torques that
make the accreting gas further loose angular momentum before accreting on the
sub-grid disc at not resolved scales.
While the sub-grid disc mass is capped in order to avoid it from becoming self-
gravitating, it is allowed to become zero, i.e. quiescent MBH, due to the accretion
on the MBH and wind ejection. Once Mα vanishes, the disc is refilled with
probability p = (

∑
Ṁindt)/Mseed, where

∑
Ṁindt is the mass inflow collected

since the MBH became quiescent and Mseed is a free parameter. If refilling
occurs, the new sub-grid disc is initialized with Mα = max[Mseed,

∑
Ṁindt],

fEdd = 0.1, angular momentum set by Eq. (5) of [204] and its direction equal to
that of the angular momentum in the MBH kernel.

2.2.2 AGN wind injection

As mentioned before, the implementation of AGN winds is based on the “wind
injection” technique2 by [15] and [126]. While in their models the wind injec-
tion is assumed isotropic, here I force the wind momentum (Eq. 2.3) and mass

2For the sake of completeness, I mention that the spawning particle technique has also
been used with the gizmo code in the context of stellar feedback [222], AGN jets [223], and
AGN winds in zoom-in simulation [224].
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Figure 2.4: Ratio between the modified-Bondi accretion rate (Eq. 2.18) Ṁin and the
classical Bondi rate (Eq. 2.19) in simulation E_f.

fluxes to follow the sub-grid disc luminosity angular pattern resulting from grav-
itational bending, which is ultimately set by the MBH spin. I mention that
another source of AGN feedback anisotropy does exist when AGN winds are
accelerated at relativistic velocities. Indeed, an isotropic AGN radiation source
driving a nuclear wind with relativistic velocity is perceived as anisotropic by
the wind gas itself due relativistic beaming [225]. However, this effect translates
in angular variations of vw of a few percent for vw = 0.01c, as I will assume later,
which is negligible compared to the variation in the wind momentum attributed
to the photons gravitational bending.
Following [126] and [15], I assume that a factor τ of the radiation momentum
flux is transferred to the gas at sub-grid scales, generating an AGN wind which
is directly injected into the resolved scales. The wind mass outflow rate Ṁw is
computed from the unresolved disc accretion rate as shown in Eq. (2.4), where
both vw and τ , appearing in the definition of ηw (Eq. 2.5), are free parameters
of the model. In practice, the wind is simulated by removing mass from the
sub-grid disc and by spawning Nw new gas particles at a rate Ṁw. The newborn
wind particles are distributed uniformly on a sphere centered on the MBH and
with radius equal to the minimum between one tenth of the MBH gravitational
softening ϵ• and half of the smallest MBH-gas particle separation. The mass
distribution of the spawned particles follows the sub-grid disc luminosity angular
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pattern. More precisely, the mass of the i−th spawned particle, with polar angle
θi from the MBH spin direction, is assigned as

mi = f(θi,a)∑
j f(θj ,a)

Mspawn, (2.20)

where the sum at denominator spans over all the spawned particles, Mspwn is the
total mass to be spawned and f(θ,a) is the luminosity angular pattern defined
in Eq. (2.1)
The wind particles are then launched radially outward with constant velocity
vw and by interacting with the other surrounding gas particles they generate an
outflow. During their evolution, the wind particles can be merged into non-wind
(or ISM) gas particles, properly transferring to them their mass, momentum, and
energy as in an inelastic collision, see Appendix E of [216]. I required that such a
merger occurs once the velocity of the target wind particle falls below five times3

the mean velocity of the non-wind particles in its kernel. I provide more details
about wind particles mass resolution and their merger to non-wind particles in
Appendix C. In order to track the propagation of the wind into the environment,
I introduced a scalar wind tracer ζ, similarly to [15], that represents the wind
mass fraction of a gas particle. Therefore ζ = 1 for wind particles, non-wind
particles are initialized with ζ = 0 and 0 < ζ < 1 values characterize non-wind
particles that experienced mergers with wind particles.
In order to be able to capture the formation of a momentum-driven outflow I
include gas Compton cooling in the model. I assume that the AGN photons
interact with the surrounding gas at sub-grid scale, launching the AGN wind,
and then they are remitted isotropically. Then, such reprocessed photons can
scatter with the high energy electrons of the shocked wind layer of the outflow,
making it loose energy and cool. In practice, following [226], a contribution
ΛCpt as in Eq. (1.64) is included when computing radiative cooling/heating of
gas particles, where now r is the distance between the gas particle and the MBH
and L is the instantaneous sub-grid disc luminosity computed from Eq. (1.18).

3The choice of this parameter is not restrictive. In the development phase, I tried using
other parameters in the range ∼ [1 − 10] without finding any significant difference. Similarly,
I tried imposing conditions on the number of non-wind neighbours a wind particle must have
before it undergoes a merger, but these also proved irrelevant. In principle, by increasing the
treshold velocity for merger and decreasing the number of neighbours required for this to occur,
mergers could occur more frequently and the simulation could get rid of wind particles faster,
potentially speeding up, but even in these terms I did not notice any significant improvement.
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In the sub-grid model described in this section, the MBH timestep dt• is
taken small enough to resolve the sub-grid accretion, wind launching and spin
evolution and large enough to guarantee that the disc attains a steady-state
warped profile, as assumed in our prescriptions.

2.3 Tests

In order to compare the simulated evolution of the wind-driven outflows against
the analytical predictions given by Eqs. (2.9, 2.11), I first adopt an idealized
setup. I consider an active MBH embedded in a gas with uniform density and
temperature, so to ensure that the outflow anisotropy is the result of the in-
trinsic anisotropy of the wind, rather than of the ambient density distribution.
In order to compare the simulated outflows with Eqs. (2.9,2.11), I switch off
gravitational forces and gas self-gravity so that the outflow evolution is purely
hydrodynamical. For all the duration of the simulations I keep the AGN lumi-
nosity and angular pattern constant, i.e., I force the properties of the sub-grid
disc and MBH not to vary.
In order to test both energy- and momentum-driven outflows, I consider two
different setups. In the first case, I assume a gas number density µn= 1 cm−3,
where µ is the mean-molecular-weight, and a MBH mass 107 M⊙, while in the
second µn= 106 cm−3 and MBH mass 1010 M⊙. In both cases the gas tempera-
ture is set at T = 2 ·104 K. In order to test different outflow anisotropies, for each
setup I consider three different values of the MBH spin, a= {0.01,0.95,0.9982}.
In the energy-driven simulation with a = 0.01, I assume fEdd ≡ Ṁacc/ṀEdd =

a η log(M•/M⊙) fEdd L[erg/s] µn[cm−3] ϵgrav[pc] Nw

En.
0.01 0.057 7 0.1 1.2 · 1044 1 0.11 588
0.95 0.190 7 0.332 3.98 · 1044 1 0.11 588

0.9982 0.323 7 0.567 6.8 · 1044 1 0.11 588

Mom.
0.01 0.057 10 0.3 3.6 · 1047 106 0.08 108
0.95 0.190 10 0.997 1.2 · 1048 106 0.08 108

0.9982 0.323 10 1.7 2.04 · 1048 106 0.08 108

Table 2.1: Summary of the parameters adopted in the test simulations: in order, I show
the spin, the radiative efficiency, the MBH mass, the dimensionless accretion rate, the
AGN luminosity, the gas number density, the gravitational softening and the number
of particles spawned at each spawning episode. In all simulations I employed 107 gas
particles and wind particles velocity and temperature are initialized with vw = 0.01c
and Tw = 2 · 104 K.
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Figure 2.5: Final snapshots of the propagation of an AGN wind-driven outflow for
different spin values (increasing from left to right) and the two considered regimes
(energy-driven in the top row and momentum-driven in the bottom one). Each panel
illustrates the density, temperature and pressure fields in units of the corresponding
quantities of the assumed background medium as well as the wind mass fraction. In
the energy-driven simulations the outflow can be divided into four distinct sections: (1)
the freely-expanding wind, (2) the shocked wind, (3) the shocked ambient medium and
(4) the undisturbed ambient medium. In the momentum-driven simulations radiative
cooling makes the shocked wind layer cool and regions (2) and (3) are condensed into
a thin shell. The wind tracer is injected together with the wind and is therefore only
present in regions (1) and (2). The black lines correspond to the analytical location of
the contact discontinuity between regions (2) and (3), as computed in Eq. (2.9-2.11).
In momentum-driven simulations the cyan dashed lines indicate the effective aperture
of the radiation as defined in 2.1.1.
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0.1, while fEdd = 0.3 in the corresponding momentum-driven simulation. In the
simulations with higher MBH spin I keep the same sub-grid disc properties as
for a = 0.01, therefore the corresponding fEdd values scale as η(a)/η(a = 0.01),
according to Eq. (2.17). Energy-driven simulations run up to tend ∼ 0.22 Myr,
while momentum-driven ones for tend ∼ 1.5 Myr. The values of the main param-
eters of all runs are summarized in Table 2.1.
Figure 2.5 shows the final snapshots for all six simulations, with energy-driven
runs in the top panels and momentum-driven in the bottom ones. For each
snapshot, the figure reports the density, temperature and pressure fields in units
of the corresponding quantities of the background medium as well as well as the
wind mass fraction. Superimposed to all maps, I draw as a black curve the lo-
cation Rsh(tend,θ) of the contact discontinuity, as computed via Eqs. (2.9,2.11).
In the energy-driven simulations (top panels) the typical stratified structure of
outflows described in § 1.2.2 can be recognized, with the free propagation wind
layer, the shock wind, the shocked ambient medium and the unperturbed ambi-
ent medium. The simulated location of the contact discontinuity approximates
very well its theoretical prediction (Eq. 2.9). In the momentum-driven sim-
ulations (bottom panels) Compton cooling makes the shocked wind layer cool
and collapse, forming a thin shell that separates the free expanding wind from
the unperturbed medium. Again, the location of the separating shell is in good
agreement with the theoretical estimate (Eq. 2.11).
In both energy- and momentum-driven simulations, as the spin increases, the
angular pattern of the emerging outflow becomes more spherical and spreads at
larger distance from the MBH. This is expected, as larger spin values yield more
isotropic luminosity angular patterns as well as more luminous discs.

2.4 Isolated galaxy simulations

I employ now the sub-grid model for spin-dependent AGN winds described in
Section 3.1 to study the role of wind anisotropy in shaping AGN-driven galactic
outflows, and then the impact such outflows have on the host galaxy. I start by
constructing an isolated galaxy setup similarly to [15]. I first initialize a gaseous
halo of mass Mg = fgM200, where M200 = 1012M⊙ is the halo (dark matter +
gas) virial mass and fg = 0.17 the gas mass fraction, with a Navarro-Frenk-White
[NFW; 227] density profile. A M• = 108M⊙ MBH is placed at the center of the
system and the gas internal energy is set to guarantee hydrostatic equilibrium in
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Figure 2.6: Density slices of three snapshots from simulation C_f, with the disc face-on
in the top panels and side-on in the bottom panels. The MBH location is marked by
a black dot.

Figure 2.7: Density slices of three snapshots from simulation E_f, with the disc face-on
in the top panels and side-on in the bottom panels. The MBH location is marked by
a black dot.
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Figure 2.8: From left to right, edge-on maps of the gas density, the wind mass fraction,
the internal energy, and the electron abundance fraction of simulation E_f at t = 24
Myr.

the absence of cooling. The pressure profile has been computed numerically from
the gas density and total potential profiles. The halo concentration parameter
is C = 7.2, which gives a halo scale radius ahalo = 28.54 kpc and a virial radius
r200 = Cahalo = 205.5 kpc. These parameters were chosen to recreate a setup
similar to that of [15], so that their simulations could be used as a reference.
The gas initial specific angular momentum follows a profile j(r,θ), where r and θ
are the spherical radial and polar coordinates, as in Eqs. (12-15) of [228]. Such
profile is characterized by the halo spin parameter λsim, introduced by [229]
(their Eq. 5), which is set to λsim = 0.035.
Radiative cooling is modelled as described in [230], assuming initial metallicity
0.1Z⊙ and ignoring radiative cooling processes below T < 104 K. Due to the loss
of pressure support following radiative cooling, at t = 0 the spinning gaseous
halo starts to collapse towards the center and the inner region settles into a
galactic disc continuously fed by the outermost falling layers. I emphasize that
this initial gas inflow and the subsequent galaxy formation and star formation
history are sensitive to the initial halo density profile. In particular, a NFW
profile, as assumed here, is likely to enhance these processes compared to other
shallower profiles, see e.g. [231, 232].
The gaseous halo is sampled with N = 3 · 105 particles only up to a radius of
0.6r200. Note that the presence of a sharp pressure gradient at 0.6r200 causes
an artificial outflow. Nonetheless, this occurs on spatial scales far away from
those considered in our analysis, which focus on the central ∼ 10 kpc region.
In addition, the radius of 0.6r200 within which we sample the gas is tailored to
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ensure that over the simulated time the boundary effects of this sampling cannot
propagate within the central region of interest, as gas particles above 0.6r200
take more than ∼ 0.7 Gyr to fall within ∼ 5 kpc from the center of the system.
The mass resolution of our simulations is mgas = 3.44 · 105M⊙. Dark matter is
not sampled and enters the simulation as a static analytic potential.
Star formation is treated following [233], where the effects of unresolved physical
processes operating within the interstellar medium (ISM) are captured by an
effective equation of state that is applied to all gas with hydrogen number density
nH > nth. This effective equation of state is stiffer than that of isothermal gas,
because it accounts for additional pressure provided by supernova explosions
within the ISM. Stellar particles are spawned stochastically from gas with nH >

nth at a rate
dρ⋆

dt
= (1−β)ρc

t⋆
, (2.21)

where β = 0.1 is the mass fraction of massive stars assumed to instantly explode
as supernovae, ρc is the density of cold clouds [see 233, for details] and t⋆ =
t⋆,0(nH/nth)−1/2 is the star formation timescale, with t⋆,0 = 1.5 Gyr and nth =
0.5cm−3. Supernova-driven winds are not modelled, as they would add a further
layer of complexity affecting both star formation, the MBH growth and hence
AGN feedback [see, e.g., 234]. Therefore, our simulations should be regarded as
idealised experiments aimed at illustrating how AGN wind modelling affects the
impact of MBH feedback on the host galaxy and on the MBH evolution, without
“contamination” from supernova-driven winds.
After the first 150 Myr, once a galactic disc has formed and star formation has
already reached its peak, MBH accretion and feedback are “switched on”. I
denote this instant with t0. Then, I perform six different simulations divided
in two sets (labelled with C and E) corresponding to different MBH accretion
prescriptions, each set consisting of three different simulations characterized by
different feedback anisotropies (indicated with labels f, iso, a0). In the simu-
lation set labelled with C, the sub-grid accretion disc is forced to maintain the
same properties for the entire duration of the simulations, i.e., the disc mass
and angular momentum do not change because of accretion onto the MBH and
wind ejection. In these simulations, the Eddington factor fEdd ≡ Ṁacc/ṀEdd is
kept constant equal to 1 (similarly to [15, 126, 224]), corresponding to a sub-grid
disc of constant luminosity L = 1.2 · 1046 erg/s. On the contrary, in E simula-
tions, fEdd is allowed to evolve and its value is set by the instantaneous MBH +
subgrid disc properties (Eq. 2.17), which, in turn, are determined by the inflow
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on the disc, the accretion on the MBH and wind ejection (see Eqs. 2.12-2.15).
In this way, E-simulations are able to capture the mutual non-linear influence
that inflows and outflows have on each other, that lead to a self-regulated MBH
growth.4 In addition to these simulation sets, I prolonged the simulation for the
spinning halo collapse beyond 150 Myr without switching on the AGN, so that
the sets C and E can be compared to the case in which the MBH is not active.
I indicate this simulation with NoFb.
Both C and E sets consist of three simulations, accounting for a different wind
anisotropy. Simulations f have an angular pattern f(θ;a), as illustrated in
section 2.1.1, that evolves according to the evolution of the spin parameter a;
iso-simulations are characterized by an isotropic angular pattern, i.e. f = 1;
a0-simulations assume instead a fixed angular pattern corresponding to the one
of a ≃ 0, f = f(θ;0.01). Note that, independent of the anisotropy pattern, the
MBH spin and η(a) are allowed to evolve in these runs. The motivation for these
choices of angular patterns is the following: real outflows anisotropy can result
from the wind “intrinsic” anisotropy imparted by the radiation angular pattern
and linked to the MBH spin, i.e. the anisotropy discussed in section § 2.1.1
and seen in Fig. 2.5, or it can be induced by the anisotropy of the medium in
which the outflow propagates as, for example, in a spiral galaxy where the gas
density is higher in the midplane of the galaxy than perpendicular to it. In this
way, an “intrinsically” spherical outflow expands more easily along the galaxy
axis, i.e., along the least resistance path, turning into a bipolar (anisotropic)
outflow [15, 123, 235].5 Since outflow anisotropy is shaped by these two factors,
both present in simulations f, a comparison with simulations iso allows to
disentangle these effects and to properly assess the relevance of radiation pattern
anisotropy in galactic outflows. Instead, simulations a0 represent the opposite
term of comparison, in which the angular pattern is maximally anisotropic, i.e.
f(θ;0.01) ≃ 2cosθ as in (Newtonian) α-discs, as if all the isotropy coming from
gravitational bending were removed. I summarize the main features of the six
simulations performed in Table 2.2.
In both C and E sets, I start the simulations at t0 with fEdd = 1, a = 0.01,
Mα = 0.005M• and M• +Mα = 108M⊙. Following [15], the wind velocity and
radiation-wind coupling parameter are fixed to vw = 0.01c and τ = 1, accord-

4[126] showed that an Eddington accreting AGN generates wide cavities in its surroundings,
but noted that this lower density should reflect in decreased inflow on the AGN in turn reducing
his power and the cavity size itself, letting the system self-regulate.

5This may explain, for example, the presence of the Fermi bubbles in the Milky Way [236].
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fEdd(t) Mα(t)

E variable variable
C 1 4.975 · 105 M⊙

angular pattern

f f
(

a(t);θ
)

a0 f
(

a = 0.01;θ
)

iso 1

Table 2.2: Main features of the isolated galaxy simulations: (left) the dimensionless
accretion rate and sub-grid disc mass for the E and C simulation sets. Note that while
sub-grid disc quantities are evolved only in E simulations, the MBH mass and spin
evolve according to the prescriptions detailed in 2.2.1.1 in both simulation sets. (right)
the AGN radiation angular patterns used in each simulation set.

ing to radiation hydrodynamics simulations of thin discs centred on MBHs with
mass 106 − 109M⊙ [237, 238], which showed that the AGN wind reaches veloc-
ities of the order of 103 − 104 km/s at ∼ 50 gravitational radii from the MBH
and that τ ∼ 1. Nw = 48 wind particles are spawned at each spawning event
their temperature is fixed to Tw = 2 · 104 K. In all simulations the gravitational
softening for all particle species is 2 pc.
In the following sub-sections, I will discuss the impact of AGN feedback in our
setups, focusing on the one hand on its effect on the host galaxy, in particular
on the central gas reservoir and star formation, and on the other hand on its
influence on the MBH evolution in mass and spin. Before entering in details,
we give a qualitative glimpse on how the galaxy-MBH evolution looks like in
simulations C_f and E_f.
Figure 2.6 shows three snapshots of the simulation C_f, both face on (top panels)
and side-on (bottom panels). In the side-on view, we see that after t≃ 8 Myr from
the AGN “switch on”, a collimated wind is piercing the circum-galactic-medium
(CGM), its opening angle widening over time. Correspondingly, in the face-on
view, a ∼kpc-scale cavity is cleared in the central region surrounding the MBH,
becoming increasingly larger with time. Both these effects are accompanied by
an increase of the spin value, which reaches ∼ 0.998 after ≃ 64 Myr, and hence
by an increase in the disc radiative efficiency and in the isotropy of the radiation
angular pattern (see discussion in § 2.1.1). I remark that in this simulation the
accretion rate on the MBH is forced to be constant, equal to the Eddington rate.
However, as noted by [126], once the gas reservoir feeding the MBH diminishes
with the formation of a central cavity, the accretion on the MBH should decrease
as well, reducing the AGN power and hence its ability to further enlarge the
cavity. I show this effect in Fig. 2.7, which is the analogous of Fig. 2.6 for the
simulation E_f, in which the MBH accretion is consistently evolved with the
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inflow on the disc and the wind ejection from it. In this case, no cavity formation
can be seen in the face-on view and a milder wind (compared to Fig. 2.6) is
seen in the side-on view. This suggests that a much lower accretion (and hence
outflow) rate is achieved once that the disc is allowed to adjust itself through
its interaction with the environment. In particular, we will see in section 2.4.1.1
that, in this simulation, fEdd indeed drops by ∼ 1÷2 orders of magnitude from
its initial value.
In Figure 2.8 I show a zoom-out of the side-on view of simulation E_f at t =
24 Myr. The four columns illustrate, from left to right, the gas density, the
wind mass fraction, the gas internal energy and the electron abundance fraction
ne/nH. Even though the AGN wind doesn’t seem to affect much the host galaxy
(Fig. 2.7), it propagates deeply in the CGM creating a hot, low density, ionized
bipolar outflow that extends in the polar directions and regulates the inflow onto
the galaxy, hence its growth.
I now discuss more quantitatively the impact of feedback both on the MBH and
the galaxy host, turning the attention to the relevance of the spin-dependent
wind anisotropy.

2.4.1 The impact of AGN feedback on the MBH

In order to understand how the MBH mass and spin evolve and to what extend
their growth is influenced by AGN feedback, we need to understand its back-
reaction on fEdd, which characterizes the rate of such growth.

2.4.1.1 Evolution of fEdd

In C simulations, the growth of MBH mass and spin is completely determined
by the constrain fEdd = 1, so it is independent on any effect feedback might
have on the gas surrounding the MBH. Conversely, in E simulations, fEdd varies
with time according to the evolution of the sub-grid disc+MBH system (Eq.
2.17), which is influenced by the action of feedback on the nuclear environment.
Indeed, in this case, AGN feedback diminishes the gas density in the vicinity of
the MBH, lowering the mass inflow rate on it and hence the AGN power.
In order to have a better understanding of how fEdd evolves, I computed the
time derivative dfEdd/dt (see Appendix A), finding that it can be approximated
as

dfEdd
dt

≃ 5fEdd

(
−Cw

Ṁw
Mα

+Cin
Ṁin
Mα

)
, (2.22)
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Figure 2.9: The evolution of the mass inflow rate Ṁin on the sub-grid disc and the
mass outflow rate Ṁw ejected in winds for the three E simulations. The solid and
dashed lines correspond to the median values of these quantities over time bins of 5
Myr, while the shaded regions span from the 16th to the 84th percentiles of Ṁin and
Ṁw within the bins.

where Ṁin is the mass inflow rate on the sub-grid disc from resolved scales, as
defined in § 2.2.1.2, and the coefficients Cw and Cin are both found to be ≃ 0.1,
as detailed in Appendix A. Equation (2.22) describes the evolution of fEdd as
driven by the disc mass loss, proportional to Ṁw, and by the inflow Ṁin that
supplies mass to the disc; in other words, the disc accretion rate is regulated by
the balance between outflows and inflows. Because of the different signs in front
of Cw and Cin, the disc tends to evolve towards a stationary dfEdd/dt∼ 0 regime.
Indeed, if the inflow exceeds the outflow, i.e. CinṀin >CwṀw, then the accretion
rate fEdd increases and Ṁw grows as well (see Eq. 2.4). By contrast, if the disc
mass consumption outpaces the external mass supply, CwṀw > CinṀin, the
accretion rate decreases and hence Ṁw diminishes too. In this way inflows and
outflows tend to adjust each other such that CwṀw ∼CinṀin, i.e. dfEdd/dt∼ 0.
Figure 2.9 shows the evolution of Ṁw and Ṁin in the three simulations E and
reveals that in all cases Ṁw ∼ Ṁin and both quantities settle around ∼ 1M⊙/yr
after a transient of ∼ 50 Myr. As a result, in all E simulations, fEdd decreases
from its initial value fEdd,0 = 1 and, after ∼ 50 Myr, attains a value ∼ 0.05
(see Fig. 2.10), which is consistent with observed Seyfert galaxies [239] and
corresponds to a moderate luminous AGN with L≃ 6 ·1044 erg/s.
The final value fEdd ∼ 0.05 can be also roughly predicted directly from Eq.
(2.22). By imposing dfEdd/dt = 0 I find the equilibrium value attained by the
dimensionless accretion rate to be

f teo
Edd = Ṁin

ṀEdd
Cin, (2.23)
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Figure 2.10: Evolution of fEdd in E and C simulations. The lines correspond to the
median values of fEdd over time bins of 5 Myr, while the shaded regions represent the
fluctuations within the bins from the 16-th to 84-th percentiles.

where I used Cw = η−1
w (see § 2.2.1.2) and Eq. (2.4). This equation shows that

the sub-grid accretion rate is ultimately set by the resolved accretion rate Ṁin
and by the coefficient Cin, which contains information on the resolved accretion
of angular momentum (see § 2.2.1.2). In order to obtain a specific value to
compare with the simulations, I assume that Ṁin ∼ 0.01 · 4πG2M2

•ρc
−3
s , using

the classical Bondi formula with zero bulk velocity (Eq. 2.19) and the factor
0.01 coming from Fig. 2.4. To obtain a rough estimate of this expression, as ρ
I take the value of ∼ 100M⊙/pc3, as seen in the nuclear region of the galaxy in
Fig. 2.7, and the value of ∼ few10−4c for cs (corresponding to a temperature
of T ∼ 2 · 106µ(few/4)2K), inferred similarly from sound speed contourmaps.
Then, by replacing these values in the expression for Ṁin and in Eq. (2.23),
and by using Cin ∼ 0.1, I obtain f teo

Edd ∼ 0.069, in reasonable agreement with
the outcome of the simulation. The major limitation in using Eq. (2.23) to
predict the accretion rate on the MBH lies in the fact that the values of ρ and cs
used here are those extracted from the simulation once self-regulation has been
achieved, and thus these values are the result of the effect that feedback is having
on the surrounding environment. Predicting these values before self-regulation
takes place (e.g. from our initial condition at t0) requires detailed knowledge of
the interaction of the AGN winds with the surrounding environment, which is
inherently a complex non-linear problem and requires simulations.
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Figure 2.11: MBH spin and mass growth in E and C simulations. The red and blue
bullets mark the instants corresponding to the snapshots shown in Figures 2.6 and 2.7.

2.4.1.2 MBH mass and spin growth

The mass and spin evolution of the MBH in all simulations is shown in Figure
2.11. In C simulations, the growth of MBH mass and spin is constrained by
fEdd = 1, whereas in E simulations fEdd varies with time (Fig. 2.10), according
to the interplay between inflows and outflows. In this second case fEdd lowers
down to ∼ 0.05, in this way the MBH mass and spin growth is severely delayed
compared to the fEdd = 1 case.
While the disc luminosity is directly linked to the MBH mass and spin growth
rates (Eq. 1.18), its angular pattern has a negligible impact on them. Nonethe-
less, in E simulations we notice a small dependence of these growth rates with the
radiation angular pattern, i.e. the more isotropic the angular pattern is (where
isotropy rises with a0 → f → iso), the slower the mass and spin growth is.
This can be attributed to the wind-ISM coupling increasing with isotropy (see
§ 2.4.2), thus yielding smaller mass inflow rates on the MBH and hence lower
AGN power.

2.4.2 The impact of AGN feedback on the galaxy host

I now quantify the impact of AGN feedback on the host galaxy by probing the
galaxy star formation history, the size of the central cavity and the AGN wind
opening angle and the CGM properties.
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Figure 2.12: Star Formation Rate (SFR) in the nuclear region (left) and at galactic
scale (right) for E, C and NoFb simulations. t = 0 corresponds to the initial condition
with the spinning gasous halo in hydrostatic equilibrium and t0 = 150 Myr (when AGN
feedback is turned on) is marked with a grey vertical line.

2.4.2.1 Star formation rate history

In Figure 2.12 I show the evolution of the star formation rate (SFR) with time.
In order to differentiate the effect of the AGN feedback on nuclear and galactic
scales, in the left panel I consider the SFR of the gas particles within 0.5 kpc
from the MBH, while in the right panel the SFR of the gas particles within 5
kpc. In both panels I show results from the simulations sets C and E and from
simulation NoFb, that with no feedback.
The NoFb simulation traces the evolution of the SFR starting from the initial
condition with the spinning halo in hydrostatic equilibrium. At this time the
SFR is zero, but as soon as the gaseous halo collapses, getting denser and cooler,
the SFR grows and peaks at ∼ 100 Myr, both on nuclear and galactic scales.
At this point, while in the central region the SFR starts to decline, in the whole
galaxy stars continue to be formed at a rate of 100 M⊙/yr ÷125 M⊙/yr. The
switch-on of AGN feedback at t0 = 150, in C and E runs, modifies these trends.
In the central 0.5 kpc, the SFR is reduced by a factor of ≲ 2 in E simulations,
while it is completely shut off in C simulations. The imprint of AGN feedback
on galactic scales is less marked: in E-simulations the SFR within 5 kpc is not
appreciably altered, except for a ≲ 20% decrease during the first ∼ 50 Myr of
AGN activity, and a burst of SFR at the end of E_iso due to a clump in a spiral
arm, whereas it diminishes by a factor of ≲ 2 in C runs. Overall, these trends
do not show any significant dependence on the AGN radiation angular pattern,
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Figure 2.13: Evolution of the central cavity size (left) and outflow opening angle (right)
in E, C and NoFb simulations.

except for C simulations at galactic scale. In this case, we see that the more
isotropic the luminosity angular pattern is, the more the SFR is suppressed, due
to the increase of wind-ISM coupling. However, this appears as a second order
effect and the impact of AGN feedback on the SFR is mainly driven by the AGN
luminosity, rather than by its angular pattern.

2.4.2.2 The size of the central cavity

The trends seen in the SFR(t) history are closely related to those seen in the size
of the central cavity cleared by AGN feedback. Here the cavity size is measured
as the radius Rcav of the sphere centered in the MBH containing a gas mass equal
to the MBH mass. Figure 2.13 shows that in the simulation without feedback
this quantity is initially (at t0) about 50 pc and overall grows up to ∼ 100 pc. In
simulations with AGN feedback, AGN winds tends to push the gas away from
the MBH, lowering the gas density in its surroundings and thus increasing Rcav.
Such an increase is modest in E simulations, by a factor less than 2, while it is
about an order of magnitude larger in C simulations. In this second case, we can
distinguish a dependence of the cavity size with the feedback radiation angular
pattern, where a more isotropic pattern results in a larger cavity.
As for the SFR(t), the cavity size seems to be determined at first order by
the disc luminosity and only for high (Eddington) luminosities (C runs) by the
radiation angular pattern, at least partially. In addition, the increase in the
cavity size with disc luminosity and with disc radiation angular pattern mirrors
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what I found for the SFR, i.e., larger cavities are associated with lower SFRs.
This suggests that star formation suppression in the galaxy nuclear region occurs
via gas removal caused by AGN winds.

2.4.2.3 The outflow opening angle

Finally, I measure the opening angle of the region within which the SFR is
maintained below 1 M⊙/yr, which provides information about the anisotropy
(or angular amplitude) of the bipolar outflow. In order to compute this quantity,
I first determine, at any time t, the SFR angular profile SFR(θ; t), where θ is the
polar angle from the galaxy axis 6. For all simulations, SFR(θ; t) ≃ 10−2 ÷10−1

M⊙/yr for small θ, i.e. perpendicular to the galaxy disc plane, and rapidly
increases at θ ≳ π/3, reaching ≃ 10÷102 M⊙/yr for θ ≲ π/2, i.e. in the galactic
disc mid-plane. Given this trend, I define θ⋆ as the angle below which the
SFR(θ; t) < 1 M⊙/yr. Then, the larger θ⋆, the wider the angular region where
the outflow manages to keep the SFR below our treshold of 1 M⊙/yr. In this
sense, θ⋆ measures the outflow semi-opening angle.
In Figure 2.13, I show how θ⋆ evolves in our simulations and we notice a trend
similar to that of SFR(t) and Rcav(t). Indeed, θ⋆(t) ≳ π/3 in NoFb simulation,
then becomes larger in E simulations and increases further in C runs. No partic-
ular trend of θ⋆ is seen with the feedback radiation angular pattern, except for
the final part of C simulations, which suggest that θ⋆ is larger for more isotropic
radiation angular patterns. Therefore, similarly to what I discussed for SFR(t)
and Rcav(t), the disc luminosity, more than its angular pattern, determines the
angular amplitude of the outflow, measured as the ability of AGN winds to
hamper the SFR at large polar angles.

2.4.2.4 The impact on the CGM

While on galactic (∼ 10 kpc) scales there is a mild or absent dependence of the
outflow opening angle on the AGN radiation anisotropy, this is not the case if
we look at the larger CGM (∼ 100 kpc) scales, where an imprint of the feedback
anisotropy on the CGM temperature and entropy can be appreciated. In Figure
2.14 I show the time averages of the CGM temperature and entropy (left and
right of each panel respectively) for the three simulations in the set E. Entropy is

6I defined SFR(θ; t) as the sum of the SFR of all gas particles with polar coordinate
θi ∈ [θ − ∆θ/2,θ + ∆θ/2], or π − θi in the same interval, and within a distance of 5 kpc from
the MBH. We used ∆θ = π/40.
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Figure 2.14: Polar plots of the time averages of CGM temperature and entropy for E
simulations. Time averages are taken considering snapshots up to 180 Myr from t0.

Figure 2.15: Time averages of the density radial profile of the CGM for the E simula-
tions.

computed as K = kBTn
−2/3
e and the time averages only consider snapshots up

to 180 Myr from t0 in order to avoid boundary condition effects caused by the
finite size of the sampled halo. Fig. 2.14 emphasises that while the opening angle
of the outflow on a small scale does not seem to be affected by the anisotropy
of the radiation emitted by the AGN, on a larger scale, the more isotropic the
radiation angular pattern, the larger the volume fraction of the CGM that is
affected by the outflow. This in turn may have implications on the CGM metal
enrichment, on the outflow ability to prevent cooling flows on the galaxy and
thus on the galaxy cold gas growth and its star formation history on longer
timescales. Despite these effects on the energetics of the gas in the CGM, the
radial density profile is not affected by feedback anisotropy, as illustrated in
figure 2.15, where the time averages of these profiles for the E simulations are
shown. I provide more details on the CGM energetic balance in Appendix B.
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In the analysis above, I have not considered the effect of varying the wind
velocity and the radiation-wind coupling parameter, however I can speculate
what the effects of this parameter space investigation might be. By changing
the wind speed, an immediate effect is to change the post shock temperature
in the outflow driven by such winds. As shown in Eq. (1.62), the post-shock
temperature scales as the velocity squared, consequently a faster wind would
result in greater ‘PdV ’ work of the shocked wind on the outer layers and thus
in greater ease of the wind to sweep away the ISM. The dependence of the
effects of feedback on wind velocity was investigated by [126], who showed that
indeed faster winds are able to open larger cavities at the center of galaxies and
suppress SF more efficiently. Instead, I note that changing τ would correspond
to modulating L. Therefore, a hint of the effect of varying τ can be inferred
from the results of simulations with different luminosities, i.e. from comparing
simulation sets C and E. I note that actually a τ < 1 should correspond to the
situation where part of the radiation escapes from the disc sub-grid scale and
only a fraction τ transfers its momentum to gas at that scale. The radiation
pressure of escaping radiation in such a case is not dealt in my implementation
of AGN feedback and would require radiation hydrodynamics simulations.

2.5 Summary and Discussion

In this chapter, I investigated the role that spin-dependent anisotropy of AGN
winds [212, 213] has in shaping the evolution of MBHs and their host galaxies.
To this purpose, I implemented in the code gizmo a sub-grid model for AGN
feedback that takes into account the spin dependence of feedback anisotropy,
linking and integrating existing modules for MBH accretion and spin evolution
[204] and AGN wind [126]. In doing so, I assumed that the AGN disc radiation
couples with gas at the disc (sub-grid) scale, completely transferring its mo-
mentum. In this way, the nuclear wind that is launched inherits the luminosity
angular pattern of the impinging radiation, which is set by the MBH spin. I ini-
tially tested this novel implementation by following the propagation of an AGN
wind driven outflow into a homogeneous medium, and I compared the results
against simple analytical models. Then, I considered an isolated galaxy setup,
thought to be formed from the collapse of a spinning gaseous halo, and there
I studied the impact of AGN feedback on the MBH and galaxy evolution. I
considered different prescriptions for the MBH accretion rate, i.e., constant and
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equal to the Eddington rate or self-consistently evolved according to the resolved
gas inflow onto the MBH. I also considered different degrees of anisotropy of the
angular pattern of the launched AGN wind.
The most relevant results of this work can be summarised as follows:

• MBH feedback and fueling are tightly intertwined. On the one hand,
the AGN wind affects the gas reservoir that feeds the MBH and, on the
other hand, gas flowing onto the MBH supplies material and power the
wind. The disc-wind system is a complex, self-regulating system [83]. We
found that accounting for such self-regulated evolution or not makes a
crucial difference. In our simulations with an evolving MBH accretion
rate, the AGN luminosity, initially set equal to Eddington LEdd = 1.2 ·
1046 erg/s, drops down by 1 ÷ 2 orders of magnitude to ≃ 6 · 1044 erg/s,
exactly because the AGN feedback limits the inflow that powers itself.
Such reduced luminosity corresponds to an Eddington factor fEdd ∼ 0.05,
consistent with what estimated in Seyfert galaxies [239]. Such decrease in
luminosity implies both a much slower MBH growth and a much weaker
impact of the AGN on the host, when compared with simulations with
constant Eddington MBH accretion rate. This highlights the importance
of self-consistently evolving MBH accretion and feedback.

• Once MBH accretion is allowed to evolve, I found that AGN feedback
has a limited impact on the host galaxy, except for the central, ≃kpc
scale region. A smaller, ≃ 100 pc cavity is cleared around the AGN. At
the same time the SFR is approximately halved within the inner 0.5 kpc,
while it remains at values typical of non active galaxies on larger scales.
Put another way, my simulations indicate that isolated disc galaxies may
be able to host luminous AGN activity without undergoing any significant
star formation suppression on larger galaxy-scales7. I emphasise that due
to the simulated timescales, the star formation suppression witnessed in

7I emphasise that the absence of quenching is the result of the type of setup and feedback
adopted in these simulations. Indeed, in the case of an early-type galaxy in a “cooling flow”
atmosphere, the presence of a jet mode feedback has been shown to be efficient in suppressing
star formation and quenching the galaxy. For example, [240] performed zoom-in cosmological
simulations and found that AGN jets can transform galaxies at the center of clusters in red
dispersion dominated quenched galaxies, and [241] revealed how quenching of massive central
galaxies happens coincidently with jet mode feedback in large scale cosmological simulations.
This view is also supported by semi-analytical models [90] and observations [11, 242], which
show that AGN jets can efficiently couple with the surrounding gaseous atmosphere in early
type galaxies and keep the specific star formation rates low.
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these simulations is the result of the AGN wind ejection of the existing
ISM, while star formation suppression owing to CGM heating that prevents
cooling and accreting flows on the galaxy is at most mildly captured as such
process unfolds on longer ∼ Gyr timescales. These results agree with many
observational studies that find no systematic signature of AGN feedback
on the host galaxy SFR [105, 107, 108, 243] (see discussion in § 1.2.1.3
for more details). In addition, [108] remarked that AGNs, despite not
showing evidence for galaxy-wide quenching, have significantly suppressed
central (∼ kpc scale) SFR, lying up to a factor of 2 below those of the
control non active galaxies, in agreement with my findings. These results
suggest that the integrated effect of secular AGN feedback, which is traced
by the MBH mass, rather than an instantaneous AGN driven outflow, is
required to significantly affect SF on galactic scales. In other words, the
instantaneous AGN luminosity is not a proxy for the cumulative impact of
AGN feedback on SF [116].

• The impact of AGN feedback on the host galaxy and on MBH growth
is primarily determined by the AGN disc luminosity, rather than by its
angular pattern. I found that MBHs accreting with constant Eddintong
rate, corresponding to a bolometric luminosity of L ∼ 1.2 · 1046 erg/s, are
capable to clear kpc-scale cavities, suppressing SF by a factor of two on
galactic scale, and driving outflows with large ∼ π/3 ÷π/2 semi-opening
angles. For lower luminosities, L∼ 6 ·1044, achieved once self-regulation is
allowed, such effects are milder and restricted to the nuclear region. This
is consistent with [126] who found that increasing luminosity allows for
further growth of the central cavity and suppression of SFR.

• Conversely, the imprint of the AGN luminosity angular pattern on the
MBH-galaxy evolution is less marked, and can be appreciated only in cases
with high (Eddington) constant accretion rate, in which the AGN impact
is overall stronger. For maximally anisotropic ∼ cosθ angular pattern (a0
simulations), most of the wind momentum and energy are funnelled in
the MBH spin direction, i.e., perpendicularly to the galaxy disc, without
much affecting the host galaxy. With more isotropic angular patterns, as
occurring for higher MBH spin becauese of relativistic light bending, a
larger fraction of the wind energy and momentum is distributed perpen-
dicular to the spin, i.e., into the galactic disc, yielding a higher coupling
between the wind and the galaxy ISM. Indeed, in the simulations with Ed-
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dington accretion, I observed that AGNs with isotropic luminosity more
efficiently suppress the host SFR, up to a factor of two compared to the
maximally anisotropic case, and more easily sweep away gas in the nuclear
region, clearing cavities up to ten times larger. However, in simulations
with smaller (fEdd ∼ 0.05) accretion rate, differences in the response of
the galaxy to different AGN radiation anisotropies are negligible, with the
exception of the CGM, on which the impact of the outflow shows small
but appreciable differences with AGN feedback angular pattern. As a con-
sequence, I expect the spin-dependent anisotropy of AGN radiation to be
relevant in those scenarios characterized by high and prolonged MBH ac-
cretion episodes and by high opening angle of the ISM disc as seen by the
central MBH, as both features would increase the wind-galaxy coupling
and make the galaxy response more sensitive to the radiation angular pat-
tern. These conditions might be satisfied during galaxy mergers, where
large amounts of gas are funnelled into the galactic nucleus, resulting in
elevated MBH accretion rates and quasi-isotropic central gas geometries,
or in high redshift galaxies, characterized by thick discs and by MBH ac-
cretion rates close to the Eddington limit over long periods of time [e.g.
134, 135, 244, 245].

• The spin growth itself is influenced by the AGN angular pattern. Given
a constant accretion rate, the spin growth naturally slows down due the
distance of the ISCO from the MBH becoming smaller with increasing
spin. In addition, as the spin becomes larger, both AGN luminosity and
its isotropy increase and make the AGN feedback more capable to reduce
the inflow on the MBH itself, further delaying its spin and mass growth. I
witnessed a hint of this trend in the simulations with self regulated accre-
tion, noting that more isotropic angular patterns yield slower MBH mass
and spin growths. Although in these simulations this effect seems neg-
ligible. In this respect, I might speculate that, because of the angular
pattern anisotropy, high-redshift slowly spinning MBHs might more easily
attain accretion rates above the Eddington limit, as they would be less
prone to alt accretion flows in the AGN disc equatorial plane via winds
[246], but also because the efficiency of the jets potentially suppressing
super-Eddington accretion rates is lower for lower MBH spins [247, 248].

While in this paper I discussed the role of the spin-dependent anisotropy of AGN
winds in the context of isolated disc galaxies, I remark that this effect might be
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crucial in other astrophysical scenarios where AGN feedback intervenes, such as
the pairing and migration of MBH binaries, which will be the subject of the next
chapters.





Chapter 3

Dynamics ofMBHpairs in the presence
of spin dependent radiative feedback

In this chapter I consider another application of the spin-induced raidative feed-
back anisotropy presented in § 2. Beyond its role in influencing the growth of
MBHs and the overall impact of feedback on host galaxies, feedback anisotropy
can also play a crucial role in shaping the dynamics of MBHs. It can influ-
ence their ability to pair and form bound binaries, ultimately impacting the
cosmological coalescence rate of these systems, a phenomenon that the Laser
Interferometer Space Antenna (LISA) is poised to investigate.
More specifically, as outlined in § 1.3.1.2, AGN feedback from accreting MBHs
can alter the local properties of the surrounding gas and, therefore, its dynamical
friction effect. Early indications of a sign reversal of the DF torque exerted by
a rotating gaseous background affected by MBH feedback has been discussed
on galactic scales by [16]. This early claim has been numerically confirmed in
the context of MBH pair dynamics on CND scales [see, e.g., 249], where the
pairing efficiency of the MBHs is significantly reduced by the AGN feedback
anti-DF, which makes the MBHs accelerate in the direction opposite to that
of the standard DF. In these studies, the energy or momentum injection has
been assumed to be isotropic. However, at sufficiently small scales, the feedback
may have significant deviations from isotropy, both in case of direct radiative
feedback from the MBH accretion disc, as shown in § 2, as well as kinetic feedback
from relativistic jets. An anisotropic feedback would increase significantly the
complexity of the problem and, for some specific configurations, it may decrease
the effect of feedback onto the local gaseous environment if the majority of the
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energy-momentum of the outflows escapes through a minimal-resistance path
before altering the gas dynamics.
Here, I consider the impact of spin-dependent radiative feedback on the dynamics
of a MBH pair embedded in a CND. I explore different feedback models based
on an anisotropic momentum injection in the gas. The work presented in this
chapter was carried out before that shown in § 2, so the feedback model used
here is different from that presented in § 2.2.2. In particular, I anticipate that
here feedback anisotropy is left as a constant free parameter, decoupled from the
spin magnitude, which instead can evolve following the prescriptions discussed
in [250]. Moreover, while in § 2.2.2 the AGN wind is simulated by spawning gas
particles from the accretion disc, here it is created by kicking gas particles in
the MBH kernel. In § 3.1, I describe more in detail the model of spin-dependent
feedback I adopt in this chapter. The specific setup of simulations is presented
in § 3.2, while results are discussed in § 3.3. Finally, § 3.4 is devoted to summary
and concluding remarks.

3.1 Methods

Here I review the sub-grid model for MBH accretion, spin evolution and AGN
feedback employed in this study. The prescriptions for BH accretion and spin
evolution are mostly the same presented in § 2.2.1, except for minor differences.
In particular, here i) there is no angular momentum removal in (2.15) due to
wind ejection, because wind is not spawned from the accretion disc, and ii) the
resolved accretion is performed by means of the classical Bondi prescription of
Eq. (2.19), instead of Eq. (2.18) which also accounted for the angular momentum
of accreting gas. In this way here the accretion rate on the MBHs is significantly
overestimated (see Fig. 2.4) compared to the simulations in § 2. Consequently,
I expect that in the simulations presented in this chapter the feedback effect is
also overestimated since the wind rate is proportional to the accretion rate (Eq.
2.4). This in turn may facilitate the formation of low density bubbles in the gas
and thus accentuate the dynamic effect these have on MBHs inspiral.
The major difference between the model employed here and that of § 2 concerns
feedback implementation. In § 2.2.2 the AGN wind is simulated by spawning
gas particles from the accretion disc, distributing them uniformly on a sphere
centered in the MBH, and then by kicking them outward with constant velocity.
The spawned wind particles have an angular mass distribution that follows the
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AGN luminosity angular pattern set by the spin, which guarantees that AGN
winds anisotropy and direction is always tied to the evolving MBH spin.
In the feedback implementation used in the present study, a “kinetic energy
injection” approach (see § 1.2.3) has been employed. In this model, gas par-
ticles within the MBH kernel are selected stochastically, a fraction f of their
mass is accreted on the MBH, and the remaining is kicked outward with con-
stant velocity vw along specific directions. The fraction f is defined as f =
1 − Ṁw∆t/(

∑N
k mk), where mk is the mass of the k-th gas particle among the

N selected and ∆t is the BH timestep. This choice of f guarantees that the
entire amount of ejected mass (1 − f)

∑N mk is, at every time-step, equal to
Ṁw∆t. The probabilities to select particles are chosen to guarantee that the
dynamical mass M•,dyn follows, on average, the sub-grid mass M• +Mα (see
[140] for further details)1.
By varying the kick direction, the outflow anisotropy can be tuned to reproduce
different feedback mechanisms. In particular, the outflow can be either modelled
as an isotropic wind, where the selected particles receive a kick along the radial
direction, as a collimated jet parallel to the gas angular momentum, as imple-
mented by [251], or it can be assumed to have a biconical shape, as implemented
by [140]. In the latter case, the kick direction is randomly sampled within a cone
of given semi-aperture θbic, with the cone axis either fixed in time or consistently
evolved during the simulation (e.g., parallel to the MBH spin). Thus, while the
direction of feedback can be chosen to be bound to that of spin, its anisotropy is
completely determined by θbic, which is a constant free parameter, independent
of spin magnitude.

3.2 Numerical simulation setup

In order to simulate the dynamics of MBH pairs in presence of spin-dependent
radiative feedback, in this work I employed the publicly available N-body, mesh-
less hydrodynamic code gizmo [252] supplied with the implementations by [250]
and [140]. This enabled me to investigate the role of feedback in the orbital
evolution of MBH pairs placed in a gaseous and stellar environment.
Here I discuss the setup of the numerical simulations I performed, consisting in
a MBH pair embedded in a gaseous CND and in a stellar bulge. The initial con-

1In order to ensure that the dynamical mass follows on average the physical mass, when
M•,t+∆t < M•,dyn I only change the momentum of the selected particles, and leave the MBH
dynamical mass unchanged.
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ditions have been created by first initializing the stellar and gaseous components
in dynamical equilibrium with the primary MBH (placed at the center of the
system) and by subsequently adding the secondary MBH to the relaxed system.
I achieved the first step by using the publicly available code gd_basic [253],
building up a ‘Bulge+CND+Primary’ (BCP hereinafter) system characterized
by:

• a spherical stellar bulge described by an [254] profile

ρb(r) = M⋆

2π
r⋆

r(r+ r⋆)3 , (3.1)

where r is the spherical radial coordinate, M⋆ = 5×108M⊙ the total bulge
mass and r⋆ = 100 pc the bulge scale radius;

• a rotationally supported exponential disc in vertical hydrostatic equilib-
rium whose surface density profile is

Σ(R) = Md
2πR2

d
e−R/Rd , (3.2)

where R is the cylindrical radial coordinate, Rd = 50 pc the disc scale
radius and Md = 108M⊙ the disc total mass;

• a primary MBH with dynamical mass M1 = 107M⊙ at rest in the center
of the system.

The stellar and gaseous components are sampled by N⋆ = 5×106 and Nd = 106

particles respectively, corresponding to a mass resolution of 102M⊙ for both.
The spatial resolution is determined by the Plummer equivalent gravitational
softening ϵsoft. For stellar and MBH particles it is fixed at 0.1 pc and 0.33
pc, respectively, while for gas particles it is adaptively set equal to the hydrody-
namic kernel size, i.e., the radius encompassing an effective number of neighbours
Nngb = 32, down to a minimum allowed value ϵsoft, min = 0.1. The gas parti-
cles are also initialized with a uniform temperature T = 2 × 104 K, assuming
an ideal equation of state with adiabatic index γ = 5/3. Once created, in order
to relax the system, the BCP is evolved for 20 Myr, corresponding to ∼ 6 or-
bits at Rd and ∼ 3.22 orbits at r⋆. After relaxation, I introduced a secondary
MBH with dynamical mass M2 in the disc plane (z = 0) at a separation of 80
pc from the BCP center of mass. After the introduction of the secondary, the
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position of the total center of mass shifts from the center of coordinates and
its velocity is no longer vanishing, therefore the positions and velocities of all
the particles are then suitably shifted in order to move back the center of mass
of the BCP+secondary system at rest in the origin. Additionally, the presence
of the secondary affects locally the previous equilibrium by perturbing the sur-
rounding gas and star particle trajectories and by triggering the formation of an
overdensity around the MBH soon after its introduction. Different initial con-
ditions are created depending on the initial mass ratio q = M2/M1 and initial
eccentricity e. These initial conditions are aimed at modeling the final stages of
the MBHs DF-driven inspiral that brings the MBHs separation from kpc to pc
scales [165, 173]. In the fiducial simulations (indicated with f) I initialized the
secondary with q = 1/2 and e = 0 (w.r.t. the center of mass of the BCP) and
initial velocity v2(t= 0) =

√
R|dΦ/dR| φ̂, where φ̂ is the azimuthal unit vector

and Φ is the gravitational potential of the BCP. Compered to this fiducial runs,
simulations labelled as q all have a lower mass ratio (q = 1/6), simulations la-
belled as e have a non-vanishing initial radial velocity component that sets the
initial eccentricity to e= 0.5 (see Table 3.1). For each of these three initial set-
ups (f, q and e) I performed four simulations considering different feedback
models: i) the case without feedback (labelled as nofb), ii) isotropic feedback
(labelled as iso), iii) biconical feedback with the cone axis fixed and parallel to
the vertical direction ẑ (labelled as z) and iv) biconical feedback with the cone
axis aligned to the evolving MBH spin direction (labelled as a). In the latter
two cases I fixed θbic = 45◦ and, whenever feedback is present, I used τ = 1, i.e.,
the radiation momentum flux is entirely transferred to the wind, and vw = 500
km/s. I highlight that the wind velocity used in this chapter is a factor of 6
smaller than that used in § 2. The choice of this value has been dictated by
a practical factor, namely speeding up the simulations. Indeed, a lower wind
velocity corresponds to a lower post-shock temperature (Eq. 1.62) and hence
lower sound speed, and both this and the wind velocity itself enter the Courant
timestep criterion (Eq. 24-25 in [216]), such that a smaller wind velocity yields
higher timesteps. Although this wind velocity was determined by the practical
need to make the simulations faster, it is still consistent with expected values of
AGN winds velocities of warm absorbers, which are characterised by wind speeds
of 100 − 1000 km/s [72]. Our complete simulation suite therefore comprises a
total of 12 runs.
I remark that the modules for sub-grid accretion plus spin-evolution and stochas-
tic feedback (if present) are switched on for the secondary MBH only. This means
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Table 3.1: Summary of the parameters adopted in the simulations. Top: parameters
that vary across our simulation suite. The following parameters are the same for
all runs: for feedback launching θbic = 45◦, p = 1, vw = 500 km/s and for the sub-
grid system a = 0.5, fEdd,0 = 0.01, Mα/M• = 0.005 and α = 0.1. This choice of Mα

guarantees that the initial disc mass is smaller than the disc self-gravitating mass Msg.
Bottom: gravitational softening for the different components.

q e Jα
J•

Mα
Msg

R•,max [pc]
f 1/2 0 2.85 0.52 3
q 1/6 0 4.84 0.40 1
e 1/2 0.5 2.85 0.52 3

type ϵsoft [pc]
gas 0.1
bulge 0.1
MBH 0.33

I am considering the impact of feedback from the secondary on its own dynamics
without accounting for the possible effects the feedback from the primary MBH
may have on the secondary one. This is justified by the fact that we are in a
regime where the relative separations of the two MBHs is large compared to the
local regions possibly affected by feedback, but see § 3.4 if this is not the case.
In all simulations, I initialise the secondary MBH mass as M• =M2/1.005, Mα =
0.005M•, such that M• +Mα = M2(≡ M•,dyn). The disc angular momentum
direction is along the z−axis, while the initial MBH spin is “flipped downwards”
at an angle 5π/6, with magnitude a= 0.5. The initial retrograde orientation of
the spin has been chosen so as to cause an initial alignment of the spin towards
the z−axis. This alignment causes the spin to be momentarily aligned in the
plane of the CND and thus can potentially enhance the coupling between gas
and feedback in those simulations (a) in which the direction of feedback is tied
to spin. The initial Eddington ratio is set at fEdd,0 = 0.01, which together with
the other sub-grid parameters constrains the value of Jα/J• (Eq. 5 in [250]).

3.3 Results

I discuss now the outcome of the simulations I carried out, starting from f-
simulations in § 3.3.1. In the subsequent sections I perform the same analysis
for e- and q-simulations. Some snapshots (at 1 and 4 Myr) are shown in the
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Figure 3.1: Time evolution of the MBH separation (left) and eccentricity (right) in
f-simulations.

Appendix for the entire suite of simulations.

3.3.1 f-simulations

3.3.1.1 Qualitative analysis

The time evolution of the MBH separation and M2 eccentricity is shown in
Fig. 3.1, for the four tested different feedback models in f-simulations. Overall,
I observe that in presence of feedback the timescale of orbital decay of M2
is larger and the orbits tend to develop higher eccentricities. We can get some
insights into such behavior from the evolution of the torques acting on M2 shown
in Fig. 3.2. The torque in f_nofb is always negative, indicating that efficient
DF is acting on M2, hence causing a net loss of angular momentum and energy,
leading to rapid inspiral towards M1. On the other hand, switching feedback on,
the torques on M2 can become positive, indicating in these phases an inefficient
(or even reversed) DF, i.e., a positive acceleration, and hence an orbital decay
at slower pace.
In more details, as shown in Fig. 3.2, the z-component of the torque acting
on M2 initially quickly drops to negative values. In this phase, lasting ∼ 2
Myrs, in f_iso, f_z and f_a the torque is twice as large (in magnitude)
than that in f_nofb, i.e., DF is initially enhanced by feedback processes. In all
cases, the initial larger loss of angular momentum in the presence of feedback is
accompanied by an increase in eccentricity (Fig. 3.1). Later on, the z-component
of the torque becomes positive, i.e., the angular momentum increases, something
not seen in f_nofb, where the torque is always negative.
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Figure 3.2: Time evolution of the z-component of the total torque acting on M2 in
f-simulations.

I notice (see Fig. 3.2) that in f_iso the initial negative torque phase is pro-
longed slightly further compared to the other feedback simulations, causing the
first pericenter to be closer to M1 (∼ 10 pc), and to occur at a later time (∼ 3
Myr). Because of such longer journey to the pericenter, M2 looses more energy
compared to the f_z and f_a cases, consequently acquiring a smaller eccen-
tricity, e ≃ 0.1, with the separation stalled around ≃ 20 pc for the subsequent
≃ 10 Myr. In this phase, M2 is subject to a net positive torque that traces a
‘reversed’ DF. Then, the system enters a further phase in which the separation
decreases again.
In f_z, the eccentricity grows to e ≃ 0.5 when M2 reaches the first apocenter,
and then slowly decays. I also observe that the first apocenter is located at a
distance larger than the initial MBHs separation, signaling a net gain of energy.
In f_a, M2 orbits follow a similar trend, with an initial rapid rise in eccentricity
followed by a slower circularization along M2 orbital decay.
Finally, the two MBHs form a binary, at ∼ 5 Myr in f_nofb, and between 10-12
Myr in feedback simulations. I comment the convergence of these results in § E.

3.3.1.2 Quantitative analysis

DF is generally attributed to the many two-body encounters between a massive
object (M2 in the present context) and background stars [166]. In the case of a
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gaseous background, DF can be understood in terms of the gravitational inter-
action between M2 and the density wake generated by its motion in the gaseous
background. In fact, the relative motion of M2 with respect to the background
creates an overdensity on the side opposite to the relative velocity between M2
and fluid. The gaseous DF acts in all respect as a non-conservative drag force
[172]. However, the gas around the MBH can be (partially) blown away by ra-
diative feedback, thus hampering the formation of the density wake itself. The
density enhancement trailing M2 is, in this case, replaced by an underdensity, I
refer to it as “density bubble”, affecting M2 dynamics in a decisive manner.
In order to quantify the effects the radiative feedback has on M2 orbital decay,
I introduce an “anisotropy vector” defined as

A ≡
∑

i

miw(ri)
ri

ri
. (3.3)

Here, the sum is intended over all particles (with mass mi and position vector
ri in the CND plane centered in M2) within a distance from M2 equal to the
minimum between 30 pc and the MBHs separation. Each particle is weighted
by the force softening function implemented in gizmo, w. As A evolves in
time through coordinates ri, I consider the (normalised) difference ∆A ≡ A0 −
A, where A0 is the anisotropy vector computed by considering, at each time,
the current M2 position but the initial distribution of gas. This allows us to
quantify the time evolution of the anisotropy due to the MBH-gas interaction
independently of any possible anisotropy already present at the beginning of the
simulation.2 The direction of ∆A indicates the axis along which the anisotropy
develops, pointing towards the lower density side. Therefore, in the presence of
feedback, ∆A indicates the bubble location, while, in absence of feedback, ∆A
points in the direction opposite to the over-density wake. Fig 3.3 shows ∆A in
a snapshot of f_iso.
If I now consider A2 ≡ ∆A ·v2, i.e., the projection of ∆A along the M2 velocity
vector v2, we see that a positive value of A2 would indicate that the bubble lies
in front of M2 (or that the overdensity lies behind M2 in nofb-type simulations).
In this case the gas distribution around M2 exerts a gravitational force opposite
to the direction of motion, resulting in an efficient DF. On the other hand, the
underdense bubble lies behind M2 for negative values of A2, thus imparting a
net acceleration to M2 (see Fig. 3.3).

2I note that this choice would be slightly affected by the Poisson noise in the initial distri-
bution of the gas.
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Figure 3.3: Left: The surface density Σ (in M⊙/pc2) in a snapshot of run f_iso. The
two black dots indicate the positions of the MBHs. The white circle bounds the region
around M2 used to define the anisotropy vector A, indicated by the white arrow. The
dark-blue arrow indicates v2, the M2 velocity. Right: Time evolution of the anisotropy
projection A2 in f-simulations.

I can now use A2 to interpret the dynamics of M2 described in 3.3.1. Fig. 3.3
shows the evolution of A2 for all four f-simulations. First, I observe that in
nofb A2 is positive, meaning that an overdensity is present behind the MBH.
This produces a negative torque that forces M2 to rapidly inspiral towards M1.
Conversely, when feedback is switched on, A2 has initially positive values (and
larger compared to nofb), suggesting that DF is enhanced in the early inspiral
phase by the action of feedback. In Fig. 3.4 I compare snapshots taken at the
same time (2 Myr after the start of the simualtion) for f_nofb and f_iso.
In the first case, the formation of a spiral wave in the disc is accompanied by
the presence of a moderately low-density region in front of M2. When feedback
is included, this region exerts a weaker resistance to the gas particles blown
away by radiation pressure, allowing the bubble to expand in such direction.
As a consequence, the gas surrounding M2 exhibits a larger anisotropy, i.e., an
initially larger value of A2 corresponding to a larger negative torque. From
Fig. 3.3, I also notice that in f_iso the phase during which the bubble lies in
front of M2 (A2 > 0) lasts longer compared to the other feedback models, con-
sistently with the more prolonged negative torque observed in Fig. 3.2. Indeed,
isotropic feedback is more efficient than anisotropic models (z and a) in keeping
the low density bubble “open”, as particles are more easily kicked in the CND
plane (where the gas density is higher), hence more likely able to prolong the
dynamical effect of the preceding bubble.
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Figure 3.4: Two snapshots at time t = 2 Myr of runs f_nofb (left) and f_iso (right).

After the initial preceding-bubble (A2 > 0) phase, all simulations with feedback
show a drop and eventually a sign change in A2. This turning point approxi-
mately corresponds to M2 reaching the pericenter. Indeed, as M2 approaches the
pericenter, its orbital speed exceeds that of the gas, overtaking the bubble which
then lags behind. In this configuration, A2 is negative, and M2 accelerates, in-
creasing its eccentricity. In particular, f_z displays the most negative value of
A2, implying that M2 receives more energy in the process. In this case, M2
reaches the first apocenter at a distance which is actually larger than the initial
MBHs separation. In f_iso A2 remains negative in the time interval ≃ [3−10]
Myr, i.e., M2 keeps being accelerated by the trailing bubble. Interestingly, in
our simulations such feedback-driven acceleration is approximately balanced by
stellar DF, and the semi-major axis remains approximately constant during this
phase (see Fig. 3.3 for a snapshot from this evolutionary phase).

3.3.2 e-simulations

M2 orbits corresponding to simulations with an eccentric initial condition are
shown in Fig. 3.5 (top panel), together with the evolution of A2 (bottom panel).
In e_nofb, the MBH separation rapidly decays and orbit circularizes. This
occurs as M2 produces a density wake on the side opposite to the relative velocity
between itself and the fluid. Therefore, since the orbital speed of M2 close to
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Figure 3.5: Time evolution of the MBHs separation (top) and anisotropy projection
A2 (bottom) in e-simulations.

the pericenter is larger than the local gas rotational velocity, the wake lags
behind and M2 slows down. On the other hand, near the apocenter the MBH
velocity is smaller than the disc one and the wake is dragged in front of M2,
increasing its angular momentum and accelerating it. The combination of these
two opposite effects at pericenter and apocenter results in orbit circularization
[255, 256]. When radiative feedback is switched on, the density wake is somewhat
destroyed and a low density bubble is created instead. Circularization is thus
less effective, as it can be seen in Fig. 3.5, top panel, in the cases of e_z and e_a.
In e_iso, because of the stronger impact of feedback on the surrounding gas,
the density wake is more efficiently blown away and replaced by a low density
bubble, which now follows the same trend of the wake in e_nofb, but with the
opposite gravitational effect. Therefore, at apocenter the bubble falls in front
of the MBH, enhancing DF, while at pericenter it trails behind, accelerating
the MBH, with the net effect of increasing the eccentricity. This behavior is
illustrated in Fig. 3.5 where, in e_iso, M2 develops relatively high (0.5 ≲ e ≲
0.9) eccentricities. Correspondingly, A2 is positive (i.e., bubble lies ahead) at
apocenter and negative (i.e., bubble lies behind) at pericenter, supporting our
interpretation (see Fig.3.5, bottom panel).
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3.3.3 q-simulations

Fig. 3.6 illustrates the time evolution of MBHs separation and of A2 in the case
of a q = 1/6 mass ratio. Overall, we can see that, in the feedback runs, M2
orbits differ more from the nofb case, compared to what we have seen in f and
e cases. The evolution of the orbital separation is again associated with the
effects induced by the feedback. In q_z, M2 eccentricity increases up to ∼ 0.5
in the first ∼ 15 Myr, with the growth associated to an oscillating behaviour
of A2, positive at apocenter and negative at pericenter, as discussed in § 3.3.2.
By contrast, in q_iso and q_a M2 orbits are quasi-circular, with an average
eccentricity e≲ 0.1. In these cases, M2 orbit is not going to shrink appreciably
by the end of the simulation. Again, the increasing/decreasing trends of the
MBHs separation due to positive/negative torques are linked to feedback, as they
correspond, respectively, to negative/positive values of A2 ( Fig. 3.6, bottom).
Interestingly, in q_a, after ≃ 25 Myr the distance of M2 from M1 shows, on
average, a slightly increasing trend. I can explain this behavior as follows: due
to the pressure gradient in the disc, the gas circular velocity is smaller than that
of the MBH, settled on a quasi-circular orbit, and hence the bubble created in
the disc by feedback is overtaken by the MBH, favoring its acceleration. There-
fore, it may happen that stellar dynamical friction counterbalances this feedback
acceleration, helping to keep M2 on a quasi-circular orbit.

3.3.4 Angular pattern

In this analysis, I have shown through the quantity A2 how radiative feedback
is linked to the torques experienced by M2, and how it can have an impact on
orbital eccentricity and decay timescale. Here, I will discuss in a more quantita-
tive way the relation existing between gas density perturbations due to feedback
and the orbital decay timescale and eccentricity.
If I consider the angle θ between ∆A and v2, I do see that in the absence
of feedback M2 creates a trailing density wake, i.e., ∆A tends to be directed
parallel to v2, resulting in θ ≲ π/2. On the other hand, when feedback effects
are considered, the low density bubble in the disc can be either trailing or leading
with respect to M2, depending on the relative velocity between the disc and M2.
This corresponds to θ ≳ π/2 and θ ≲ π/2, respectively. For all simulations, I
follow the time evolution of θ, and compute its weighted probability distribution.
In practice, any occurrence of a given angle is weighted with the current value of
|∆A|, and the resulting frequency distribution of θ is then normalised. Results
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Figure 3.6: Same as Fig. 3.5 but for q-simulations.

Figure 3.7: Probability distribution of the (weighted) angle θ between the anisotropy
difference ∆A and M2 velocity v2 (see text for details) in the f-simulations.
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are shown in Fig. 3.7 for f simulations (the cases q and e are reported in § F).
As expected, the distribution in nofb is peaked at small angles (≲ π/2), whereas
the feedback cases exhibit much more spread values, across the entire range. In
particular, the more the peak of the distribution shifts to larger values, the more
frequently the secondary will be accelerated by feedback, making DF inefficient.
Therefore I consider ⟨θ⟩, the mean of θ, as a proxy for DF efficiency and, for
each simulation, I compare its value with the orbital decay timescale and the
mean eccentricity.
In Fig. 3.8 (top panel), I plot ⟨θ⟩ against the orbital decay timescale, defined
here as the time required by M2 to reach an orbital semi-major axis < 10 pc.
Simulations without feedback present lower mean values of θ and lower values
of decaying timescale, while both quantities are larger in feedback simulations,
confirming that a feedback-induced trailing bubble delays the inspiral of M2
toward M1.
In particular, if I compare f and q simulations, both with initial circular orbits
but different mass ratios, I observe that by lowering the mass ratio by a factor
of 1/3 (i.e., moving from f to q) the decay timescale is significantly delayed.
This indicates that feedback is more likely to affect lighter MBHs dynamics, or,
in other words, that the feedback accelerating force has a softer scaling with the
perturber mass M compared to the DF force (which is ∝M2). This is consistent
with [257] and [258], who showed that the feedback-induced force acting on a
pertuber moving in an homogeneous medium scales as ∝M3/2.
Similarly, in Fig. 3.8 (bottom panel) I compare ⟨θ⟩ with the mean eccentricity.
In the absence of feedback, DF is efficient and both ⟨θ⟩ and mean eccentricity
are small (< 0.2), even for e_nofb, which started eccentric. On the other
hand, when feedback is turned on, the majority of simulations exhibits excited
eccentricities (or hindered circularization, as in e_z or e_a). By contrast, in
three cases (f_iso, q_iso and q_z), the secondary mean eccentricity remains
small (∼ 0.1), comparable with those found without feedback. The reason behind
this different behaviour is that these simulations are characterized by prolonged
stages of trailing bubbles in which feedback acceleration is counteracted by stellar
DF.
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Figure 3.8: (top) The decay timescale of M2 vs the mean value of the angle θ between
the anisotropy difference ∆A and M2 velocity v2, for the entire simulation suite. The
decay time is estimated as the time that the semi-major axis of M2 takes to reach
an orbital distance to M1 of 10 pc. The different colors label the different type of
feedback with the same legend of previous figures. Note that for the two runs in the
dotted circle (q_a and q_z) the time indicated is the stop time of the simulation, as in
these two cases M2 did not reach an orbital separation of 10 pc within the simulation
time. (bottom) The mean eccentricity of M2 vs the mean of θ. The legend is the same
as in top panel.
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3.4 Summary and Conclusions

Using the publicly available code gizmo, I have run a suite of simulations aimed
at studying the dynamics of a MBH pair embedded in a gaseous circumnuclear
disk. By means of dedicated sub-resolution prescriptions, I could model the dy-
namics in the presence of spin-dependent feedback, and compare results obtained
with different feedback models, and to a benchmark case with no feedback at
all. Overall, I observed that feedback significantly alters the MBHs dynamics
and different feedback models produce large differences in the orbital evolution
of the MBH pair.
Our results can be summarized as follows:

• feedback can both raise and suppress DF with the net effect of delaying the
shrinking timescale of a MBH pair. This very fact bears important con-
sequences when we are to model the cosmic population of MBH binaries,
and their detectability via electromagnetic and gravitational waves;

• feedback has also a relevant effect on the eccentricity of MBHs orbits,
exciting it or weakening the circularization process. Again, this fact is
relevant for an assessment of the properties of MBH pairs as a cosmological
population;

• finally, the effect of feedback on the dynamics of MBH pairs is more pro-
nounced for smaller MBH masses.

These results then highlight that MBHs dynamics strongly depends on the feed-
back model assumed, i.e. whether we are considering isotropic or anisotropic
feedback, with fixed or spin-dependent collimation axis. It is therefore crucial to
model the anisotropy and direction of feedback consistently with the MBH spin
in order to reliable assess the role of feedback in the evolution of MBH pairs.
This is the only way to consistently capture the interplay between feeding and
feedback, allowing a proper modeling of MBHs pairing, which is essential in view
of forthcoming low-frequency GW missions such as LISA [259].
Due to simplified modeling, a number of caveats that we have to keep in mind
when interpreting these results do exist. Specifically:

• This analysis is limited to coplanar orbits, an assumption justified by the
fact that both the CBD and the MBHs inherit their angular momentum
from the parent merging galaxies, leading to orbits likely laying in the same
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orbital plane [173, 260]. Nonetheless, if coplanarity is not guaranteed, the
pair inspiral is initially driven mainly by the DF exerted by the stellar
bulge, while gaseous DF dominates once the MBHs separation becomes
small enough that the MBHs spend most of their time in the disc [18].
As a consequence, for non-coplanar orbits, I expect the feedback-induced
eccentricity and delayed decay to be initially negligible and to become
progressively more important as the pair shrinks and gets closer to binary
formation.

• Another important element overlooked here is the feedback from the pri-
mary. The primary has a mass two (six) times larger than the secondary
in f and e (q) simulations and thus it can support Eddington limited
accretion rates as many times larger. As a consequence, the primary is
likely to form larger low density bubbles and to mitigate the dynamical
impact of gas on the secondary simply by expelling it from its surround-
ing. More in detail, I expect that once the secondary spirals within the
cavity cleared by the primary, both the proper and reversed gaseous DF
would severely drop, leaving further inspiral to be driven by interaction of
stars only. In this scenario, the eccentricity build up by the presence of
feedback at separations larger than the primary cavity could be partially
diminished once the secondary enters the central cavity where only stellar
DF operates. Similarly, the effect of delaying the orbital decay attributed
to the feedback-induced reversed DF ceases once the secondary enters the
inner cavity of the primary, likely resulting in shorter pairing timescales
than those observed in my simulations.

• In z and a feedback models the anisotropy has been realized by kicking
the gas particles within a well-defined cone, as if the driving radiation
emitted by the subgrid disc had a step-like angular pattern, non-vanishing
within the cone. In reality, the disc radiation angular pattern can be
described with a continuous function which depends upon the MBH spin
and therefore evolves with it, as shown in § 2.

• I have not included any form of cooling in the simulations. Cooling can
potentially make the low density bubbles expand as momentum-driven
structures, hence more slowly, since the shock wind thermal energy that
swells the bubbles is radiated away. Therefore, cooling may have an impact
on the bubbles formation/expansion which, in turn, may reflect on the
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MBH dynamics;

• the MBH wind has been simulated via injection of kinetic energy only, by
adding momentum to gas particles within the MBH kernel. The lack of
thermal energy injection tends to postpone the wind thermalization, as
discussed in § 1.2.3, thus speeding up the bubble expansion, which, again,
may affect the MBH dynamics;

• If the region within R•,max (the maximum MBH kernel size) is emptied,
i.e. density vanishes because a sufficiently large bubble has formed around
the MBH, feedback is artificially shut off since no more particles are eligible
to be kicked, until the MBH kernel is refilled. This can weaken bubbles
expansion thus influencing the MBH orbital evolution.

Some of the limitations listed above are naturally overcome by the feedback
model presented in § 2.2.2. I expect that feedback model to affect the forma-
tion of low density bubbles and hence the MBHs inspiral rates, compared to
the work of this chapter. Indeed, on the one hand, i) § 2 model would tend
to produce wider bubbles because feedback is not artificially shut off once gas
particles escape the BH kernel and ii) wind launching covers the whole solid an-
gle, irrespective of anisotorpy. On the other hand, i) the accretion prescription
adopted here tends to largely overestimate the accretion rate, and hence feed-
back, compared to the modified Bondi of Eq. (2.18) and ii) the kinetic energy
injection feedback model employed in this chapter would be prone to generate
stronger feedback also because of the delayed wind thermalisation intrinsic to
this approach, than achieved via launching spawned wind particles. It is there-
fore not obvious how and by how much bubble formation and MBHs dynamics
would differ due to using these different feedback models.





Chapter 4

Does anisotropic AGN feedback ham-
per the migration of MBH binaries?

In this chapter I present another astrophysical context in which the spin-dependent
feedback anisotropy plays an active role: the migration of MBH binaries in cir-
cumbinary discs (CBDs). As discussed in § 1.3 and § 3 the evolution of MBH
pairs and binaries in a gaseous environment is altered once AGN feedback is
taken into account. AGN feedback affects the gas distribution surrounding the
MBHs, altering the gravitational interaction with it and hence mitigating the
resulting drag force on the MBHs. This reflects in delayed/reversed inspiral in
the DF regime (when MBHs have tens of pc separations), and in stalling orbital
shrinkage in gaseous hardening regime [199] (where MBH have pc scale separa-
tions and are bound). In particular, [199] found that if the binary clears a cavity,
AGN feedback escapes through the cavity having little impact on the binary dy-
namics, which is already in a slow migration regime. By contrast, if no cavity
forms and the MBHs are embedded in the disc gas, AGN feedback manages to
clear a “feedback cavity” around the MBHs, and the binary migration is stalled
by the lack of gas to exchange torques with, restoring slow migration. How-
ever, [199] limited to isotropic feedback, which might overestimate the impact
of AGN feedback on the surrounding gas and hence its ability to hamper the bi-
nary migration. Anisotropic, i.e. collimated radiative feedback, may reduce the
feedback coupling with the CBD, yielding a smaller feedback cavity and possibly
allowing to recover fast binary migration when it is predicted to occur in the
absence of feedback. Therefore, the MBH spin, through its influence on feedback
anisotropy, could have an important impact on binary dynamics. I recall that
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besides this effect, the MBH spin also affects the emission of GWs in the late
inspiral and the MBH merger remnant recoil velocity, and hence its evolution
has been included both in semi-analytical [261, 262] and numerical [263, 264]
models of binary dynamics.
In the work presented in this chapter I aim at improving the investigation car-
ried out by [199], by accounting for the spin-dependence of feedback anisotropy
and by self-consistently evolving spin, accretion and feedback. In doing so I will
employ the dedicated sub-grid model developed in § 2, with minor modifications.
This would enable to address to what extend feedback anisotropy, as naturally
set by the spin, can affect the ability of AGN feedback to hamper MBH mi-
gration. This chapter is structured as follows: in section § 4.1 I present some
improvements of the numerical model, while in § 4.2 I present the setup and
simulation suite. Results are shown in § 4.3 and their discussion and conclusion
in § 4.4.

4.1 Methods

The accretion and feedback model used in this work is the same as that pre-
sented in § 2, with some modifications dictated by the different physical scales
involved in the present context, where we can resolve down to hundredths of a
pc, compared to the galaxy-scale application in § 2, where the minimum resolu-
tion was on the pc scale. In particular, the novelty with respect to the version
in § 2.2.1 consists in how the inflow Ṁin onto the sub-grid disc from resolved
scales is modelled. Now the MBH particle is treated as a sink, such that all gas
particles bound to the MBH and orbiting around the it with apocentric radius
smaller than Rsink are captured in the sub-grid system. In particular, if the disc
mass is zero, i.e. the MBH is quiescent, then the mass and angular momen-
tum of the captured particles are added to sub-grid variables Mcapt and Jcapt.
Then, a sub-grid disc is created (i.e. AGN activity is turned on) and initialised
with Mα = Mcapt and Jα = Jcapt only once the accretion rate Ṁacc computed
from these quantities exceeds or is equal to one tenth of the Eddington accretion
rate. At this point, at each time-step, the mass and angular momentum of the
captured gas particles are directly added to Mα and Jα. In addition, in order
to account for unresolved processes that make the gas loose angular momentum
close to the MBH, I force the gas particles within a distance Rext ≥Rsink from
the MBH to loose their angular momentum (with respect to it) in an orbital
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time. The radius Rsink is defined as the self-gravitating radius of the subgrid
disc, or of a disc with fEdd = 0.1 is the MBH is quiescent, and Rext as the
self-gravitating radius of a disc with fEdd = 0.01. The self-gravitating radii are
computed from Eq.(A6) in [3]. In addition, the sink and external radii are re-
quired to fulfill the constraint ϵ• ≤ Rsink ≤ Rext ≤ RHill, where ϵ• is the MBH
gravitational softening and RHill is the MBH Hill radius1.
In addition, since gas dynamics in the CBD and the opening a central cavity are
influenced by the competition between the binary tidal torque and the viscous
torque (see § 1.3.2.2), I included the effect of gas viscosity in the Navier-Stokes
fluid equations, similarly to [265]. More precisely, I set the gas particles kine-
matic shear viscosity to be

ν = αRc2
s/vφ, (4.1)

where α= 0.1 is the Shakura & Sunyaev viscosity parameter, cs the sound speed
of the particle, R its distance from the binary center of mass and vφ its az-
imuthal velocity (with respect to it). Bulk viscosity is set to zero. This viscosity
prescription is meant to capture the turbulence-driven loss of angular momen-
tum triggered by the magneto-rotational-instability, typical of magnetized and
differentially rotating discs [52] (see § 1.1.4.3), therefore it does not apply to
outflowing gas, pushed radially outward by AGN feedback. As a consequence,
I use Eq. (4.1) only for non-wind particles that have vr < 1/2vφ, where vr is
the gas particle radial velocity, and ν is set to zero otherwise. In addition, since
gas particles within a MBH Hill radius have closed orbits around it and form
a minidisc, for such particles R, vr and vφ in the above formulae are taken as
relative to the closest MBH, instead of to the binary center of mass.

4.2 Setup and simulations

In this work, I use [19, 196] criterion to select binary - CBD systems in different
migration regimes and I study how the binary dynamics is altered by the pres-
ence of AGN anisotropic feedback. According to [19, 196] criterion (Eq. 1.71),
binary migration is fostered by hot and thick discs hosting low mass MBHs at
small separations, as all these properties concur in preventing the formation of
a cavity (“no-cavity” regime), whereas binary migration is slown down in the

1The Hill radius is defined as the radius of the sphere around the MBH where its own
gravity dominates over that of the companion. For and equal mass binary, according to Eq.
(8.89) in [167], it is equal to half of the binary separation.
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Figure 4.1: The black line shows the [19] gap-opening criterion and bullet points the
simulations setups.

opposite region of parameter space, which instead favours the formation of a
cavity (“cavity” regime).
In the following I will consider two sets of simulations, the first, denoted with NC,
with the system lying in the no-cavity regime, and the second, indicated with
MC, chosen so that a mild cavity forms and the system falls in between the two
aforementioned regimes. The reason for this choice is the following: on the one
hand, in the no-cavity regime, isotropic feedback has been shown to efficiently
hamper migration due to the formation of a feedback cavity [199], which rises
the question whether in this regime anisotropy could diminish such effect and
reestablish fast binary migration. On the other hand, [199] found that isotropic
feedback in the cavity regime has little impact on binary dynamics, suggesting
anisotropy not to be relevant in this case, as it would mitigate the effect of an
already not effective isotropic feedback, which leads us to consider its impact in
an intermediate (mild-cavity) regime.
For both NC and MC simulation sets I create a binary+CBD+bulge system for the
initial condition in the following way. The CBD extends up to Rout = 10abin0
and contains a central cavity of radius Rin = 2abin0, where abin0 is the initial
MBHs separation. The CBD surface density profile follows a Mestel profile

Σ(R) = Md
2πRin(Rout −Rin)

Rin
R
, Rin ≤R≤Rout (4.2)

where Md the CBD mass. I determined the gas azimuthal velocity and verti-
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cal density profile using the code gd_basic [253] assuming the CBD to be in
dynamical equilibrium with a central point-like potential of mass Mbin and an
external potential that mimics the presence of a spherical stellar bulge.
In both simulation sets I used abin0 = 2 pc, Md = 105 M⊙ and gas particles are
initialized with uniform temperature of 6 · 103 K, solar metallicity. In NC I set
Mbin = 105 M⊙, whereas Mbin = 106 M⊙ in MC. I modelled the bulge with a
Plummer potential of core radius 65 pc and total mass 3 · 108 M⊙, consistent
with the black hole mass-bulge mass relation [75]. The two simulations sets are
shown as bullet points in Fig. 4.1, together with the cavity opening criterion
(Eq. 1.71) computed from our CBD parameters and expressed a function of
the binary mass.2 I note that with these choices of parameter, in both setups
the CBD is stable against fragmentation due to gravitational instability, which
avoids the formation of clumps that can perturb the binary orbit, an effect
potentially difficult to be disentangled from the effect of AGN feedback.
Once the disc gas particles are initialized, an equal mass binary is placed at
the center of the system and the two MBHs are initialized with circular orbits
in the same rotation direction of gas. The MBHs are initially quiescent, i.e.
the sub-grid disc mass is zero, and I let the accretion from the resolved scale
create and fill the unresolved disc, as described in § 4.1. In order to explore the
relevance of feedback anisotropy and its collimation direction in shaping binary
dynamics, I considered different spin configurations, since the spin determines
both feedback properties. In table 4.1 I report the simulations I performed in
NC and MC sets, and for each of them I indicate the corresponding label, the spin
moduli and their inclinations θ with respect to the CBD axis. In the following, I
will indicate simulations with their set and spin configuration labels, such that,
for example, NC_fid denotes a simulation with Mbin = 105 M⊙ (i.e., no cavity)
and both spin with moduli 0.5 and inclination θ = 0◦. The choice of these spin
values is based on the indications of [266], who showed that merging MBH are
expected to be highly spinning. Furthermore, since anisotropy becomes a steep
function of spin for high spin values, as shown in Fig 2.2, the two chosen moduli,
despite being both high, correspond to significant differences in anisotropy.
The number of gas particles in our simulations is N = 5 ·105 (which increases as
wind particles are spawned from the sub-grid disc) and the gravitational soften-
ing ϵgas = 0.005 pc, while the bulge is note sampled but enters the simulation as
a static analytic potential. The MBH gravitational ϵ• = 0.015.

2The terms in Eq. (1.71) are evaluated at Rin and I used H/abin = cs/vbin.
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Table 4.1: For all simulations θ1 = 0, i.e. the primary MBH spin is aligned with the
orbital angular momentum axis.

label a1 a2 θ2 [deg] AGN FB
NoFb 0.5 0.5 0 7

fid 0.5 0.5 0 3

a1 0.5 0.9982 0 3

aa1 0.9982 0.9982 0 3

5pi6 0.5 0.5 150 3

5pi12 0.5 0.5 75 3

Table 4.2: Some paramters of MC and NC sets.

label logMbin [pc] Rsink [pc] Rext [pc] tdyn0 [Myr]
NC 5 0.051 0.158 0.271
MC 6 0.036 0.11 0.857

4.3 Results

As the simulations start, the gas at the inner edge of the CBD cavity inspirals
towards the center, due to the external and unbalanced pressure forces pushing
it inwards. Gas particles passing close to the MBHs begin to be captured and
eventually sub-grid discs are created out of them, according to the prescriptions
in § 4.1. The subsequent binary-CBD dynamics depends both on the choice of
no/mild-cavity regime and on the effect feedback may have on the CBD, which
in turn depends on the spins configuration.
In the following I describe binary dynamics and MBHs mass and spin evolution
in MC and NC sets.

4.3.1 Mild cavity regime

In the mild-cavity regime, sub-grid discs are created after ∼ 0.16 Myr. After
that, in the simulation without feedback, gas keeps approaching the MBHs and
minidiscs of diameter ≲ 1 pc form, which continuously feed the unresolved discs.
Such minidiscs, can be appreciated in Fig. 4.2 first-panel, which shows the face-
on view of the CBD in MC_NoFb run. The other three panels show simulations
with feedback, MC_fid, MC_aa1 and MC_a5pi12 respectively, from which it is
clear that the impact of feedback strongly depends on the spins configuration.
Indeed, when both spins are aligned to the orbital angular momentum (second
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Figure 4.2: Face-on view of the snapshots at t = 0.6 Myr of four of the simulations in
MC set.

Figure 4.3: Evolution of the MBHs orbital separation in MC simulations.

and third panels) the CBD does not seem to be much affected by the presence
of feedback, while in the presence of one spin flipped in the disc (fourth panel),
AGN feedback inhibits further gas inflow towards the MBHs, preventing the
formation of minidiscs. These different feedback effects then reflect in different
MBHs dynamics, accretion and spin evolution, as I discuss more in detail below.

4.3.1.1 Dynamics

Figure 4.3 illustrates the evolution of the MBHs separation with time for all MC
simulations. The separation is expressed in units of its initial value and time
in units of the initial orbital period. We can distinguish three main behaviours:
slow binary migration, which occurs only without feedback (MC_NoFb), orbital
stalling, seen in MC_a5pi12, and orbital expansion, occurring for all other sim-
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ulations.
Interestingly, simulations that look similar in the density maps (first three panels
of Fig. 4.2) can have opposite dynamical behaviours, i.e. shrinking and expand-
ing orbits. While slow binary migration in MC_NoFb is expected by construction,
being MC setup at the border between the cavity and no-cavity regimes, the out-
spiral of the binary can be explained as the result of AGN feedback interacting
with the the CBD. In fact, AGN feedback affects the CBD gas away from the
MBHs (r > abin), which exerts a negative torque on the binary, while the gas
closer to the binary (r < abin), responsible for a positive torque, remains almost
unperturbed. This is simply due to the AGN feedback being anisotropic and
the CBD being thicker at larger radii and consequently having there a higher
coupling with the AGN wind. More specifically, we can think about AGN wind
as being collimated towards the spin direction within a cone of semi-opening an-
gle θeff, and the CBD to be semi-subtended by an angle θd ∼ h/r. Then, AGN
wind-CBD coupling occurs if the wind cone partly overlaps with the CBD, i.e.
if θeff +θd > 90◦, provided that the spin and CBD mid-plane are perpendicular.
The CBD angle θd computed at the characteristic scale abin,0 reads

θd = h

r
∣∣
2pc

∼ cs

√
r

GMbin
∣∣
2pc

∼ 7.8◦M
−1/2
bin,6 , (4.3)

where I used h/r= cs/vgas, cs(T = 6 ·103 K) ≃ 6.4 km/s, and Mbin,6 =Mbin/106

M⊙. The feedback effective angle for spin 0.9982, for which θeff is maximum and
feedback almost isotorpic, reads θeff ∼ 82.6◦ (see Fig. 2.2), hence θd +θeff ∼ 90◦.
Since θd is an increasing function of r, I expect the wind to have an effect only on
the gas exterior to ∼ 2 pc, and to leave mostly unperturbed the thin minidiscs.
In simulation MC_a5pi12, one of the spins points almost in the CBD plane,
hence the direction where most of the wind energy and momentum are collimated
directly intercepts the CBD, yielding the maximum AGN wind-CBD coupling
compared to previous simulations. As a result, the gas in the CBD is efficiently
removed from the binary vicinity and a wide feedback cavity is cleared in the
center, similarly to [199]. The lack of gas close to the MBHs to exchange torque
with, significantly mitigates the CBD ability to drive orbital evolution and the
binary separation stalls.
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Figure 4.4: Sub-grid accretion rates on the primary (left) and secondary (right) MBHs
in MC simulations.

4.3.1.2 MBHs accretion

In all simulations, except for MC_a5pi12, the minidiscs around MBHs survive
for all the duration of the runs and coherently feed the unresolved discs. After a
transient of about two binary orbits, the sub-grid accretion rate of both MBHs
reaches a quasi-stationary value, which is about fEdd ≳ 0.1 for MC_NoFb and
fEdd ≳ 0.01 for the simulations with feedback (MC_a5pi12 excluded), see Fig.
4.4. In these simulations the MBH growth is negligible and by the end of the
runs both MBHs have accreted only about on thousandth of their initial mass.
By contrast, in MC_a5pi12, as soon as the resolved accretion on the secondary
MBH (the one with misaligned spin) initializes a sub-grid disc, AGN feedback
hinders the inflow of further particles, and the unresolved disc ends up being
rapidly drained by wind ejection and sub-grid accretion on the MBH. During
this active phase, gas particles are pushed away from the secondary MBH (e.g.
fourth panel in Fig 4.2), and only after AGN activity ceases, the gas falls back
and kindles a new active phase. This duty cycle, absent in all other MC sim-
ulations, repeats 10 times, with active phases fEdd ≲ 0.1 lasting on average
⟨tactive⟩ ≃ 0.035 Myr, and quiescent phases ⟨tqscnt⟩ ≃ 0.19 Myr. The primary
MBH accretion is affected by the AGN activity of its companion, as feedback
from the secondary tends to sweep away the primary minidisc as well as the gas
streams accreting on it (fourth panel in Fig 4.2). In this phase, the primary
is characterized by a low accretion rate, fEdd ∼ 0.01, until after ∼ 1.1 Myr, its
minidisc is completely ripped off and a duty cycle of bursty fEdd ≲ 0.1 accretion
episodes is established. I remark that the duty cycle of the primary is regulated
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solely by the AGN activity of the secondary, since feedback from the primary
weakly couples to CBD being it vertically oriented in the spin direction, as seen
in the other MC simulations. Due to this asymmetry in the accretion, by the
end of the simulation the secondary has accreted about twice the mass accreted
by the primary, though still a negligible fraction, i.e. few 10−4, of the initial
MBH mass. I highlight that this asymmetry in the accretion in an equal mass
binary arises as a consequence of the asymmetry in the orientation of the spins,
which, through their influence on feedback, regulate in different ways the MBHs
feeding.

4.3.1.3 Spin evolution

I discuss now how the MBH accretion affects spin evolution. In all simula-
tions, except for MC_a5pi12, the angles between MBHs sub-grid discs angular
momenta and the binary orbital angular momentum are approximately zero.
Therefore, in those simulations in which the spins are aligned with the binary
angular momentum, the accretion is coherent and the spins grow in magnitude,
even though negligibly, due to the small amount of accreted mass. Conversely,
in a5pi6, the spin of the secondary MBH is initially flipped down of 5π/6
rad with respect to the binary angular momentum, hence the sub-grid disc is
counter-rotating with respect to the spin and makes it decrease in magnitude.
In addition, the Bardeen-Patterson torque reorients the spin, aligning it to the
angular momentum of the gas feeding the MBH. In this path towards alignment,
the spin will eventually cross the CBD plane, attaining a configuration similar
to that of a5pi12, which can prevent the spin to complete its reorientation, as
discussed below.
In MC_a5pi12, each accretion episode on the secondary is characterized by the
creation of a new sub-grid disc with initial mass Mα and angular momentum Jα,
which is in general misaligned with respect to the MBH spin direction. Indeed,
Figure 4.5 shows the distribution of the angle ψ between a newly formed disc
angular momentum Jα and the MBH angular momentum J•, weighted on the
initial mass Mα of the accretion episode. This plot indicates that the newly
formed sub-grid discs, at the moment of their creation, are mostly misaligned
with respect to the MBH spin, and even counter-rotating, i.e. with ψ > π/2.
According to [69], in each accretion episode, the spin tends to align to the total
(spin+disc) angular momentum (see § 1.1.5.2), therefore, given the orientation
of the accretion events, the spin direction undergoes an erratic path, with no net
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Figure 4.5: Angular distributions of accretion episodes on the MBHs in MC_a5pi12.

Figure 4.6: Face-on view of the snapshots of four of the simulations in NC set.

alignment. By contrast the accretion events on the primary are mostly coherent,
i.e. characterized by ψ ≲ π/4, similarly to MBHs in other simulations. Similarly
to what we saw for the accretion, in a5pi12, the two spins undergo a different
evolution, which is driven by the initial relative misalignment and feedback being
dependent on the spin direction.

4.3.2 No cavity regime

I now discuss simulations in the no-cavity regime, i.e. NC set. As we saw in MC,
the gas initially fills the cavity present in the initial condition, but now, since
binary tidal torque is not able to counteract the viscous torque, in the absence
of feedback the binary remains fully embedded in the CBD and no tidal cavity
forms, e.g. first panel in Fig. 4.6. Though, in this regime, due to the lack of
a cavity and being the CBD thicker, the coupling between AGN wind and the
CBD is higher and hence the effect of AGN feedback is more pronounced (e.g.
last three panels in Fig. 4.6), with a significant effect on the binary dynamics. I
examine these effects more in detail below.
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Figure 4.7: Evolution of the MBHs orbital separation in NC simulations.

4.3.2.1 Dynamics

More specifically, in the no-cavity regime, AGN feedback always manages to
clear a central feedback cavity enclosing the binary, similarly to [199]. The
simulation NC_fid, having both spins aligned to the binary angular momentum
and moduli 0.5, is expected to be the one characterized by the weaker AGN wind-
CBD coupling, because AGN wind is collimated in the direction perpendicular
to the CBD and its effective anisotropy θeff(a= 0.5) ≃ 68◦ is the smallest among
the considered spin configurations. Nonetheless, in the no-cavity regime, the
gas attains a thick configuration that fills the space within the binary, providing
an high CBD-wind geometrical coupling, therefore even in NC_fid simulation
AGN feedback manages to clear a central cavity surrounding the binary. The
same then occurs with other spin configurations, since they are characterised by
higher wind-CBD coupling, due to misaligned spins or higher spin moduli .
The presence of a feedback cavity makes the binary dynamical evolution depart
from the fast migration expected in the absence of feedback (see Fig. 4.7), and
the MBHs migrate on a much longer timescale (no shrinking can be appreciated
in the simulated time). Since the cavity that causes orbits to stall is present for
all spin configurations, they leave no specific trace on the dynamics, regardless
of orientation and magnitude.

4.3.2.2 Accretion and spin evolution

In all NC simulations with feedback, AGN winds create low density bubbles
in the CBD that affect gas accretion on the MBHs in a way similar to that
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Figure 4.8: Side on view of a snapshot of NC_aa1.

observed in MC_a5pi12. Short active phases are separated by longer quiescent
ones, resulting in bursty accretion episodes. In addition, we found that spin
configurations characterized by higher AGN wind-CBD coupling, i.e. with higher
spin moduli or a spin tilted towards the CBD, create larger bubbles in the CBD
and hence longer quiescent phases due to the longer time required by the gas to
fall back and trigger a new accretion event. In this way, the spin configuration,
through its influence on AGN feedback, has an imprint on the feedback cavity
sizes and hence on MBHs accretion duty cycles.
In addition, the accretion episodes on the MBHs are mostly misaligned with re-
spect to the spin directions, as suggested by the complex gas distribution around
the binary, as shown in Fig. 4.8. Therefore, as already seen in MC_a5pi12, the
spin directions undergo a stochastic evolution, with no net (counter)alignment
to the binary angular momentum direction, as a result of the interaction of the
spin with randomly oriented accretion episodes.

4.4 Discussion

In this work, I investigated the role that spin-dependent anisotropy of AGN
winds has in shaping the evolution of MBH binaries in CBDs. To this purpose, I
used the sub-grid model for AGN feedback, MBH accretion and spin evolution I
developed in the code gizmo. According to [19] criterion, I selected binary-CBD
initial conditions characterized by different binary migration regimes, i.e. slow
and fast migration, and I studied how binary dynamics, MBHs accretion and
spins evolution are altered by the presence of AGN anisotropic feedback. In order
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to assess the relevance of the AGN feedback spin dependence in these processes,
in both migration regime setups I considered different spins configurations, in
terms of moduli and inclinations.
The most relevant results of this work can be summarised as follows:

• The spin modulus and direction, through their influence on AGN feedback,
can affect the gas in the CBD in very different ways. On the one hand, if
the binary is embedded in a thick disc with no cavity or if it is embedded in
a thin disc with a cavity but at least one of the spin is oriented towards the
CBD, the AGN wind-CBD coupling is high and results in the formation of
a “feedback cavity” around the binary. On the other hand, if the binary
is embedded in a thin disc and the spins, which set the directions where
anisotropic winds are headed to, form small ≲ 30◦ angles with the CBD
axis, the AGN wind-CBD coupling is weak: the CBD gas is swept away
only far from the binary, while close to it can still reach the MBHs and
form minidiscs. In addition, if the CBD is thick (no-cavity regime), I
found that cavities are wider for those spins configurations that enhance
the wind-CBD coupling, that is spins with higher moduli, associated to
more isotropic feedback, and/or more tilted towards the CBD.

• The impact that AGN feedback has on the CBD reflects on the binary
dynamics, since it affects the gas that drives the binary orbital evolution.
As a consequence, different AGN feedback effects on the CBD, due to dif-
ferent spin configurations, result in different effects on binary dynamics.
If the AGN wind-CBD coupling is high and a feedback cavity is present,
due to the lack of gas close to the binary to exchange torque with, the
binary orbits stall within the simulated time, and, on longer timescales,
they likely attain a slow “typeII” migration regime, similarly to what ob-
served by [199]. Conversely, if the AGN wind-CBD coupling is weak and
no feedback cavity forms, AGN feedback mostly removes the gas outside
the binary, responsible for a negative torque, while the gas in the thin
minidiscs, which causes orbital expansion, remains almost unperturbed,
with the net result of the binary migrating outwards.

I remark that in all our simulations with feedback, despite accounting for
anisotropic feedback, and hence a weaker AGN wind-CBD coupling com-
pared to isotropic feedback prescriptions [199], no orbital migration is ob-
served.
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• MBHs accretion is severely influenced by the impact AGN feedback as
on the CBD. Indeed, if feedback clears a central cavity, AGN discs are
eventually drained by wind ejection and, after that, the gas in the CBD
can stream back on the MBHs and kindle new AGN active phases, and
so on and so forth. MBHs accretion proceeds in a bursty way and a duty
cycle is established, characterised by short active phases interspersed by
longer quiescent periods. Moreover, these accretion episodes are typically
misaligned with respect to spin, which therefore does not undergo a clear
alignment in the direction of orbital angular momentum. As I discussed
above, by virtue of the different spin orientations, AGN feedback from the
two MBHs can have very different effects on their common gas reservoir
(the CBD) and their duty cycle can result being completely regulated by
AGN feedback from one of the two MBHs, i.e. the one with higher wind-
CBD coupling. This, in turn, can cause one of the MBHs grow faster than
the other and make the binary depart from equal mass. Put another way,
the asymmetry in the spin orientations, through feedback, translates in an
asymmetry in the MBHs growth. In, addition, MBHs with spins yielding
higher AGN wind-CBD coupling end up clearing wider cavities, therefore
they experience longer quiescent phases and hence an overall slower mass
growth.

By contrast, if AGN wind-CBD coupling is weak e no feedback cavity
forms, the minidiscs continue to feed coherently the MBHs and their ac-
cretion is characterized by a prolonged and coherent active phase that
never expires in the simulated time. The accretion rate in this phase is
fEdd ∼ 0.01, about an order of magnitude smaller compared to the corre-
sponding non-AGN feedback simulations.





Chapter 5

Final remarks

5.1 Summary of the results

In this thesis, I have been studying the effect of AGN radiative feedback in
the evolution of MBHs, focusing on the impact of spin dependence of feedback
anisotropy. In doing so, I considered different stages of the MBHs cosmic evolu-
tion: i) the co-evolution of MBHs in an isolated galaxy, ii) the pairing of MBHs
in circumbinary discs, iii) The final shrinking that preludes coalescence of bound
MBH binaries. While the effect of feedback in these regimes has already been
addressed in the literature, its dependence on spin and how this dependence
reflects on MBH evolution represents the novelty of this work. In order to in-
vestigate the consequences of this effect in numerical simulations, I developed a
sub-grid model for the code gizmo that self-consistently evolves in time i) the
gas accretion process from resolved scales to a smaller scale, unresolved AGN
disc, ii) the evolution of the spin of the MBH, iii) the injection of AGN-driven
winds into the resolved scales, and iv) the spin-induced anisotropy of the over-
all feedback process. For each astrophysical problem/scale, I then considered
an idealised setup and studied the evolution of the MBH(s) in the presence of
spin-dependent radiative feedback. I found that this effect can leave a trace on
the MBH host galaxy, on the MBH accretion and on its dynamics. Below I
summarise the major results of this thesis.
AGN feedback has an impact on the surrounding gaseous environment:

• In the case of a MBH at the centre of an isolated galaxy the host re-
sponse to different angular feedback patterns, as dictated by different spin
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magnitudes, can be appreciated for high (Eddington) accretion rates and
high AGN wind - ISM coupling. In particular, under these conditions,
more rapidly spinning MBH more easily suppress the host galaxy SFR by
sweeping away gas from the nuclear region. Both high accretion rates and
high AGN wind-ISM coupling are found during galaxy mergers and/or in
high redshift galaxies, which therefore represent ideal astrophysical envi-
ronments to appreciate the effect of feedback spin-dependent anisotropy.

• If the MBHs are in a circumbinary disc, the direction of the spin can be
crucial in determining the impact that the feedback has on the gas itself,
precisely because of the anisotropy. Indeed, in the presence of a thin CBD,
AGN feedback can sweep away gas and clear cavities around the binary
only for highly tilted spins, almost laying in the MBH equatorial plane.
If the disc is thicker the coupling with the wind is naturally enhanced
and feedback has a more effective impact on the surrounding gas, always
managing to open central cavities around the binary, irrespective of the
spin direction.

The ability of feedback to sweep away the surrounding material, and thus impact
the gas reservoir that feeds the MBH, reflects on MBH accretion:

• The MBH growth itself is influenced by the AGN feedback angular pattern.
As the spin becomes larger, both AGN luminosity and its isotropy increase
and make the AGN feedback more capable to reduce the inflow on the MBH
itself, delaying its mass and spin growth. In this respect, slowly spinning
high-redshift MBHs are more likely to attain accretion rates above the
Eddington limit, as they would be less prone to alt accretion flows in the
AGN disc equatorial plane via winds.

• In the context of MBH binaries in CBDs, the opening of a feedback cavity
determines a transition from a coherent continuous accretion mode, medi-
ated by minidiscs, to a bursty non-coherent stochastic accretion mode. In
addition, the spin configuration, through its influence on feedback, i) can
cause unequal growth of an initially equal mass binary, ii) can inhibit the
spin alignment to the binary orbital angular momentum and iii) regulates
the MBHs duty cycles.

Finally, the impact of feedback on the MBHs gaseous surroundings affects their
dynamics:
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• If MBHs are ispiralling towards the center of a CND, as driven by gaseous
and stellar dynamical friction, AGN feedback can severely delay the orbital
decay and enhance eccentricity, in a way that is strongly dependent on
feedback direction and anisotropy.

• At smaller scales, when the MBHs are bound and form a binary, the pres-
ence of feedback always has the effect of preventing or significantly de-
laying the inspiral or possibly even favouring the the binary expansion,
irrespective of the anisotropy and direction of the feedback. This poses an
intriguing challenge in view of detection campaigns of GW signals from
merging MBHs, such as LISA.

Due to simplified modeling, a number of caveats that we have to keep in mind
when interpreting these results do exist. Specifically:

• The sub-grid accretion model used throughout this thesis does not include
the geometrically thick, radiatively inefficient accretion mode [267] that
occurs below ≲ fEdd ∼ 0.01. For such low accretion rates the disc is still
modelled as an α-disc. Moreover, once the disc enters such low accretion
regime, it becomes prone to launch a jet, a phenomenon not included in
our model. Due to these limitations, I could not capture any transition
from quasar to jet mode, which can potentially influence MBHs at all
stages of their evolution. Similarly, the model presented in this thesis does
not include super-Eddington accretion, which might be interesting as in
§ 2 I showed that the impact of AGN feedback on the host galaxy and the
imprint of feedback angular pattern are more relevant for high (Eddington)
accretion rates.

• In both AGN feedback models discussed in this thesis, i.e. based on spawn-
ing (§ 2 and § 4) and kicking (§ 3), the wind velocity has been assumed
to be constant. However, from an observational point of view it has been
shown that velocity scales with luminosity as vw ∝ L1/2 [268], and from
a theoretical/numerical point of view wind speed varies depending on the
region of the disc from which it is driven [267] and on the viewing angle,
with higher velocities edge on [237, 238].

• In all simulations presented in this thesis, the coupling coefficient τ =
Ṁwvw/(L/c) between AGN radiation and gas is assumed to be constant
and equal to one. All the AGN radiation momentum flux is assumed to be
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completely transferred to the gas in the MBH vicinity (at unresolved scale
in § 2 and § 4 and in the MBH kernel in § 3). In a more realistic model the
radiation-gas coupling should evolve according to the ionization level of the
gas, a fraction of the AGN radiation should be allowed to escape the nuclear
region and interact directly with the resolved ISM gas, exerting radiation
pressure on it. This would require performing Radiation-Hydrodynamics
simulations, something beyond the aim of this thesis.

• Stellar physics has been treated with different levels of approximation in
the three papers presented in this thesis. In the binary hardening regime
(§ 4), the stellar particles were not sampled and the stellar bulge was sim-
ply included as static analytical potential, despite the importance of stellar
hardening in this regime. At circum-nuclear disc scale (§ 3), stellar dynam-
ics was resolved with particles, but the formation of new stars from CND
gas has not been enabled, which in principle can influence MBH inspiral.
Finally, In the simulations of isolated galaxies (§ 2), I accounted for star
formation but I did not model stellar winds and supernovae which, together
with AGN feedback, contribute in driving galactic outflows, especially in
dwarf galaxies, and in regulating the amount of gas present in the central
region of a galaxy, thus further modulating the AGN fueling. At each
stage considered, an improvement in stellar physics modeling would add a
further level of complexity beyond the scope of this thesis, but nonetheless
important in order to understand the details of MBH dynamics, growth
and feedback.

• Magnetic fields and magneto-hydro-dynamics (MHD) have been neglected
throughout this thesis. While MHD on the galactic and circum-nuclear-
disc scales plays a secondary role, on the circum-binary-disc (pc) scale
it is crucial in the treatment of viscosity, which in the study on binary
migration was treated with a simple model based on Shakura & Sunyaev
α-prescription.

5.2 Future prospects

Given the limitations highlighted in this chapter and the potential of the model
developed in this thesis, I would like to conclude this work by listing a number
of possible improvements and applications.
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• The physics of MBH accretion discs changes depending on the accretion
rate, from advection-dominated-accretion-flows for low accretion rates,
passing through standard Shakura & Sunyaev discs close to Eddington
rates, to slim-discs for super Eddington accretion regimes. Each accretion
mode is characterised by a different type of feedback, which can manifest
itself not only through radiation (the type discussed in this thesis) but
also through MHD winds and jets. A natural improvement of the model
presented in this thesis would be to extend it to other accretion regimes
with their respective feedback modes. For example, for the sub-Eddington
regime, a direct way to improve the model would therefore be to extend
it to lower accretion rates following [269], who recently developed such an
extension for the α-disc model developed by [3] in arepo. In addition,
the launch of a jet could be implemented from the spawning technique
presented in this thesis, appropriately modifying the opening angle of the
spawned particles and taking into account the appropriate efficiency of this
process [57, 270, 271]. Finally, for a self-consistent model, I would include
the spin-down effect of the jet [205, 270, 271] and more generally the evo-
lution of the spin in a thick discs [270]. For the super-Eddington regime
the approach would be very similar. Firstly, such an extension would re-
quire replacing the α-disc with another model: the slim disc [272, 273]. In
addition, similar to the sub-Eddington regime, the disc is thick and prone
to launching a jet, which can again be done by spawning particles and
adopting the appropriate efficiency in this regime. The functional form
of this efficiency with the spin can be taken from the fits performed by
[274] (see also [57] and [275]) to the GRMHD simulations of [276]. Finally,
the next step would be to include the back reaction of the jet on the spin
characteristic of this regime [277] and the spin evolution proper to slim
discs.

• In all simulations presented in this work, the setup is represented by an
idealised system. A natural extension of this work would be to perform
zoom-in cosmological simulations and study the co-evolution of galaxies
and MBHs and their insprial down to the the binary formation in a cos-
mological context. In doing so, one could also introduce a particle-splitting
prescription so as to resolve the accretion down to the scale of the radius
of the accretion disc. In this way one could model the accretion on the
unresolved disc by direct particle capture (as I did in § 4), instead of by
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Bondi-like prescriptions. This improvement, combined with the extension
of the sub-grid model to different accretion (and feedback) regimes, would
provide an excellent and competitive framework to study MBH accretion,
feedback and evolution in cosmological simulations.

• There are currently no binary hardening simulations that jointly account
for the contribution of gas and stars. An interesting followup to the work
shown in § 4 would be to include a bulge (triaxial or rotating so as to
ensure replenishment of the loss cone) by resolving individual stars. This
would make it possible to quantify the relative contribution of gas and
stars directly from the simulation. A further step would be to repeat the
experiment, but starting from initial conditions provided by cosmological
simulations, as suggested in the point above.

• A further interesting possibility is to perform an exploration of the param-
eter space of the binary (e.g. mass ratio and eccentricity) with both the
present model and its extension that includes sub- and super-Eddington
accretion regimes. Recent 2D simulations [278, 279] have shown that de-
pending on q, the binary evolves towards a different equilibrium eccen-
tricity eeq (with eeq ∼ 0.5 for q → 1) and has a different probability of
migrating (with inspiral for q ≲ 0.2 and outspiral for q ≳ 0.2). However,
in the presence of feedback, we expect these results to change. As shown
by [189, 190], when q < 1, there is preferential accretion on the secondary,
which will then be characterised by a higher wind mass loading that is
likely to influence the evolution towards a possible equilibrium eccentric-
ity. Preferential accretion also drives faster spin (counter-)alignment (e.g.
[261] but see [280]), which has an influence on feedback direction and its
coupling with the disc. Similarly, when orbits are eccentric, during an
orbital period the MBH passes through regions of different density that
modulate both accretion and feedback, and this effect can have an inter-
esting back reaction on the MBH dynamics itself. Finally, the problem
becomes further complicated in the extended version of the model, when
the disc can support different accretion regimes (as in [269]). In that case,
during evolution, feedback can switch from quasar/wind to jet mode, thus
varying the coupling with CBD and how this affects the MBHs.



Appendices

A The derivative of fEdd

Here I compute the derivative of fEdd and find an approximate expression suit-
able for interpreting results shown in section 2.4.1. Starting from Eq. (2.17) and
replacing a/J• = c/GM2

• , the time derivative of fEdd reads
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(A.1)

where in the second row, I plugged in Eqs. (2.12, 2.13), and (2.15) in place of Ṁα,
Ṁ• and J̇α and, for Eq. (2.15), I approximated all vectors as lying along the same
direction. Eq. (A.1) can be simplified as follows. First, I note that −5Ṁw/Mα +
25/7J̇w/Jα = 0, according to the definition of J̇w (Eq. 2.16). In other words, the
removal of mass and angular momentum from the disc due to the wind ejection
does not affect the disc accretion rate. In addition, 3/7(1 − η)Ṁacc/M• and
η̇/η ∝ Ṁacc/M• are both ≪ Ṁacc/Mα, being Mα ≪M•. Similarly, noting that
TBP in Eq. (2.14) doesn’t affect affect the spin modulus but only its direction,
we can write |J̇•/Jα| = ΛISCO/(Jα/Mα) ·Ṁacc/Mα ≪ Ṁacc/Mα since the specific
angular momentum of gas orbiting at the ISCO is much smaller than the disc
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Figure 1: Coefficients Cin in E simulations. The lines correspond to the median values
over time bins of 5 Myr, while the shaded regions span from the 16th to the 84th
percentiles over these bins. The coefficient Cw is also shown for the E_f run.

total specific angular momentum Jα/Mα. In this way, Eq. (A.1) reduces to
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Now, by writing J̇in = ⟨Λ⟩Ṁin (see Section 2.2.1.2) and Ṁacc = η−1
w Ṁw (using

Eq. 2.4), I obtain
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This equation points out that the leading terms driving the evolution of fEdd
are the loss of mass due to accretion, here expressed in terms of Ṁw, and the
replenishment of mass from resolved scales, represented by Ṁin. by defining the
coefficients Cw = η−1

w and Cin = (1−5⟨Λ⟩/7(Jα/Mα)) I get Eq. (2.22). For this
choice of parameters, being vw/c = 0.01, we have that Cw = 0.1(η/0.1)−1 is of
the same order of Cin, whose value is shown in Fig. 1 for the three simulations
E.
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Figure 2: Time averages of the cooling luminosity (dashed) and outflow energy flux
(solid) radial profiles for the E simulations. Time averages are taken considering snap-
shots up to 180 Myr from t0.

B CGM energetic balance

In this section I discuss more in detail the energetic balance in the CGM, i.e.
I compare the cooling luminosity of the gas and the energy flux of the outflow.
The cooling luminosity is defined as ε̇cool(r) = Σin

2
H,iΛcool,i/N , where Λcool,i is

the total cooling function of the i−th particle and the sum spans over the N gas
particles in the radial bin [r− ∆R/2, r+ ∆R/2), where I used ∆R = 1.5 kpc. I
defined the energy flux of the outflow as ε̇outflow(r) = Σiρi

(
0.5v2

i +ui

)
vr,i/N∆R,

where vi, ui and vr,i are the i-th particle velocity, internal energy and radial
velocity. In Fig. 2 I show the time averages (over the same snapshots accounted
in 2.4.2.4) of these quantities for the E simulations. For each simulation, the
location where the two energy rates become comparable roughly coincides with
the maximum radius within which the CGM is affected by the outflow, as shown
in the Fig. 2.14. While for anisotropic feedback (E_f and E_a0) this occurs at
R∼ 100 kpc, for isotropic feedback (E_iso) the region impacted by the outflow
extends beyond the radial range considered.

C Wind particles

In this section I study the mass resolution of wind particles and the location
where such particles are merged to non-wind particles for E_f simulation. In
Fig. 3 (left) I show the normalized histograms of the wind particles masses
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Figure 3: (Left): normalised histograms of wind particles masses at four snapshots of
E_f simulation. The cyan line indicates the mass of non-wind particles at the beginning
of the simulation. (Right): Normalised histogram of the radii where winds particles
merge with ISM particles in E_f simulation.

at four snapshots of E_f: at one quarter, one half, three quarters and at the
end of the simulation. The vertical cyan line shows the value of the non-wind
particle mass resolution. According to this figure, wind particles throughout
the simulation have masses orders of magnitude smaller than the initial ISM
resolution, reason why I exclude the possibility that at the time of spawning
these particles could result in a significant and instantaneous perturbation of
the gas density surrounding the MBH. In addition, I considered the location
where wind particles are merged into ISM particles. Figure 3 (right) shows the
normalized histogram of the radii where such mergers occur throughout all E_f
simulation. It follows that wind particles capture is much more likely to occur
within the first few hundreds pc from the MBH, but still takes place up to a
distance of ∼10 kpc.

D Density maps of the simulations of § 3

Figures 5, 6, and 7 show the density maps of the CND at 1 and 4 Myr, for
all feedback models and all setups. From these images, we can understand
some of the characteristics of the feedback effect on the CND. The cavities (or
low density bubbles) tend to vary considerably in size, from a few pc to tens
of pc, to have different shapes, both circular or very elongated, and to be in
different positions relative to the MBH. This suggests that understanding the
dynamic effect these have on the MBH is very complicated and requires the use
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Figure 4: Density maps of three simulations at “late” times, when numerous feedback
episodes already occurred.

of simulations. More specifically, we can sketch some trends. For each setup,
the CND seems to be most affected by the effect of feedback in a and iso,
followed by z. This is not surprising since in the first case the feedback energy
and momentum are collimated along the evolving spin direction (within a cone
that partially intercepts the CND), in the second the energy and momentum
are uniformly distributed over the entire solid angle, while in the last they are
collimated in the direction perpendicular to the CND, the one giving the least
wind-disc coupling. However, this trend is not very marked and in some cases
the differences are minimal. Among the different setups, we note that the q
setup tends to have smaller bubbles and that the CND remains more intact, as
is to be expected since the secondary is smaller and can therefore sustain smaller
Eddington limited accretion rates than the f and e setups. Finally, I note that
in all simulations the CND perturbation at 1 Myr is much less pronounced than
at 4 Myr. In fact, as the system evolves and the secondary creates cavities in
the disc, these may merge together, be closed by the pressure of the external
gas, be swollen by new feedback episodes, and over time the CND takes on an
increasingly pierced and irregular appearance (see e.g. Fig 4).
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Figure 5: Density maps of f simulations at 1 Myr and 4 Myr.
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Figure 6: Density maps of e simulations at 1 Myr and 4 Myr.
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Figure 7: Density maps of q simulations at 1 Myr and 4 Myr.



E. Convergence of MBH pairs simulations 147

E Convergence of MBH pairs simulations

In order to discuss the convergence of our results we performed additional simu-
lations, with both smaller and higher resolution, in the cases f_nofb and f_a.
In particular, we sampled the CND with 105, 3 ·105 and 3 ·106 gas particles, in
addition to the 106 case presented in 3.3.1. For all these resolutions the number
of star particles is five times that of the gas. Figure 8 shows how the evolution
of the MBHs separation in f_nofb changes with resolution and reveals that the
dynamics converges by increasing the number of particles. On the other hand,
we do not expect convergence in simulations with feedback due to the stochastic
nature of our subgrid feedback model. Indeed, depending on which gas particles
receive a kick at a given timestep, the resulting bubbles can display morphologi-
cal differences, such that their cumulative effect in time can lead to very different
trajectories, i.e. different realizations of the same stochastic process (see Fig ??
for the f_a case).

Figure 8: Time evolution of the MBHs separation for different resolutions in the case
f_nofb.



148 5. Final remarks

F Bubbles angular distributions in MBH pairs simula-

tions

In Fig. 9 we report the histograms of the quantity θ for e and q simulations.
As pointed out in 3.3.4, the distribution of θ, peaked at small angles (< π/2) in
nofb simulations, spreads over the whole range [0,π] when feedback is turned
on, due to the presence of low density bubbles trailing the MBH, which tend to
accelerate it, hampering DF. We note that the simulations in which the peak
of the distribution is more shifted to the right (i.e. more frequent feedback
acceleration) are q_iso and q_a, which are also the only two simulations whose
orbits do not decay over the simulated time.

Figure 9: Histograms of θ in e (left) and q (right) simulations.
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