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UNIVERSITY OF MILANO-BICOCCA

Summary

Department of Physics "G. Occhialini"

PhD program in Physics and Astronomy

Characterisation of the electromagnetic emission and

dynamical evolution of Massive Black Hole Binaries

by Fabiola Cocchiararo

Observational evidence has confirmed the presence of a massive black hole at the
centre of most galaxies. Massive black holes (MBH) are compact objects with mass
between 10 My, and 10'° Mg. During their evolution, galaxies can merge and their
respective black holes can bond in a massive black hole binary (MBHB). The stages
through which the binary can efficiently shrink and coalesce are currently under
debate. As a result of the interaction with the gaseous environment in which they
reside, MBHBs are expected to produce distinctive observational electromagnetic
(EM) signatures. Although known candidates at sub-parsec separation have been
proposed based on their EM emission, convincing evidence that these sources are

indeed MBHBs is still missing.

MBHBs are among the main targets of current and future gravitational wave (GW)
experiments. The upcoming space-based Laser Interferometer Space Antenna will
probe the milli-hertz GW band, observing the late inspiral and merger of MBHBs
with masses between 10* — 107 M, across the Universe. At lower frequencies, in
the nano-hertz regime, Pulsar Timing Arrays (PTAs) experiments can detect GWs
from more massive MBHBs at milli-parsec separations. Although GWs are essential
for a definitive detection of MBHBs, identifying unique EM counterparts is crucial
for constraining the properties of these systems, opening the era of low-frequency

multi-messenger astronomy. The importance of understanding the EM emission of
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MBHBs has become even more compelling following the recent detections of a signal
compatible with a GW background (GWB) reported by all the PTA collaborations

across the globe, possibly hinting at the presence of a MBHB population.

In this thesis, we investigate the dynamics, the spectral and time variability of ac-
creting MBHBs at milli-parsec separations, focusing on the interplay between the
binary and its gaseous circumbinary disc. We present the first synthetic spectral
energy distributions (SEDs) and Light Curves (LCs) from 3D hyper-Lagrangian hy-
drodynamical simulations of MBHBs surrounded by circumbinary discs. Using the
3D code GIZMO in its meshless finite mass version, we simulate live milli-parsec
binaries with total mass 106 My, exploring different mass ratios and eccentricities.
We let these binaries evolve within a circumbinary disc described by an adiabatic
equation of state, including the disc self-gravity and assuming gas cooling to occur

via black body radiation.

We find significant variability of the SED, especially at high energies, which translates
into LCs displaying distinctive modulations of a factor of ~ 2 in the optical and of
~ 10 in UV and X-rays. We analyse in detail the flux variability in the optical
bands that will be probed by the Vera Rubin Observatory. When considering the
Rubin Observatory flux limit and nominal survey duration, we find that equal-mass,
circular binaries are unlikely to be identified, due to the lack of prominent peaks
in their Fourier spectra. Conversely, unequal-mass and/or eccentric binaries can be

singled out up to z = 0.5.

A critical aspect that has often been neglected in previous studies is the role of radia-
tion pressure in the hydrodynamics evolution of the circumbinary disc. At sub-parsec
scales, discs around MBHBs are likely dominated by radiation pressure; therefore,
including this additional term in the hydrodynamics equations is very important in
order to advance the theoretical modelling of the MBHB-disc interaction. We imple-
ment the contribution of the radiation pressure in our 3D numerical simulations, in
order to evaluate its impact on both the evolution of the binary and its circumbinary
disc and the EM signatures. We find that the radiation pressure significantly alters
the vertical and thermal structure of the disc, resulting in a geometrically thinner,
therefore colder configuration. This leads to a reduced accretion rate onto the bi-
nary and suppresses cavity eccentricity growth and precession in circular equal mass

binaries.



The emission from the mini-discs shifts from the optical towards UV frequencies
and with a peak luminosity orders of magnitude higher, while the circumbinary disc
becomes colder and dimmer as a result of its geometrically thinner configuration.
Temporal variability is affected as well: near UV and soft-X ray fluxes are higher and
more variable. Crucially, radiation pressure suppresses the characteristic "lump" for-
mation in equal-mass circular systems, while a lump is formed for higher eccentricities

without imprinting any modulation on the flux.

This thesis is organised as follows. Chapter 1 introduces the dynamics of massive
black hole binaries, covering all the main steps of the binary formation, evolution and
coalesce. We also report the current and future methods for detect these systems
through both the gravitational wave and the electromagnetic channels. Chapter 2
describes the physical setup we adopt in this work. We here describe the properties
of circumbinary discs, including the emission model we use to produce the SEDs and
the LCs. Chapter 3 focuses on the simulations framework, reviewing the different
numerical techniques commonly adopted to study MBHBs, comparing previous re-
sults on binary-disc interactions and EM signatures. We discuss the numerical setup,
disc physics, parameter space explored, the implementation of radiation pressure and
other details of our simulations. In Chapter 4 we present the expected SEDs and LCs
obtained from our 3D simulations. In Chapter 5 we explore how radiation pressure
affects the binary dynamics and the circumbinary disc evolution. In Chapter 6 we
investigate how radiation pressure modifies the electromagnetic emission and the re-
sulting observational signatures of these systems. Finally, the final chapter presents

a discussion of the main results of this thesis and prospectives for future work.
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Introduction






Chapter 1

Introduction

1.1 Dynamics of massive black hole binaries

Massive black holes (MBHs) are astronomical objects whose existence is predicted by
the theory of General Relativity. They are characterised by an intense gravitational
field and defined by an event horizon, i.e., a spherical surface which defines the region
of spacetime that can not communicate with the external universe [1]. Observations
provide compelling evidence that most galaxies host a massive black hole at their
centre, with masses between 10°M, and 1010, [2]. Within the hierarchical model of
structure formation [3, 4], galaxies can grow via accretion of gas from the intergalactic
medium and mergers with other galaxies. The fate of MBHs following galaxy mergers
was first described by [5], where the authors identified three stages of the evolution
of the system. When two galaxies merge, their respective massive black holes are
expected to migrate toward the centre, owing to dynamical friction, a drag force
acting on each black holes moving through a background of stars and gas [6]. If
dynamical friction is efficient, the two MBHs form a gravitationally bound binary,
i.e. they reach a separation of the order of 1 parsec. This newly formed binary
can further evolve via stellar and gas hardening: the interaction with stars within
a nuclear star cluster (NCS) and a gaseous circumbinary disc continues to remove
energy and angular momentum from the bound binary, causing its separation to
decrease over time. The stellar hardening process is similar to the dynamical friction
against stars but on smaller scales, i.e. the bound binary interacts with small masses
that pass in its very vicinity instead of experiencing weak interactions with stars that
are distant as in the case of dynamical friction. The binary can then exchange angular

momentum with a gaseous disc through resonances and this process is commonly
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referred to as gas-hardening. Eventually, when the separation becomes small enough,
gravitational wave emission takes over, driving the two black holes to coalescence and
forming a more massive MBH. These three different phases of the binary evolution

are discussed in detail in the following paragraphs.

1.1.1 Dynamical friction

Early stages of massive black hole pairing have been observed during galaxy mergers
le.g., 7, 8] At this time, the systems is formed by two separate but gravitationally
bound galaxies, that can be identified at separations of approximately 100kpc [9,
10] As the merger progresses and the galaxies coalesce, dynamical friction acting on
both stars and gas causes the MBHs to gradually move toward the centre of the
forming remnant galaxy. During this process, the separation between the two MBHs
decreases from tens of kpc down to a few kpc. This initial stage is governed by the
dynamical friction [6]. As each black hole moves through the stellar background, it
gravitationally interacts and perturbs the surrounding stars. In particular, each star
with mass m moving in the potential of the MBH with velocity vy, exerts a drag on
it, extracting energy and angular momentum from the system. As a consequence of

the interaction with stars, the MBH velocity changes as:

% = 1672 log AmG?(M + m)% OVM f(vm)v2,dv, (1.1)
where M is the mass of the single black hole (i.e., Mj or M), f(vy) is the interacting
stellar velocity distribution function, A is the ratio between the maximum impact
parameter bpax (a typical value of byax is the dimension of stellar bulge ~ 10kpc)
and minimum impact parameter by, for which the star experiences a 90° deflection

with respect to the initial direction. We can define the fraction of interacting stars

with velocity lower than MBH velocity vy, < Vi as:

\%Y 2
I o
FOA) = T )b

(1.2)

If all the stars are isotropically distributed, the denominator is n/47 and we can

express the integral in Eq. 1.1 as:

Var n
/0 f(vm)vfndvm = M (1.3)

™
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If the MBH is assumed to move within an isothermal sphere, the stellar density profile

can be related to the stars dispersion velocity ¢ and to the radial distance r:

0_2

o) = GG

In this configuration, the circular velocity v is given by:

_ [GM(r)  [G20%r
VUcirc = \/ , = \/ Gr \/50- (15)

Combining Eq. 1.1, 1.3, 1.4, and 1.5 is it possible to obtain the force acting on a
MBH moving in a circular orbit as:

dVa _ 4wlog AG*M?

F=M —
dt 202

LR V). (1.6)

This force originates from dynamical friction and depends on the square of the MBH
mass. As a result, the greater the mass of a black hole, the more effective the dy-

namical friction becomes in slowing it down.

The specific angular momentum of the MBH on an orbit of radius r and velocity v is

given by | = vr. It varies over time according to:

dl B dv dr

If the black hole is assumed to follow a circular orbit, its orbital velocity remains
constant while the orbital radius gradually decreases over time. By combining Eq.
1.6 and Eq. 1.7 it is possible to determine the characteristic timescale ¢ over which

a massive object inspirals into the centre of the bulge:

_19Gyr< ri )2 o 10° Mg

te = 1.8
f logA \5kpc/ 200kms—t M (18)

where r; is the MBH initial position.

As dynamical friction efficiently brings the two MBHs towards the centre of the newly
formed galaxy, the self-gravity of the two MBHs is no longer negligible and they can

form a bound binary. This happens at separation given by:
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Dynamical friction (against dark matter, gas, stars)
Clump scattering
Effect of bars/spirals
Stellar-driven hardening
3 incoming MBH
Disk-driven migration torques

Circumbinary disk
& minidisk torques

Gravitational
waves
) Galaxy merger LISA MBHs
— ’ 5 ’ * 7/ " coalescence
100 kpc 1kpc 100 pc 1 pc 10?2 pc 10¢pc 107 pc

FIGURE 1.1: The picture shows a schematic overview of the main
physical processes that occur during the evolution of the binary and
the typical spatial scales involved. Picture from [11].

GMg Mg ( o )—2
~ ~ 0.2 1.9
BT T (10%) 100kms1) P° (1.9)

with o the velocity dispersion of the host galaxy, Mg = M; + Ms the total mass of
the binary, and M; and My are the mass of the primary and secondary black hole,

respectively.

However, at these scales dynamical friction becomes inefficient and the binary con-

tinues to evolve through interactions with the surrounding stars and gas.

In gas-rich mergers, the dynamical friction experienced by the two black holes is
not only due to the stellar environment, but also to the large amount of cold gas
driven toward the remnant galaxy. Numerical simulations have shown that, during
the advanced stages of the merger, the MBHs can become embedded in a dense,
rotationally supported circumnuclear disc of gas. This structure is often the most
massive and dense structure in the remnant nucleus [12-15] | providing a very efficient
medium for MBHs orbital decay. In this scenario, the binary can form on relatively
short timescales, < 108 yr, reaching separation of ~ 1pc. At this point, the mass

of gas enclosed within the binary orbit becomes lower than the MBHB mass itself,
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making the gaseous dynamical friction inefficient.

Gravitational waves (GWs) emission only becomes efficient at a separation of agw ~
10~*—1073 pc for equal mass binaries with total mass Mg ~ 106 —107 Mg, [11]. Thus,
both in the case of dense stellar and gas-rich environment, we need to invoke one or
more astrophysical mechanisms to shrink the binary up to the point where GWs can
efficiently drive the merger, as shown in Fig. 1.1. The most explored ones involve the
interaction with either the stellar background or a gaseous circumbinary disc, which

effects are discussed in the next section Sec. 1.1.2

1.1.2 Stellar and gas hardening

In the merger remnant, the newly formed MBHB can be once again surrounded by
stars and gas. The main mechanisms through which the binary can lose angular

momentum and energy are the stellar hardening and the gas hardening.

Stellar hardening

The presence of a nuclear star cluster (NSC) in the central regions of the merger
remnant can facilitate the MBHB inspiral. The binding energy of the binary Ej, on

a Keplerian orbit is given by:

G/J,MB
Fp=— , 1.10
B 2a]3 ( )

where Mp = M; + My is the total mass and p = M;Ms/Mgp is the reduced mass
of the binary. Stars passing within a few times the binary separation can undergo a
three-body interactions with the binary itself, through a process known as gravita-
tional slingshot. During these encounters, stars are ejected at infinity with velocities
comparable to the relative velocity of the two MBHs vgjec ~ VB rel [16]. Different
three-body scattering experiments [17, 18] have shown that each ejected stars carries
away energy and angular momentum from the binary and, as a consequence, the bi-
nary shrinks. The rate at which the semi-major axis of the binary decreases can be

written as [19]:

R £ ey (1.11)
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where H is the dimensionless hardening rate, which is approximately constant (H ~
15) once the binary enters the hard regime. This regime occurs when ag < GMs/(40?)
and corresponds to the point at which the binary binding energy exceeds the typical
kinetic energy of surrounding stars, making each stellar interaction highly effective
at shrinking the binary. It is important to notice that, once the binary is in the hard
regime, the hardening rate does not depend on the total mass and only very weakly
on mass ratio and eccentricity, with H confined in the range 15-20. Eq. 1.11 is valid
for a uniform stellar background of density p. However, [20] found that the equation
can be applied to galactic nuclei by evaluating p at the radius of influence ri,¢, i.e., the
region within the inclosed stellar mass is comparable to the binary mass, considering
pinf- Similarly, the stellar velocity dispersion ¢ is constant throughout the bulge, but
for more general stellar density profiles, o varies with radius, and it is taken at 7y,
0(Tinf) = Ojnt. Since in Eq. 1.11 dapg —a2B, the binary shrinks more slowly as its

separation decreases, until gravitational waves emission eventually dominates.

By combining Eq. 1.10 and Eq. 1.11, it is possible to compute the rate at which the

binary binding energy increases:

dF, G2 M?
b_H P

1.12
dt 8c ( )
The mass of stars ejected during the hardening process is:
d d dt dN dt 21 M,
dap dt dap dt dap H ap
and the mass expelled per logarithmic interval of semi-major axis is:
dm 2w
—— = —Mp=JM 1.14
dlog(ag) H ° B (1.14)

where J is the mass ejection rate and, according to numerical simulations (for example
[21]), its value is ~ 0.5, meaning that approximately half of the binary mass is expelled
as stars during the hardening phase. Integrating over the change in semi-major axis
from the beginning to the end of the hardening phase, the total mass of ejected stars

is:
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2w aB,f 2w aB.i
Am, = — M, / dlog(ag) = —Mplo =, 1.15
gV, glap) = - Mg log (aBJ (1.15)

where ap; and ap ¢ are the semi-major axis at the beginning and end of the hardening
phase, respectively. This result, physically, quantifies the total "stellar mass budget"
carried out during the hardening phase, which is crucial for driving the binary to
coalesce. However, this simple treatment does not take into consideration the loss
cone depletion: only a small fraction of stars can interact with the MBHB and, once
ejected, the loss cone is depleted. Thus, binary evolution depends on the rate at
which new stars enter the loss cone. In typical spherical stellar systems, the mass
in stars within the binary loss cone is not sufficient to lead the binary to reach the
GWs emission phase, originating the so called ‘last parsec problem’. However, in more
realistic scenarios, the triaxial and rotating nature of the stellar distribution promotes
efficient loss cone refilling, allowing the binary to coalesce on a time scale of ~ 108 yr

22].

Beyond the stellar mass budget, the orbital eccentricity of the binary also plays an
important role. Scattering experiments and simulations [17, 19] show that while the
nearly circular, equal mass binaries tend to remain fairly circular, unequal-mass or
eccentric systems can become very eccentric (i.e., eg ~ 0.9). Since highly eccentric
binaries emit gravitational waves more efficiently, the eccentricity growth is crucial

to transit to the coalescence phase more rapidly [23, 24].

Gas hardening

In gas-rich galactic nuclei, mergers drive significant inflows of cold gas toward the cen-
tre of the remnant galaxy. Eventually, this gas can accumulate on sub-parsec scales,
forming a gaseous circumbinary disc around the MBHB, which becomes the main
driver of orbital evolution. Since the binary is rotating, it has a strong quadrupole
moment that torques the gas of the disc. As a consequence, it carves out a low-
density cavity of size ~ 2ap(1l — ep) with ep the binary eccentricity, forming a gap

(or a cavity) [25].

The transfer of angular momentum from the binary to the gas causes the binary
to shrink. This exchange occurs through gas streams that enter the central cavity

and feed the two black holes at a rate mh = dm/dt, while they carry out angular
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momentum from the system. The angular momentum of a gas element with mass m
at the cavity edge rgap is L = mvr = m /G Mprgap. Thus, the angular momentum

carried away by the inflowing gas changes at a rate:

dL
L 1 Gry. (1.16)

For simplicity, assuming a circular binary orbit with angular momentum equal to

Lp = pv/GMap, the angular momentum change rate is given by:

dLB 1 daB
— = uv/GM, —_— 1.1
dt M5 (1.17)

Since the angular momentum gained by the gas must be equal to the amount lost by
the binary, by comparing Eq.1.16 and Eq.1.17 we can obtain the rate at which the

binary shrinks thanks to the interaction with the gaseous circumbinary disc as:

da m (1+ q)?
— = -2V2—— 1.1
dt \[M q (1.18)

where ¢ = My /M; is the binary mass ratio. This relation can be used to find the

characteristic gas-hardening timescale:

dt M 1 q
~ — . 1.19
dogan ~ 1 23 (g + 17 119
If the accretion rate is approximated by the Eddington value:
Ledq

~ 3 (1.20)

4G M;
Lpqq = ArGMpmye x Mg (1.21)

oT

then 1.19 becomes independent of the mass of the binary and yields a nearly constant

value of order ~ 107 yr.

However, this treatment provides only a zero-order estimate. In reality, the interaction
between the binary and its circumbinary disc is far more complex. The binary does
not simply transfer angular momentum uniformly; rather, the quadrupolar nature of

its gravitational potential generates discrete gas streams that enter the cavity and
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are flung back to the edge of the disc. These ballistic streams mediate the angular
momentum exchange in a way that is neither uniform nor trivial to predict a priori. As
a result, these equations capture a general idea of what happens during the hardening
phase, the actual evolution of the semi-major axis of the binary can depend on the
structure, thermodynamics and viscosity of the disc. For these reasons, to have a more
accurate understanding of what happens during this phase of the binary evolution,

numerical simulations are required.

The transfer of angular momentum from the binary to the disc is not uniform: the
binary interacts with the circumbinary disc at discrete resonant locations, where the
orbital frequencies of the binary and the disc satisfy an integer or rational ratio
[25—28]. These resonances are characterised by a pair of integers (m,[) and can be
classified into the co-rotation and Lindblad resonances, located at Rg = (m/1)*/3ap
and Ry, = ((m £ 1)/1)®*/3ag, respectively. The =+ sign correspond to the outer
and inner Lindblad resonances, respectively. These resonances arise because the
gravitational potential of the rotating binary periodically perturbs the disc. Gas
elements at these resonant locations experiences torques that can either extract or
add angular momentum from the binary. Indeed, the exact effect of the gaseous
disc on the orbital evolution of the binary remains an active area of research and
debate. Recent hydrodynamical simulations have shown that the binary may shrink
or expand, depending on the properties of the circumbinary disc [29-38]. However,
high-resolution 3D simulations have found that the dominant outcome is generally
a decrease of the binary semi-major axis. In particular, while relative warm discs
with aspect ratio around ~ 0.1 can promote an expansion, colder and less viscous
circumbinary discs tend to drive efficient semi-major axis decrease. This complex
interplay between the binary and the circumbinary disc has been investigated in the
context of this thesis. In Section 3.2, we discuss how different numerical and physical
setups can lead different outcomes in simulations, while in Chapter 4 and Chpter 5

we present and discuss the results obtained from our own simulations.

1.1.3 GWs emission

The final phase of massive black hole binaries evolution is driven by gravitational
waves. GWs are perturbations of space-time that carry energy and angular momen-
tum away from the system, allowing the binary to coalesce into a single MBH. During

this last phase, the evolution of the orbit is described by [39]:
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dap _%QM1M2(M1 + M)
dt 5 P a3,

Fleg), (1.22)

where the function F'(ep) encodes the dependence of the binary eccentricity e:

73 37
Fleg) = (1 —¢e?)77/2 (1 + ﬂé + %e4> . (1.23)

The orbital evolution also involves the energy emission given by

dER __¥G74M1M2(M1+M2)
dt 5 ¢ a3,

Flep), (1.24)

and the loss of angular momentum at rate:

dLy  32G72 MEMZ (M + M,)Y/?
TR S M 72 ) g(en), (1.25)
ag
with g(ep) defined as:
2\-2 7 2
gle) = (1— €2 <1+ e ) . (1.26)

For circular orbits e = 0, by comparing Eq. 1.24 and Eq. 1.25 we can see that the
only difference between the two is Qp, thus E = QL. Since in the Newtonian limit the
orbital energy and angular momentum are related by Eg = Q2Lg, this proportionality
is preserved as the system loses energy and angular momentum to gravity waves. This
means that circular binaries remain circular during their inspiral phase. However, for

eccentric binaries, the rate at which the eccentricity evoles is given by:

de _ 304GPM\My(My + M) e ( 121 2) (1.27)

o 14 ==
ait~ 15 Sal 1 —e2p2 ' T 304°

Since in Eq. 1.27 there is a minus in front of only positive terms, it means that

eccentric binaries, emitting GWs, tend to circularise over time.

The binary eccentricity plays a crucial role during this phase. Higher eccentricity
significantly enhances the emission of GWs, accelerating the semi-major axis decrease

and reducing the coalescence timescale #.:
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My My (M + M)~ ag \* S
e =02 F : 1.2
fe = 0.25 Gy ( 1083 M, (1 mpc) (e5) (1.28)

Moreover, the eccentricity induces multiple harmonics in the GW signal, providing a

direct observational signature of the inspiral of the binary.

In conclusion, the dynamical evolution of a MBHBs is given by a sequence of distinct
and interconnected phases. The efficiency of each phase depends on the properties
of the host galaxy, the surrounding stellar and gaseous environments, and the orbital
properties of the binary. Understanding these processes in detail is crucial not only for
detecting gravitational wave signals but also for interpreting observation counterparts
of galaxy nuclei. In the following section, we discuss the detection of massive black

hole binaries signatures.

1.2 Detection of massive black hole binaries signatures

1.2.1 Gravitational waves channel

The existence of GWs is predicted by general relativity [40] and GWs were observed
for the first time in 2015 by the Laser Interferometer Gravitational-Wave Observatory
(LIGO) and Virgo interferometers [41]. To date, numerous additional detections have
followed. Notably, in 2017, the GW signal of an inspiralling neutron star binary was
detected and, for the first time, associated with an EM transient: a short y-ray burst
recorded by Fermi-GBM only 1.7 seconds after the coalescence [42]. In the following
weeks, observations across the entire EM spectrum confirmed the multi-messenger
nature of this detection. Very recently, on 23 November 2023, the two LIGO obser-
vatories both detected GW231123, a GW signal consistent with the merger of two
black holes with masses ~ 137 My and~ 101 M), being the most massive black hole

collision ever detected.

Ground-based interferometers currently in operations, including LIGO Livingston
(USA), LIGO Hanford (USA), Virgo (Italy), and KAGRA (Japan) are based on the
Michelson interferometer configuration. In this setup, a monochromatic light beam
is split by a beam splitter into two components travelling along perpendicular arms,

each with a length of a few kilometres. At the end of each arm there is a mirror that
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FIGURE 1.2: Sensitivity curves for PTA, eLISA, and LIGO/Virgo.
Reproduced from [43]. Courtesy of A. Sesana.

reflects the beams back toward the splitter, where they are recombined. As space-
time perturbations caused by a GW passage slightly alter the arm lengths and the
light travels different distances in the two arm, producing a shift in the relative phases
of the laser beams when they recombine at the beam splitter. This shift in the phase
modifies the interference pattern of the output beam, probing a measurable signal that
indicates a possible passage of a GW. For instance, LIGO interferometers have 4 km
long arms and they measure differential displacements of AL(t) = 6Ly —0Ly = h(t)L,
where h(t) denotes the GW strain amplitude [41]. For a typical stellar-mass binary
of My ~ 10 Mg, at a distance of d ~ 1 Mpc, the expected strain amplitude is of the
order h ~ 10722,

The final inspiral phase of a binary system ends when the binary has evolved to the
Innermost Stable Circular Orbit (ISCO). The GW emission frequency at Risco =

6GMg/c? is given by:
GMg 1

3 X 7
Risco  Ms

1
Jisco = = (1.29)
Qo

which implies that more massive systems emit at lower GW frequencies. Therefore,
to detect GWs from a binary system composed by massive BHs interferometers with
longer arms are required, capable of detecting wave signals with a lower frequency

and a longer wavelength. The future space-based Laser Interferometer Space Antenna
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(LISA), scheduled for launch around 2034 by the European Space Agency, will be able
to probe GWs in the 0.1 mHz — 1 Hz frequency band [11, 44] emitted by systems with
masses in the range M ~ 10*—10% M. LISA will consist of three spacecrafts, forming
an equilateral triangle with arm lengths of 2.5 million km, which will effectively
operate as two Michelson interferometers rotated by 45°. GWs emitted by more
massive systems (Mg > 10% M) will be detected by Pulsar Timing Arrays (PTAs)
[45]. PTAs exploit the extraordinary regularity of millisecond pulsars, which act as
highly stable cosmic clocks. Pulsars are rapidly spinning neutron stars with rotation
periods as short as a few milliseconds and strong magnetic fields of order 10'2 G. The
presence of such magnetic fields collimates a beam of high-energy particles which
is emitted from the magnetic pole regions. In particular, the accelerated electrons
produce curvature radiation that through complex physical interactions yet to be
completely understood, cascades all the way to the radio wavelength, causing two
beams of radio photons to be emitted from the magnetic poles. Since those are
misaligned with the rotation axis of the pulsar, the net effect is that of a lighthouse.
If one of the radio beams intercept the line of sight to the Earth during the rotation,
we receive very regular radio pulses separated by the period of rotation period of the
pulsar. A retarded or anticipated signal from a pulsar can be associated to the passage
of a GW crossing the pulsar-Earth line. Figure 1.2 shows the sensitivity curves of
different GW detectors, including PTAs, LISA (and its earlier design eLISA), and

ground-based interferometers.

MBHB binaries are expected to populate the frequency bands accessible to LISA and
PTAs, making them primary targets for future multi-messenger astronomy. In this
context, a detection of a signal compatible with a stochastic gravitational-wave back-
ground (GWB), has been reported by the European and Indian PTA [EPTA+InPTA|
46-51], the North American Nanohertz Observatory for Gravitational Waves PTA
[NANOGrav, 52-56], Parkes PTA [PPTA, 57], Chinese PTA [CPTA 58] and MeerKAT
PTA [MPTA, 59]. While the properties of the signal are broadly consistent with ex-
pectations from a cosmic population of MBHBES, its origin cannot yet be observation-
ally established from the GW data alone. Identifying EM counterparts will therefore
be crucial to confirm the nature of the GWB and to constrain the underlying binary

population.

In the next decades, the next gravitational waves detectors, both ground and lunar
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based will significantly expand the current observational window. The planned third
generation ground-based Einstein Telescope [60] in Europe and Cosmic Explorer [61]
in the United States will have a better sensitivity compared to current detectors,
potentially allowing the observation of compact binary mergers up to redshift z ~ 100.
Looking further ahead, lunar-based interferometers such as the Laser Interferometer
Lunar Antenna [62] and the Lunar Gravitational-Wave Antenna [63] aim to make
the best use of the unique geophysical environment of the Moon (e.g., the absence
of seismic activity) to access the intermediate 0.1 — 10 Hz frequency band emitted by
binaries with mass between 10% — 108 M, providing the most definite understanding
of their link to the growth of supermassive black holes. These future telescopes
will detect previously inaccessible sources, improving the multi-messenger studies of

massive black hole binaries across cosmic history.

1.2.2 Electromagnetic channel

Electromagnetic signatures from accreting MBHBs can arise before, during, and after
the merger. In this work, I focus on the late inspiral phase, when the binary sep-
aration is of order ~ 10~%pc and the orbital period is ~ 1yr. Figure 1.3 shows a
schematic representation of the system before the merger: the binary is surrounded
by a gaseous circumbinary disc, whose inner edge is truncated by the torque exerted
by the binary, creating a cavity. Gas from the circumbinary disc accretes onto the
binary through accretion streams, which feed the two binary components, and form
a mini-disc around them. In unequal-mass systems, accretion is preferentially di-
rected toward the secondary black hole as it orbits closer to the inner edge of the

circumbinary disc [64].

Mini-discs are considered the main source of variability in MBHBs. Since each BH,
periodically, passes near the inner edge of the cavity and accretes gas through the
streams, mini-disc accretion is modulated over the orbital period of the binary. This
results in a periodic enhancement of the accretion rate, which translates into char-
acteristic luminosity fluctuations if the residence time of matter in the mini-discs is
short compared to the modulation period [65, 66]. Moreover, the feeding mechanism
can generate some shocks in the gas that are modulated on the same timescale, as
these shocks are expected to arise when the inflow of material impacts the outer edge
of the mini-discs, producing hard-X ray emission [45, 67]. Furthermore, the two mini-

discs may exchange material, generating additional shocks over different timescales,
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F1GURE 1.3: Simplified representation of a MBHB binary. The binary
is surrounded by a circumbinary disc. Each BH is periodically fed
by streams of gas which carry material from the circumbinary disc
to the cavity, forming two mini-disc around each binary component.
Reproduced from [82]. Courtesy of A. Sesana.

enhancing the local luminosity and introducing further periodic flux modulations [68].
As different numerical simulation show [36, 64, 68—74], part of the streams of gas that
enters the cavity is flown back to the disc, creating shocks at the inner edge of the
cavity wall that affect both the geometry and the emission of the disc. The disc
aspect ratio H/R increases, and an over-density region forms at the cavity edge, or-
biting with a period a few times longer than the binary orbital period, as reported
in different numerical simulations [64, 65, 68, 71-79]. This region, called ‘lump’,
represents one of the most promising electromagnetic signatures of MBHBs. It is
expected to be stronger in equal-mass systems, with decreasing amplitude for lower
mass ratios. At first, it was considered a feature of only circular binaries [74], but in
Chapter 4 we discuss how it can be a potential smoking-gun signature of equal-mass
systems. However, its persistence in realistic physical conditions is still under debate:
radiation pressure has been shown to alter the disc structure and suppress the lump

development, as shown in [80, 81] and further discussed in Chapter 5.

Binary candidates

The expected population of MBHBs can be related to the observed quasar population

through analytic models of binary formation and evolution (e.g., [83-86]). In these
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models, the fraction of quasars hosting a MBHB depends primarily on the binary
residence time at a given orbital frequency and on the characteristic quasar lifetime.

This relation can be expressed as

123
Jbin ~ nbin<tes> (1.30)
Q

where 7y, is the fraction of quasars triggered by galaxy mergers that eventually form
a MBHB within the quasar lifetime tq and tyes = f/ f is the residence time of a
binary at orbital frequency f (i.e, the time that the binary spends at a given orbital
period) [87]. For binaries whose orbital evolution is dominated by GW emission, the
residence time decreases steeply with decreasing binary separation (t.es o< a*). Thus,
sub-parsec systems result to be intrinsically rare within the total AGN population.
For instance, assuming circular binaries with total mass M ~ 10° M), orbital period
P ~ 5yr and typical quasar lifetimes tq ~ 108 yr, the expected fraction of quasars

hosting such binaries is
Nbin
Nq

~ 103 npin (1.31)

indicating that fewer than 0.1% of quasars are expected to host sub-parsec binaries
with orbital period of a few years [83]. Consequently, detecting a sample of ~ 100
MBHBs would require monitoring at least > 10°/n,;, quasars over timescales com-

parable to orbital period of the binaries [84, 87].

Identifying accreting MBHBSs requires observational signatures that distinguish them
from individual MBHs. Binaries have remained undetected because it is hard to
distinguish their behavior from the typical AGN. Indeed, as discussed in previous
sections, the binary carves a cavity in the gaseous circumbinary disc and the ac-
cretion onto the binary is expected to produce periodic variability. Additionally, the
formation of an over-density region at the edge of the cavity (the lump) can modulate
the flow of accreted material, further enhancing period emission [e.g., as reported in
64, 78, 79, 88, 89]. Moreover, if the binary is inclined close to the line of sight, the
light emitted by each mini-disc can be gravitational lensed by the companion one per
orbit. This produces lensing-induced variations in the observed flux, such as periodic
flares, providing unique signatures of a binary system. Finally, as a mini-disc moves
toward or away the observer along the line of sight, its emission appears periodically

brighter (and bluer) [90].



1.2. Detection of massive black hole binaries signatures 19

There are different but complementary methods to search for MBHBs. These include
spectroscopic signatures (e.g., velocity shifts or double-peaked emission lines), pho-
tometric variability in time-domain surveys and periodicities in jet structure at radio
or v-ray frequency bands. For example, spectroscopic methods aim to detect how a
binary system dynamically influence the surrounding gas. Spectroscopic searches for
MBHBES rely on the assumption that a fraction of binaries at sub-parsec orbital sepa-
rations reside in emission regions comparable in size to the broad line regions (BLRs)
of single AGNs. Thus, the dynamical perturbation of a BLR by the binary gravita-
tional potential can in principle be reflected in the low ionization broad emission-line
profiles [e.g., 91-93], producing distinctive features in the low-ionisation broad emis-
sion lines, such as Ha A 6563, HZ A 4861 and MglIA2798. In particular, the orbital
motion of the binary can induce the Doppler shift of broad emission lines in the spec-
trum of a MBHB host. The spectral emission lines are assumed to be associated with
the mini-disc that form around each binary component [94]. Moreover, in unequal-
mass binaries, preferential accretion onto the secondary component may make it more
luminous than the primary [25, 64, 70, 72], so that a fraction of MBHBs may appear
as single-line spectroscopic binaries. This effect led to the discovery of MBHB can-
didates based on the criterion that the sources exhibit broad optical lines offset with
respect to the rest frame of the host galaxy [e.g., 95-97]. Another potential signature
arises when each binary component hosts its own BLR, producing a double-peaked
broad emission lines. In this scenario, each peak corresponds to the Doppler shift
emission from one of the BLRs, reflecting the orbital motion of the binary along the
line of sight. Even though no MBHB sources have been definitely confirmed, several
promising systems have been identified through their quasi-periodic variability in the
observed flux. Systematic searches in time-domain surveys have revealed a number
of candidates whose LCs show periodic modulation consistent with cavity-induced
accretion, Doppler-boost effects and self-lensing flares [e.g., 98]. For instance, in the
optical band, PG 1302-102 was the first candidate discovered in systematic searches
and has been extensively followed up in the attempt to confirm its binary nature [99].
Other notable candidates include OJ 287, a blazar showing quasi-periodic outburst
every ~ 12yr likely caused by an eccentric, unequal-mass binary [100] and SDSS
J0159+0105, a candidate that exhibits two different periodicities consistent with the
2:1 ratio predicted by simulations ([101] and further simulation results are discussed

in Chapter 4).
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However, confirming true MBHBs among candidates is non trivial due to the presence
of intrinsic variability in single MBHs, often referred to as ‘red noise’. This stochastic
variability can mimic quasi-periodic signals in LCs, making it difficult to distinguish
genuine periodic emission from true MBHBs from just random fluctuations. There-
fore, it is crucial to develop data analysis techniques able to distinguish true MBHBs
emission from false positives. For instance, this kind of approach includes the use of
Gaussian Processes, as demonstrated in [102]. Moreover, multi-wavelength observa-
tions can also provide complementary constraints. Finally, combining EM data with
future GW observations from LISA and PTAs offers a promising approach to robustly
identify MBHBES, as recently explored in [103].
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Chapter 2

Physical setup

2.1 Accretion Disc

One of the properties of accretion discs is that they are often thin (i.e., H/R < 1).
The thin-disc approximation results in a specific ordering of the velocities. It can be
shown that requiring the disc to be geometrically thin corresponds to requiring the
sound speed to be smaller than the rotational velocity, i.e. thin discs are very super-
sonic. Since the accretion process occurs on a long timescale and therefore the radial
velocity vg turns out to be smaller than both the sound speed ¢y and the rotational

speed vy. We therefore have the following ordering:

VR K s K Vg (2.1)

where vy is the rotational velocity component and ¢, is the sound speed.

The dynamics of a fluid accretion disc can be understood through the fundamental
conservation laws of fluid dynamics: the continuity equation and the Navier-Stokes
equations. By assuming the thin disc approximation, the continuity equation for
rotating and axisymmetric disc integrated in the vertical direction in cylindrical polar

coordinates is given by:

o¥x 1 0

where Y is the disc surface density obtained integrating the 3D density p over the

vertical extension of the disc ¥ = [?_ pdz and vg is the radial velocity component.

Moreover, the Navier-Stokes momentum equation can be written as:
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p [88: + (v V)v)] =—(VP—-V.0)—pVo (2.3)

where P = P(R) is the pressure, p = p(R) is the density, ® is the gravitational
potential. The first term on the right hand side describes the effect of viscous forces
through the stress tensor o, whose only non-zero component is the R¢ one, where ¢

is the azimuthal angle, which determine the transport of angular momentum:

dS)
= nR— 2.4
TRe =1 dR (2:4)

where © = vy/R is the angular velocity, vy the azimuthal velocity, and 7 is the
shear viscosity coefficient. Moreover, for discs where self-gravity is relevant (i.e., the
gravitational interaction between the gas particles cannot be neglected), it is possible
to obtain the potential associated with the gas surface density X by solving the
Poisson’s equation. In case of geometrically thin-discs, the distribution of mass can

be assumed to be confined to the midplane, leading to the simplified equation:

V20, = 47%6(2) (2.5)

where @y, refers to the self-gravity gravitational potential and d(z) is the Delta-

function which specifies that the disc is confined to the midplane.
Equation 2.3 has a radial, vertical and azumuthal component.

Considering the radial component of equation Eq. 2.3, the first term on the left-
hand side which is proportional to the radial velocity vy, is negligible with respect
to the second term which describes the centrifugal acceleration vé /R. On the right-
hand side, the contribution from the viscous forces is negligible at first order and the
pressure term can be obtained using the equation of state. The sound speed can be

expressed as:

Cs—d7p

and thus the corresponding radial pressure gradient becomes:
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(2.7)

Given the velocity hierarchy reported in 2.1, also the term 2.7 is negligible compared
to the centrifugal acceleration. Therefore, at the first order, the only term in the
right hand side that can balance the centrifugal force is therefore gravity. Thus, the

radial momentum balance reduces to:

2
v od
Y 0% (2.8)
R OR
Both the central compact object and the accretion disc contribute to the total gravity

field as follows:

od GM
R~ R (2.9)
a(I)disc
= 27GXY 2.1
3R G (2.10)

where M is the mass of the central object, G is the gravitational constant, and ®gjsc
is the gravitational potential of the disc. By comparing these two equations, the disc

contribution is comparable with the central object one when Mgjsc ~ M.

We here consider the vertical component of Eq. 2.3. Since the velocity in the vertical
direction is very small, we can neglect the left-hand side of the equation. Thus, in
the thin-disc approximation, Eq. 2.3 is reduced to two terms that describe how the

gradient of vertical pressure is balanced by gravity through the ‘hydrostatic equation’:

1oP 90

P P (2.11)

For a non self-gravitating disc, where the gravitational potential is dominated by the

central object, the vertical component of gravity can be approximated by:

_ ~_ (2.12)
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where r is the spherical radius and the approximation is valid for small z. Thus, the

hydrostatic equation Eq. 2.11 can be re-written:

ﬁ@__GMz
pOdz  R3

(2.13)

If the sound speed is constant along the z component, the vertical density profile

turns out to be a Gaussian:

GM 2> 22
= - 2.14
p(z) = po exp [ 2R ] P0 €Xp l 2H§SJ (2.14)

where pg is the midplane density and Hygg is the thickness of the non-self-gravitating
disc, defined as Hynsg = ¢s/Qk, where Qg = /GM/R? is the Keplerian angular

velocity. The disc aspect ratio is then:

. (2.15)

In the self-gravitating case, where the gravity of the disc cannot be neglected and
dominates compared to the gravity of the object at the centre, the right-hand-side
of equation 2.13 has to be replaced with the force produced by a circular ring of gas
with surface density 3. Since our aim is to identify the effect of the disc self-gravity
on the vertical structure, we can neglect the contribution of the central object and,
if the slab is radially homogeneous we can write:

s 0p _

= —27GY(z) (2.16)

where X(z) = [Z, p(2)dz’. In this case, the solution of the hydrostatic balance is
more difficult to compute but it can be done analytically in the case of constant

sound speed is constant, The solution is not Gaussian, but is given by:

1

po cosh?(z/ Hyg) (2.17)

p(z) =

2
where Hg, is the thickness of the self-gravitating case, defined as Hy, = Wé—bz

Comparing the gravitational field contribution from the disc and from the central

object along the vertical direction, we can notice that the disc self-gravity in reality
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affects the disc vertical structure even when the disc mass is smaller than the central

object mass:

< 1. (2.18)

The condition above can also be re-written by comparing the two expression for the

disc thickness defined above:

Hsg _ el
H, 7GE’

(2.19)

The two expressions become comparable when the right-hand factor reaches the value

of 1, thus when Mgisc/M ~ Hypsg/R.

Finally, in the azimuthal direction, viscosity plays a key role in the angular momentum
distribution. Integrating the Navier-Stokes equations 2.3 in the vertical direction, it
becomes:

5 (g‘t’ +(v- V)v) = —(VP—V-T)—pVd (2.20)

where T' is the vertical integral of the stress tensor reported in Eq. 2.4, whose only

non-zero component is:

ds)
Try = VS R— . 2.21
Ry = VIR-H (2.21)

with dQ2/dR the ‘differential rotation’, due to the fact that disc elements at different
radii rotate with distinct angular velocities and v is the kinematic viscosity obtained

from the vertical integral of the shear viscosity 7:

1 o0
v= i/—oo ndz. (2.22)

By considering both Eq. 2.2 and Eq. 2.20, it is possible to obtain the expression for

the angular momentum conservation for a viscous disc as:

0 1 0 1 0 ds2
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where the left-hand side represents the Lagrangian derivative of angular momentum
per unit mass ¥ Rvg, while the right-hand side is the torque from viscous stresses. By
comparing this equation again with equation 2.3, it is possible to solve for the radial

velocity inflow:

1 0

_ - 30/
YR = FEEEY op (VIR (2.24)

where the symbol / indicates the total derivative of a quantity with respect to the
radius R. The radial velocity equation can be combined again with Eq. 2.3 to finally

obtain the disc evolution equation:

O _ 30 [pd
ot ROR OR

(vSR'Y?)| . (2.25)

2.1.1 Viscosity and turbulent transport

In the evolution of accretion discs, viscosity plays a central role, as it governs the
transport of angular momentum, allowing matter to inspiral while angular momentum
is transferred outward. However, in order to properly understand how this transport

occurs, it is necessary to examine the physical processes that can generate dissipation.

One possible mechanism in this respect is the standard collision between gas molecules,
arising from the random thermal motion of particles, typically characterised by the
sound speed ¢g. Comparing the timescale for viscous transport due to collisions, t,,

with the characteristic dynamical timescale tqy, = Q7L leads to:

t,  R?Q

tdyn v

(2.26)

This dimensionless ratio is commonly known as the ‘Reynolds number’ Re, which
provides a measure of the flow regime: at low Re the fluid motion is laminar while at
high Re turbulence becomes significant. The mean free path of gas molecules, A, can
be estimated as the inverse of the product of the number density n and the collisional

cross-section ggo:

1 2
A= = M ( “mp> H (2.27)

NOcoll PO coll 20coll
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where m, = 1.67 - 10~24g is the proton mass and p is the average molecular weight.

By substituting v = Acs in the Reynolds number equation Eq. 2.26 gives:

Y Yoo H\ 2
by _ [ 20 (> . (2.28)
tdyn 2umy, R

For typical disc parameters (i.e. cross section of the order of the size of a hydrogen

molecule oy ~ 10716 cm?, ¥ ~ 10° g/cm2 and H/R ~ 0.01), this ratio is very long,
comparable to the Hubble time. As a consequence, we can conclude that collisions are
not efficient enough to explain the angular momentum transport, and that the process
responsible for the actual viscosity has to be different. Indeed, the high Reynolds
number suggests that the flow in the accretion discs should be highly turbulent. In
this regime, angular momentum is transferred through the mixing of fluid elements, a
mechanism far more efficient than simple molecular collisions. The specific underlying
mechanism is usually modelled by defining a dimensionless parameter «, introduced
by Shakura & Sunyaev in 1973 [104]. The stress tensor has the physical dimension
of a pressure, therefore the simplest assumption is to take the stress tensor to be
proportional to the vertically integrated pressure Yc2, the constant of proportionality

being a:

dInQ 3
The = Y2~ —ZaXel. 2.2
RO = g RS ™ TS (2.29)

Another way of expressing this a-prescription is through the kinematic viscosity. Eq.

(2.29) is equivalent to:

v=acH. (2.30)

In this picture, the magnitude of turbulent viscosity can be estimated as v ~ 0l, with
I the typical size of a single vortex and ¢ the turbulent velocity. Since turbulence
dissipates energy through shocks, the velocity ¢ is lower than the sound speed cg,
while the maximum vortex size can not exceed the vertical disc scale H. Both these
considerations imply that o < 1. The a—prescription provides a very effective frame-
work to capture the effect of turbulence on angular momentum transport in accretion

discs, connecting macroscopic disc dynamics to the microscopic turbulent processes.
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2.1.2 Gravitational stability and self-regulation

The a—prescription is not a theory of viscosity in accretion discs, but rather a simple
framework to describe turbulent stresses. Angular momentum can also be trans-
ported by non-local mechanisms. Among the proposed sources of angular momentum
transport are magneto-rotational instabilities (MRI) [105] and gravitational instabil-
ities (GI) [106, 107]. By combining the continuity equation 2.2, the Navier-Stokes
momentum equation 2.3, the Poisson’s equation 2.5 and the equation of state 2.6 it
is possible derive the dispersion relation that describes the propagation of density

waves in the disc:

(w—mQ)? = 2k* — 2nGY|k| + &* (2.31)

where k£ and m are the radial and azimuthal wave numbers, respectively, w is the

perturbation frequency, and k is the epicyclic frequency defined as:

2 20d(OR%)
R dR

(2.32)

with £ ~ . For axisymmetric perturbations (m = 0), the sign of w determines
the stability: if w? > 0 the perturbation is stable and it propagates as a classical
wave, meanwhile if w? < 0 a exponentially growing perturbation emerges and the

perturbation is unstable. A stable disc requires w? > 0, which is satisfied when:

sk
- 1GX

Q >1. (2.33)

The dimensionless parameter @ is known as the ‘Toomre parameter’ [108]. When
Q ~ 1, the disc self-gravity becomes significant and contributes to vertical hydrostatic

equilibrium. The Toomre parameter can also be written as:

M H

=f——= 2.34

Q=firn (234
where f is a numerical factor, usually of order unity.

Although a value of Q > 1 indicates local stability, the disc is not necessarily qui-

escent: it can still develop instabilities and evolve towards a self-regulated state.
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In particular, in the absence of heating or angular momentum transport, the disc
gradually cools via radiative cooling until eventually () ~ 1. At this point, gravi-
tational instabilities arise, typically in the form of spiral structures inside the disc.
The resulting compression and shocks efficiently dissipate energy, increasing the disc
temperature and stabilising the system. If this process perseveres, the variations of
the parameter Q will be very small and Q ~ @, with Q a constant of the order of

unit.

This self-regulation mechanism can be formalised in steady-state models of self-
gravitating accretion discs. In the steady-state approximation, the continuity equa-

tion 2.2 simplifies to:

M = —27Rvg® (2.35)

where M is the mass accretion rate. The negative sign indicates that an inward
radial velocity (i.e.,the disc gas moves inward along the radial direction) corresponds
to a positive accretion rate. Conservation of angular momentum together with the
condition that the viscous torque vanishes at the inner disc radius R;,, allows to

relate M and the effective viscosity v:

M= 3ms (1 -/ Hin (2.36)
At large radii, this reduces to:
dIn
‘dlnR 2. (2.37)

In the self-gravitating regime, where H is set by the balance of pressure and self-
gravity (Eq. 2.36), it is possible to use the a-prescription to write the accretion rate

as:

dlnQ
din R

3
M:204Ci

= (2.38)
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showing that the accretion rate in a steady state self-gravitating disc only depends
on the turbulent efficiency parameter a and on the local sound speed ¢s. Under the

self-regulation condition given by:

Q=" —Q~1, (2.39)

- 1GY

the sound speed can be expressed directly as a function of the accretion rate:

S\ 1/3
%:<GM> . (2.40)

2

Moreover, self-regulating condition requires that the disc cools on a timescale to
longer than the dynamical timescale tqy, = €}, which can be expressed through the

dimensionless cooling parameter S0 [109]:

/60001 = thool >1 (241)

Similarly to the ) parameter, the ..o parameter affects the disc evolution. The vast
majority of existing numerical simulations that consider the disc self-gravity [35, 67,
75, 109, 110] make use of this simple cooling prescription to model the disc cooling.
However, as discussed in Section 3.1, throughout the contest of this thesis, we adopt

a more realistic radiative cooling in the form of black-body radiation.

Finally, if the disc is in thermal equilibrium, the viscosity parameter « is related to

the cooling time as follows [111, 112]:

1

4
B 57(’7 - 1)6(:001 ’ (242)

a

linking the turbulent transport efficiency to the thermodynamics of the disc.

Finally, turbolence in accretion disc might arise from magneto-hydrodynamical insta-
bilities, in particular from the MRI [105]. The condition for the MRI to take place,
in the regime of ideal magnetohydrodynamics (MHD) and well-ionised discs, is that
the angular velocity decreases outward, i.e., 9022/0R < 0. This condition is gener-
ally satisfied in accretion disc, provided that the gas is perfectly coupled with the

magnetic field.
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2.1.3 Emission: Spectral Energy Distribution and Light Curve

The luminosity of an accretion disc is due to the dissipation of gravitational poten-
tial energy as matter moves towards the innermost part of the disc, losing angular
momentum under the action of viscous forces. These forces exert a torque on each
annulus of the disc, so that the difference between the torque at the inner and outer
edges of each annulus determines the rate of energy dissipation. The power dissipated

per unit area depends on viscosity, surface density, and orbital dynamics as:

dlnQ
dln R

(2.43)

9 .
din Q| M
D(R) = VE(RQ’)2 = ‘ 2 ‘ 2

“ldinR| 27

In a Keplerian non-self-gravitating disc, the potential is dominated by the central
object and D(R) oc R~3, while in a self-gravitating disc D(R) o< R~2 and this results

in higher energy dissipation than in the first case.

If the disc is optically thick, each element of the disc is assumed to emit as a black
body at the disc surface with temperature equal to the effective temperature Teg.
The effective temperature is given by the radiant emittance j = QJSBTSH with ogp
the Stefan-Boltzmann constant and the factor 2 accounts for the contribution from
the two sides of the disc. In a steady disc, it is assumed that all the energy dissipated
by viscous forces, D(R), is radiated locally, so that D(R) = j. This allows us to

compute Tog as follows:

M
4mosp

amo| o\ [ scun 1(Rm>1/2 i .4
dlnR | 87ospR3 R '

with Rjy, the radius of the inner edge of the disc.

Teg(R) = (

The effective temperature scales with the radius as o« R~3/%, meaning that the disc
is characterised by a continuum of temperatures ranging from the higher values at
the innermost radii to the cool outer regions. The black body emission follows the

Plank’s Law:

92 3
B, dv(R) = 2 v : (2.45)
c exp(ikBT”(R)) -1
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where h is the Planck’s constant, kg is the Boltzmann constant and c is the light
speed. The total spectrum emitted by a disc is called multicolour black body and is a
superposition of many black body spectra, each corresponding to a different distance
from the central object and thus to a different temperature according to Eq. 2.44.
The total Spectral Energy Distribution (SED) emitted by a face-on disc is given by

integrating the Planck’s Spectrum over the disc surface as follows:

ROU
L(v)dv = 4z / ' RB,dvdR, (2.46)
Rin

with Royt is the maximum disc extension.
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FIGURE 2.1: Spectral Energy Distribution of an accretion disc for dif-

ferent black hole masses, accretion rates (i.e., luminosities) and outer

radii, as labelled in figure, computed in the rest frame of the sources.

The vertical coloured bands correspond to the Rubin Observatory (op-

tical), near-UV and soft X-ray frequency bands we will use in the con-
text of this thesis work.

In figure 6.1 I show a few examples of a standard accretion disc emitting black-body
radiation from its surface. By considering a logarithmic diagram log(vL,) —log(v),

the total SED has three different asymptotic shapes [113]:

e Low frequencies: considering Eq. 2.44, the radiation is dominated by the
outermost, coldest region and the Plank spectrum reduces to the Rayleigh-

Jeans distribution:

hv < k T(Rout) = L, o< 12 (2.47)
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o Middle frequencies: the total spectrum is given by the superposition of black

body emission from several annuli and the asymptotic relation is the following:

ET(Rout)/h < v < kT(Rin) = L, o< /3 (2.48)

This spectral slope follows from the disc temperature profile T(R) o R3/4,
More generally, the disc temperature decreases as a power low 7" < R™9, then
the intermediate spectral slope can be shown to follow Lv oc v2/9=% [114]. For
a typical Shakura & Sunyaev disc, where ¢ = 3/4, we have L, x v/3. which
represents the characteristic shape of a standard accretion disc. Deviation from
this slope may reveal alternative temperature structures, for instance in discs
governed by self-gravity or non-standard viscosity phenomena. Thus, the shape
of the observed SED at intermediate frequencies strongly depends on the physics

processes of angular momentum transport and energy dissipation.

e High frequencies: only the innermost, hottest zones contribute, the emission
is exponentially suppressed according to the Wien approximation, producing a

steep cut-off:

hv
hv >k T(Rout) — LV X exp (—]m> (249)

The specific shape of a multicolour black body spectrum is mainly determined by
three parameters: the outer radius of the disc (Rout), the accretion rate (M) which
is related to the disc luminosity (Lq4), and the black hole mass (Mpy). Variations
in any of these parameters modify the spectrum, while the asymptotic behaviours

remain unchanged.

o For fixed Ryt and assuming the BH accetes at a fixed fraction of the Eddington
limit (so that M Mgp), altering the black hole mass results in a rigid shift
of the entire spectrum along the frequency axis. This occurs because the disc
temperature depends on the black hole mass, according to the relation T'
M];é/ 4 (see Eq. 2.44), which determines the position of the blackbody spectrum.
Figure 6.1 shows three examples: the spectra for Mgy = 10° 108,100 M, are

reported in blue, orange, and green line, respectively.
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e For a fixed Ryt and Mgy, changing the accretion rate effects the temperature
according to T ox M4 x Lcll/ 4 (see Eq. 2.44). Higher accretion rates increase
the luminosity emitted by the disc. In Figure 6.1, are reported the spectra for a
black hole of mass 10% Mg, with Ly = Lgqq, Lq = 107! Lgaq, and Lq = 1072 Lgqq

using solid, dashed and dotted blue lines, respectively.

e Finally, R,y defines the maximum distance from the centre where the disc
still emits significant radiation. Since this region corresponds to the coldest
part of the disc, for fixed M and Mgy, increasing the outer radius extends
the intermediate-frequency branch of the spectrum, shifting the slope to lower
frequencies. Thus, larger outer radii produce a longer low-frequency tail and
modify the spectral slope as shown in Figure 6.1. The dashed, continue and dot-
ted orange lines represent the blackbody spectra with Roy = 10%, 103, 10% Ry
respectively, with Rg the Schwarzchild radius.

Assuming isotropic emission, the observed flux of a source located at redshift z within
a given frequency range (v1,2) is given by integrating the observed specific flux f, (1)

as follows:

v2 va Lu e
F= / fu(vo) dvg = / (VQ) (14 2) dv, (2.50)
V1 1%} 47TdL

where 1, (ve) is the luminosity emitted at the rest-frame frequency ve, and dy, is the

luminosity distance [115, 116].

With this information it is possible to express the total emitted luminosity as a
function of time, in diagrams called ‘Light Curves’ (LCs). LCs are a useful tool
in order to investigate the flux variations and modulations as well as MBH binaries
properties because their variability can be related to the eccentricity, separation of the
binary and the mass ratio between the black holes. On the other hand, MBH binaries
are not the only possible cause of periodicity; there are single-MBH disc processes that
might produce quasi-periodic emission as well. The possibility to produce detailed
predictions of the EM signatures of binary accretion will aid in the interpretation of

electromagnetic MBHB candidates.

The most challenging complication in the identification of genuine SBHBs from light-

curve analysis arises from intrinsic quasar variability. Indeed, the LCs of accretion
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discs around single BH generally show correlated red-noise variability, with power
spectra well described by a power law v~2, that flattens at low frequency. This be-
haviour is reproduced by a damped random walk [DRW; 117] model, i which flux
fluctuations are correlated over a characteristic timescale 7. It can mimic spurious
periodic signals when only a few cycles are observed [118]. Confirming periodicity
emitted by true MBHBs requires observing several orbital cycle, often 2 O(10), mak-
ing robust detections challenging with current baselines. On the other hand, systems
hosting MBHBs may exhibit more coherent periodic or quasi-periodic modulation in

the LCs, directly linked to the binary orbital period, eccentricity and mass ratio.

Non-thermal emission

In addition to the thermal multicolour black body emission produced by the accretion
disc, active galactic nuclei (AGN) are also characterised by a strong non-thermal
emission in the X-ray frequency band. This emission is expected to originate by a
hot, optically thin corona located above and below the innermost regions of the disc.
In this region, the UV /optical photons emitted by the disc are scattered at higher
energy through the inverse Compton scattering, producing a power-law spectrum that
extends into the hard X-ray frequencies (i.e., 0.2 — 10keV). The corona emission is
proportional to the total luminosity of the disc through the correction factor, Kyang,
which is defined as the ratio between the disc luminosity, Lgisc, and the luminosity
in a given spectral band, Lpang; that is, Kpand = Ldisc/Lband- In [119], the X-
ray correction factor is computed empirically, combining several AGN samples. The
bolometric correction Kx results to be:

bg(Ld/L®)> , (2.51)

Kx(Lgisc) = a {1 + ( b

where a, b, ¢ are best-fit parameters shown in Table 1 in [119]. Moreover, the hot
corona emission produces a power law spectrum with vL, o v=%7 [120] We then
compute LCs including this additional contribution. The details of how the emission

model is implemented within our framework is discussed in Section 3.3.4.
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Chapter 3

Simulations framework

Understanding the dynamical evolution of MBHBs , from the their early formation
stages all the way to coalescence, and investigating how the surrounding environ-
ments impact their electromagnetic emission is crucial for interpreting current and
future observations. To explore the evolution of a massive black hole binary across its
phases, different but complementary approaches can be employed. Methods can be
divided into analytical, semi-analytical, and numerical. Analytical methods are based
on resolving the equation of motions using exact or approximate solutions under some,
usually strict, caveats. They are useful in providing physical intuition to simplified
descriptions. However, their applicability is usually restricted to ideal cases, such
as isolated two-body systems. Semi-analytical approaches attempt to combine ana-
lytical prescriptions with phenomenological models. These methods are particularly
effective for describing physical processes such as dynamical friction or the stellar
scattering. Numerical simulations, on the other hand, represent the most general and
versatile tool, as they directly integrate the equations of motion.Unfortunately, they
are computationally expensive and, since numerical schemes involve a large num-
ber of modelling choices (e.g., integration methods, resolution limits, etc.), different
implementations (e.g. Eulerian vs Lagrangian, 2D vs 3D) may produce different out-
comes that reflect numerical limitations rather than genuine physical differences [e.g.,
121]. In Section 3.1, I outline the main approaches typically used to study bina-
ries embedded in circumbinary discs. Then, in Section 3.2 I provide an overview of
the results obtained so far in the literature using different numerical and physical
models. Finally, in Section 3.3 I present the methodology developed in this thesis
to address the current lack of full 3D hydrodynamical simulations that characterise

binary-disc interaction and the associated EM signatures at intermediate separations,
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ie., 1074 - 102 pc.

3.1 Numerical techniques

Numerical simulations of MBHBs surrounded by circumbinary discs adopt different
methods and assumptions to capture the disc-binary interaction, making the interpre-
tation of the results non-trivial. The first distinction concerns the dimensionality of
the simulation: 2D models are computationally fast and allow to perform simulations
at higher resolution and for longer timescales compared to what can be typically done
in 3D simulations within the same runtime. Even though they are more expensive,
3D simulations allow to resolve the disc structure in all the directions, providing a

more realistic representation of the dynamics of the gas.

Another crucial difference is the numerical framework used to solve the system hydro-
dynamics equations. There are two approaches to describe the gas evolution as a fluid:
the Eulerian (grid-based) approach and the Lagrangian (particle-based) approach. In
the Eulerian approach, the simulation domain is divided into a grid and the fluid
equations are solved on the grid cells. This approach is useful to look at the fluid mo-
tion focusing on fixed space locations through which the fluid flows with time, offering
high accuracy in capturing shocks [122, 123]. In the Lagrangian approach, the fluid
equations are solved for each fluid element, therefore following the motion of the fluid.
A commonly used Lagrangian technique is the Smoothed Particles Hydrodynamics
(SPH) [124, 125], in which the fluid is described as a collection of particles carrying
properties such as mass, angular momentum, velocity and energy. For each particle,
physical quantities are estimated through a weighted interpolation over its neighbours
particles, using a smoothing kernel function. The extent of this interpolation is con-
trolled by the smoothing length, which defines the characteristic scale over which the
particles are "smoothed". Each particle interacts only with its neighbours within a
distance comparable to the smoothing length. Many modern methods combine fea-
tures of both approaches (e.g., mesh-free finite-volume techniques or moving-mesh
schemes) [122, 126]. An advancement of SPH is the Mesh-less Finite Mass (MFM)
method [123], in which particles still have fixed mass but fluxes of physical quantities
are computed across effective faces between neighbours particles. The MFM method
does not allow mass exchange between particles. However, it is possible to use the

SPH technique in a way analogue to the Eulerian approach by discretising the fluid
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into particles with a given volume. In this Mesh-less Finite-Volume (MFV) approach
[123], the method computes the physical quantities across the effective particle in-
terfaces and interparticle mass fluxes are allowed. As in the grid-based finite-volume

method, the MFV provides a more accurate treatment of shocks and discontinuities.

The outcome of simulations of MBHBs embedded in circumbinary discs can be af-
fected by the treatment of the binary orbit. In virtually all the grid-based simulations,
the binary orbit is fixed over time, therefore violating the conservation of linear and
angular momentum. Although this approximation can be done whenever the disc
mass is negligible compared to the binary, it may lead to an inaccurate prediction
of the binary orbital evolution [37]. 3D particle-based codes instead evolve the bi-
nary orbit consistently together with the gas particles, conserving linear and angular

momentum.

Finally, simulations of MBHBs can lead to different results depending on which phys-
ical processes are included. Unfortunately, implementing phenomena such as disc
self-gravity, radiation pressure or MHD effects, is often non-trivial. Moreover, run-
ning a comprehensive simulation including all the relevant physics can be computa-
tionally prohibitive. The diversity in numerical methods and physical models has
resulted in a variety of outcomes, making it challenging to piece together a coherent
picture. In the following section, I provide an overview of the results obtained so far
in the literature, with the aim to summarise the current understanding of MBHBs in

circumbinary discs.

3.2 Overview of previous MBHBs simulations

3.2.1 Binary-disc interaction and orbital evolution

In recent years, MBHBs and circumbinary discs have been extensively investigated
with the aim of better understanding how the disc affects the evolution of the binary
orbit and what are the emerging distinctive electromagnetic signatures. Despite sig-
nificant progress, the diversity in numerical methods and physical models adopted
has resulted in a variety of results. The interaction between the binary and the disc
has been extensively modelled with hydrodynamics simulations in 2D [e.g., 29, 30, 32,
34, 71, 78, 88, 127-132], in 3D e.g., 25, 33, 36, 37, 69, 70, 127, 133-136], including
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the disc self-gravity [e.g., 35, 72, 75, 137], radiation pressure [80, 138-140], magnetic
fields [73, 80], and general relativity [64, 77, 89, 141].

The choice of a physical model for the disc strongly influences the outcome of the
interaction with the binary. The evolution of the binary semi-major axis depends on
the contributions to the net torque from two distinct components: the gravitational
torque exerted by the circumbinary disc on each binary component and the gas ac-
cretion torque. Early numerical simulations of circumbinary discs showed the binary
inspiral to be aided by the presence of the disc [25, 69, 142]. The findings of more
recent 2D, fixed binary orbit, simulations show that the angular momentum transfer
onto the binary an be positive, leading to the expansion of the binary [29, 30, 34, 136].
In particular, [30] found that the sign of the torque depends on the binary mass ratio:
systems with ¢ > 0.05 can experience net positive torque (i.e., the binary migrate
inward). Using a similar numerical scheme, [31] found that the fate of the binary
depends on the disc temperature, i.e. on the disc aspect ratio. They find the thresh-
old for expansion to be H/R > 0.04, while 3D SPH simulations of locally isothermal
discs find the threshold to be much higher, i.e. H/R = 0.2 [33]. These results sug-
gest that the disc aspect ratio H/R plays a critical role in the interaction between
the disc and the binary but it is not the only component. In a recent study, [36]
show, by employing 3D MFM simulations with hyper-Lagrangian resolution achieved
via adaptive particle splitting, that the binary inspiral-outspiral depends also on the
disc viscosity. Moreover, numerical simulations that study the regime where the disc
self-gravity cannot be neglected, have found that the interaction between the binary
and its gaseous disc leads the binary to shrink as a consequence of the time evolution

of the disc temperature, regardless of its initial value [35, 67, 75, 137].

The interaction between the binary and its circumbinary disc changes the binary
eccentricity as well [28]. Based on analytical arguments, [143] showed that an equi-
librium eccentricity should exist, which was later confirmed by the SPH simulations
of [72], who derived an equilibrium eccentricity 0.5 < e < 0.8 for comparable mass
binaries, linking the precise value to the disc cavity size. More recent 2D, fixed orbit,
hydrodynamic simulations found equal-mass binaries to reach an equilibrium eccen-
tricity value around ~ 0.45 [144, 145]. Using a very similar numerical scheme, [32]
finds that binaries with mass ratios ¢ > 0.2 evolve towards an equilibrium eccentricity

of e ~ 0.5.
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We can therefore conclude that the evolution of the semi-major of the binary depends
on both the disc aspect ratio and the binary mass ratio and the eccentricity tends to
reach an equilibrium at around ~ 0.5. However, the vast majority of previous works
used a locally isothermal equation of state, assuming a constant gas temperature
profile through the disc over time and therefore limiting the ability to capture shock-
induced heating and its effect on the disc and ultimately on the binary. For instance,
some of the gas that leaks inside the cavity is flung back towards the inner edge of
the cavity, producing shocks which can alter the disc aspect ratio and temperature

profile [69, 70] and may impact the evolution of the binary as well.

Moreover, additional physical processes such as magnetic fields and radiation pressure
are expected to play a crucial role in the binary-disc interaction. MHD simulations
[80, 81] have shown that magnetic stresses provide an efficient mechanism for an-
gular momentum transport inside the disc, modifying both the accretion variability
and the net torque on the binary. In this case, the disc is thicker and gas-pressure
dominated , with strong accretion streams that lead to a more efficient accretion,
reaching rates more than twice those obtained in purely hydrodynamical simulations
[80]. However, simulations that include radiation pressure have shown a thinner and
denser circumbinary disc, with weaker accretion streams and an accretion rate that
drops to ~ 0.1 — 0.2 Meqq, i.e., about a factor of 3 lower than in MHD-only runs.
The cavity turns out to be less eccentric and the over-density at the inner edge of the

cavity is less pronounced.

As the binary approaches coalescence, its evolution becomes dominated by gravi-
tational waves emission. At this stage, the interaction with the circumbianry disc
becomes negligible and the system enters the fully relativistic (GR/GRMHD) do-
main. GR/GRMHD regime can neglected when focusing on disc-binary interactions
and the associated EM counterparts. Still, just to give a more comprehensive view,
full GR and GRMHD simulations show that the gravitational field strongly modifies
the gas distribution near the black holes, reducing the size of the mini-discs, and
altering the cavity structure. At separations < 1007y, deviations from Newtonian
predictions become significant, with accretion rates lower by up 20 —30%. The cavity
of the disc is more compact and less eccentric, influencing both the gravitational and

accretion torques on the binary. [64, 77, 89, 141]
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3.2.2 Periodic modulations of EM emission

Attempts to characterise the EM signatures from MBHBs at very small separations
(i.e., tens to a hundred gravitational radii) have been made by several authors [e.g.
68, 74, 79, 141, 146-150]. It is well known established that binaries produced a
modulation in the accretion rate over their orbital period, which might produce a
corresponding periodicity in the emitted flux. Another promising EM signature, of
MBHBES is the so-called ’lump’, an over-density region orbiting at the cavity edge
of the circumbinary disc with an orbital period a few times longer than the binary
orbital period, as explained in Section 2.1.3. Early 2D hydrodynamical simulations
[e.g., 71, 78] showed that the lump can modulate the accretion rate onto the binary,
producing periodic variability in the emitted light. Subsequent 2D and 3D simulations
[64, 68, 72, 74, 75, 141, 151], also including magnetic fields [73, 76, 79] attempted to
characterise the EM signatures from MBHBs at very small separations (i.e. tens to a
hundred gravitational radii R, ), confirming the lump formation and stability influence
the EM emission. These results have been further validated by 3D general relativistic
magneto-hydrodynamics (GRMHD) simulations [65, 76, 77]. Despite the diversity in
numerical methods and physical models adopted, all these studies consistently find
that the lump originates when the particles of gas flung back to the cavity edge shock
and deposit material at the inner edge of the circumbinary disc. Moreover, the lump
is stronger in circular equal-mass binaries, with amplitude decreasing for lower mass
ratios, being a possible smoking gun signature of circularity or equal mass systems

[74].

The characterisation of the interaction binary-disc and the EM signatures at inter-
mediate scales - that is, separations ~ 107 — 1072 pc from full 3D hydrodynamical
simulations that resolve the thermal evolution of the circumbinary disc also under
the influence of radiation pressure - is currently missing and is of fundamental im-
portance for aiding the identification of the origin of the GWB signal found with
PTA experiments. Furthermore, the modelling of these signatures is of paramount
importance for the identification of MBHB candidates in time-domain surveys, which
can constitute the cosmic population of precursors of the merging binaries that will
be detected by LISA. In the following section, I present the methodology developed

in this work to address this gap.
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3.3 Methodology adopted in this work

3.3.1 Numerical setup and initial conditions

We performed 3D hyper-Lagrangian resolution hydrodynamics simulations of the evo-
lution of the circumbinary disc around an accreting MBHB. We used the 3D mesh-
less finite mass (MFM) version of the code GIZMO [123] combined with the adap-
tive particle splitting technique [see 36, for details] to increase the resolution inside
the cavity carved by the binary. The MBHBs have, in code units, a total mass of
Mp = My + Ms = 1, where M; and Ms are the masses of the primary and sec-
ondary black hole, respectively, and the initial semi-major axis, ag = 1. Each MBH is
modelled as a sink particle with an accretion radius of Rgjnx = 0.05a. As the binary
orbit is allowed to evolve with time [37], conservation of mass, linear and angular
momentum are ensured during each accretion event, in the same way as is done in
the PHANTOM code [133]. We initially modelled the circumbinary disc with N = 105
gas particles for a total mass of Mp = 0.01Mp. The mass is distributed with an
initial surface density profile of ¥ o« R~! and a radial extent between Rj, = 2a and
Rout = 10a. The disc is co-planar with the binary orbit and has an initial aspect
ratio of H/R = 0.1 in all my simulations. We generated the disc initial conditions

using the SPH code PHANTOM [152].

3.3.2 Disc physics

In our model, the thermodynamic evolution of the gas follows an adiabatic equation
of state with index v = 5/3, so that the disc is allowed to heat and cool and it
is possible to capture the effect of shocks. In the Shakura-Sunyaev accretion disc
model, the angular momentum transport within the disc is modelled with the «
viscosity parameter, which constitutes a simple parametrisation of the turbulence
within the disc. This turbulence might be driven by the magneto-rotational instability
in highly ionised discs [153]. We therefore included viscosity using the Shakura-
Sunyaev parametrisation with a kinematic viscosity of v = acsH, where ¢4 is the
gas sound speed, a = 0.1, and the disc thickness H is H = ¢,,;/Qk. Since we do
also include the disc self-gravity together with a cooling prescription, our discs may
develop gravitational instabilities that will eventually result in an additional source

of angular momentum transport [110, 154, 155]. To ensure the gravitational stability

of the disc, we set the initial Toomre parameter, Q > 1 [108].
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As discussed in Section 2.1.2 and Section 3.2, the vast majority of existing numerical
simulations that consider the disc self-gravity [e.g., 35, 67, 75, 109, 110] make use
of a simple cooling prescription that assumes gas to cool on a timescale, t.o01, that
is a multiple, Bcoo1, of the dynamical time, tgy, = Q7L that is, Beoo] = Qeool - In
this work, we have used a more realistic radiative cooling in the form of black-body
radiation. The cooling rate is given by

8 ol
cool = § PR

A (3.1)

where ogp is the Stephan-Boltzmann constant, s is the opacity, ¥ is the 3D disc
surface density, and 7; is the temperature of each element. We compute X in 3D using
the Sobolev length approximation as ¥ ~ p?/|Vp| + p * h/Npg, where p is the 3D
volumetric density, |V(p)| is the norm of the gradient, h is the smoothing length, and
Nygp, is the number of neighbours. We assume the opacity, x, to be a combination
of the Kramer opacity, fkramer = 4.0 x 102(1 + X)(0.013 + 0.001)pT} "/ (which
includes the contribution from free-free, bound-free and bound-bound transitions),
with a hydrogen mass fraction of X = 0.59, and the electron-scattering opacity kes =
0.2(1 + X)ecm?g~!. We do not model optically thin regions: we assume optical
thickness larger than 1 and neglect any effect related to a possible atmosphere around

the disc.

3.3.3 Parameters space

When scaled to physical units, all the simulations have a binary total mass of My =
105M and initial separation of @ = 4.8-107% pc ~ 1.2 - 10? R, where Ry = GMp/c?
is the gravitational radius of the binary. This implies that we can follow the gas only
down to Rgnk = 0.05a ~ 600R; ~ 100Risco. Therefore, it is important to bear
in mind that in the following analysis we are neglecting the emission in the region
between 100 Risco and Risco and the total luminosity of the system is likely going to
be underestimated, especially in the UV and X-ray bands. Choosing this particular
semi-major axis value sets the orbital period of the binaries to 1 year. Since my final
aim is to analyse the EM counterparts that Vera Rubin Observatory surveys would
detect, given its 10 years survey duration, this choice of semi-major axis implies that
we can observe the flux emitted by the source over 10 orbital periods. We modelled

binaries with an eccentricity of e = 0, 0.45, 0.9 and mass ratio of ¢ = 0.1, 0.7, 1. We
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performed a total of 9 simulations, three of which accounted for radiation pressure.
We run the binary simulations for 1300 binary orbits (with the exception of the
e = 0.45, ¢ = 0.7 case, which is evolved for 1600 Pg) to ensure that the disc reaches
a quasi-steady state, i.e. the ratio between the change in binary angular momentum
over accretion rate does not change with time. We placed the simulated binary at
different redshifts of z = [0.1, 2|, and analysed the observed flux in different frequency
bands, mainly focussing on the optical band that will be probed by the upcoming
Vera Rubin Observatory [Rubin Observatory; 156].

3.3.4 Thermal and non-thermal emission model

Thermal emission model

For each gas particle, ¢, we calculated the temperature, 7j, assuming that both gas
and radiation pressure contribute to the hydrostatic equilibrium of the disc, and thus

numerically solving the following implicit equation for 7; at each resolution element:

pkpTi _i_éUSBTf1
mpp 3 ¢

Ptot = Pgas + Prad = (32)

We divided the disc temperature domain into a 2D matrix with dimensions of 512x 512
pixels in the z-y plane, which coincides with the MBHB orbital plane. For each pixel,
we computed the midplane temperature as the average temperature of all the particles
within the z co-ordinate —0.05a < z < 0.05a, obtaining the midplane temperature
matrix, 7. For a more detailed analysis of the mini-discs, we further divided the
spatial domain from the sink radius of each MBH out to » = 3a into a 2D matrix of
512 x 512 pixels. For each pixel in this grid, we computed the midplane temperature,

T, using the same method outlined above.

In the classical thin disc approximation, the expression of Teg(R) presented in Eq.
2.44 is obtained from the balance between local viscous dissipation and blackbody
radiation and it is valid if the vertical structure of the disc is ignored. However, when
the vertical structure of the disc is taken into account, it is more appropriate to relate

the effective temperature to the midplane temperature 7. and the optical depth 7 as:

T4 _%T7C4

eff — 3 7 (33)
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with the optical depth defined as 7 = k3. Moreover, using this approach it is possible
to take into account the radiative transfer through the vertical column of the disc.
We then computed the effective temperature in the optically thick approximation

(k¥ > 1) in each element of both matrices following the latter approach.

We obtained the flux emitted by each pixel using Planck’s formula:

hv? dv

c2 exp (thiﬂ) _1

2
dL, = B, dvdA = dA, (3.4)

where h is the Planck constant, kg is the Boltzmann constant, and dA is the area
of each element. In order to analyse the different contributions to the emission from
each part of the disc, we have divided the simulated domain into five different regions:
the two mini-discs that extend from the sink radius of each component to the Roche
Lobe size, the streams region that extends from outside the Roche Lobe out to r = 3a,
an inner part of the disc, 3a < r < ba, and an outer part of the disc, 5a < r < 10a.
For each region, we computed the SED through the sum of each pixel flux obtained
with Eq. 3.4.

Non-thermal emission model

We further added the non-thermal emission that is expected to originate from the
corona using the correction to the bolometric luminosity in [119] in the hard X-ray
(i.e. 0.2 —10keV) band as explained in Section 2.1.3. However, we assume that the
corona emission is proportional to the total luminosity of the mini-discs instead of
the total luminosity of the circumbinary disc. We assume the mini-discs to behave
similarly to single MBH AGN discs, where the X-ray emission is produced by the
corona, as there is no clear description available to date of the properties of the non-
thermal corona in the accretion discs that form around the binary components. To
compute the X-ray correction factor, Kx, we follow the Eq. 2.51 using the mini-discs’

luminosity, Lyips, instead of the bolometric one L.

Since we ultimately want to obtain LCs to compare with future observations, we
placed the source at different distances from the observer and, assuming isotropic

emission, we computed the total flux in different bands following 2.50.
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TABLE 3.1: Frequency bands and 5-0 flux sensitivities of the Rubin
Observatory telescope’s optical filters.

y 7 i r g u
lower 283 3.25 3.67 434 543 75 x10'4 Hz
upper 3.16 3.67 4.34 543 7.5 8.57 %104 Hz

50 sensitivity flux 40.58 9.23 4.47 3.11 232 6.04 x10"Yerg/s/cm?

https://pstn-054.1sst.io/PSTN-054.pdf for magnitude values details.

Sensitivity limits of Vera Rubin Observatory

In order to understand whether these changes in the observed flux are detectable,
we need to simulate a realistic detection scenario, taking into account the sensitivity
limit of the employed survey and its observation time span. In particular, in all our
studies we focus on MBHB observability with the Rubin Observatory. To infer the
observability of the systems, we adopt a similar method to the one used by [82]. We
add to the simulated fluxes in the optical bands a Gaussian noise with variance given
by the 50 sensitivity of the telescope in the considered band. We then performed a
fast Fourier transform (FFT) onto a limited number of cycles (commensurate to a
survey time span of &~ 10 years) and qualitatively identified whether prominent peaks
in the spectrum appear and what their origin is. We defer a more thorough statistical
study of the detectability of these features to a follow-up study (F.Cocchiararo et al.,
in prep). The Rubin Observatory 5o sensitivities in different bands are listed in Table

3.1.

3.3.5 Implementation of radiation pressure in GIZMO

We implement the radiation pressure contribution in GIZMO using an approximate
formulation that does not require solving the full radiation hydrodynamics equations.

We first determined the initial temperature 75 ; by solving the following relation :

3¢ %Y Ty — picz; =0 (3.5)

where ¢ is the sound speed of the gas element i determined by the radial profile

H |My+ My _
Csi = E #T 0.5 . (36)


https://pstn-054.lsst.io/PSTN-054.pdf
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Using T i, we calculated the initial internal energy ug; for each gas element i as the
sum of the gas internal energy and the radiation internal energy. The values of ug ; are
included in the initial conditions file, ensuring that the contribution of the radiation
pressure is accounted for at the beginning of each simulation. We then evolve the

internal energy equation over time.

At each time-step of the simulation, the temperature T; is re-calculated from the

updated internal energy u; by solving:

osB a3 kB
1

4
cp; 2 pmy,

and the ideal gas pressure is computed as Pyas = (pikpTi)/(1#mp). In order to account
for the contribution of radiation pressure, we compute the parameter 3, defined as

the ratio of gas pressure to total pressure:

1

= 4 osp T4 °
1+3 ¢ Pgas

B (3.8)

We use this parameter to modify and update the effective adiabatic index v in the
equation of state, ensuring a self-consistent treatment of the coupled gas and radiation

pressure, using the following definition [157]:

v—1
B+12(y - 1)(1-B)

Y5 =B+ (4-38)° (3.9)
The adopted approach differs from full RMHD treatment such as the one in [80],
where the radiative transfer equation is solved with the MHD equations and radia-
tion is evolved as an independent dynamical component, with its energy and angular
momentum. Such approach captures radiative transport, anisotropic radiation fields
at a higher computational cost. In contrast, our method assumes local thermody-
namic equilibrium between gas and radiation, neglecting explicit radiative transport.
Radiation pressure contributes to the total pressure and internal energy via the adia-
batic index 73 in Eq. 3.9. This adopted approach has some limitations as it does not
treat optically thin regions. However, it is computationally efficient and captures the
main impact of radiation pressure in optically thick gas, which is the environment we

are interested in in the context of this thesis.
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Chapter 4

Electromagnetic signatures from
accreting massive black hole
binaries in time domain

photometric surveys

Based on:
F.Cocchiararo, A.Franchini, A.Lupi, A. Sesana,
"Electromagnetic signatures from accreting massive black hole binaries in time domain

photometric surveys”, 2024 A&A, 691, A250, DOI, ADS link

In this chapter, we study spectral and time variability of accreting MBHBs at milli-
parsec separations surrounded by a geometrically thin circumbinary disc. To this end,
we present the first computation of the expected SEDs and LCs from 3D numerical
simulations with hyper-Lagrangian refinement of these systems. We have taken into
account the thermodynamic evolution of the gas using a radiative cooling prescription
in the form of black-body radiation. We have also included the self-gravity of the disc,
which is usually neglected, and the Shakura-Sunyaev prescription for viscosity. We
model binaries of mass 10% M, with an eccentricity of e = 0, 0.9 and mass ratio of
q = 0.1, 1 and then compute their emitted spectra and LCs. We also added to the
spectrum the contribution from a non-thermal corona, based on the assumption that
its emission is proportional to the radiation emitted by the discs around each binary

component (e.i., mini-discs). We placed the simulated binary at different redshifts


https://doi.org/10.1051/0004-6361/202449598
https://ui.adsabs.harvard.edu/abs/2024A&A...691A.250C
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of z = 0.1, 0.4, 0.7, and analysed the observed flux in different frequency bands,
mainly focussing on the optical band that will be probed by the upcoming Rubin
Observatory [156]. As an exercise, we then assumed the source to be two orders
of magnitude brighter, but still preserving the same LC, and we investigated the
observability with the Rubin Observatory at higher redshifts of z = 1, 2, 3. Finally,
we analysed the time evolution of the disc and binary properties such as the aspect

ratio, H/R, the semi-major axis, a, and the eccentricity, e, of the binaries.

The numerical details and the initial conditions of the simulations are describe in
Sec. 3.3.1 and Sec. 3.3.3. The physical assumptions of the disc together with the
thermal and non-thermal emission calculation are presented in Sec. 3.3.2 and in Sec.
3.3.4, respectively. In the following, we show and discuss the main results we obtain,
including the time evolution of the main binary and disc properties. Finally, we draw

our conclusions and discuss possible observational implications.

4.1 Disc and binary evolution

Since our numerical simulations are 3D and the gas is allowed to change its tem-
perature with time, we can resolve gas shocks and investigate the effect they have
on the final temperature of the disc. As showed by previous simulations in the lit-
erature [36, 64, 68-74], part of the streams of gas that enter the cavity is flown
back to the disc, creating shocks at the inner edge of the cavity wall that affect
the disc aspect ratio. Figure 4.1 shows the evolution of the aspect ratio profile at
t = 0,500, 700,900, 1000, 1300 Pg for the circular cases (upper panels) and eccentric
cases (lower panels) with mass ratio ¢ = 1 (left panels) and ¢ = 0.1 (right panels).

For each radial bin with N particles, we compute the aspect ratio as:

H 1] 1 & _
=1

with z = % SN | 2 the mean of the vertical coordinates and R = % SN R; the
mean radius of the particles in each radial bin. In order to exclude gas particles too
far from the disc, we select only gas particles whose density p; is higher than the
minimum particle density at the initial time. Since the Toomre parameter @ > 1,

the disc cools down until ) ~ 1. Indeed, the aspect ratio decreases from the initial
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FIGURE 4.1: Time evolution of the disc aspect ratio, H/R, as a func-

tion of radius for circular binaries (top panel) and eccentric binaries

(bottom panel) with a mass ratio of ¢ = 1 (left column) and ¢ = 0.1

(right column). For all the simulations, we report the thickness profile

at different times with different colours. All the simulations start with
H/R =0.1.

value H/R = 0.1 to H/R ~ Mp/Mgp ~ 0.01 within the first few orbits, with Mp and
Mp the mass of the disc and the binary, respectively. In all our simulations, the disc
then re-expands in the vertical direction and the aspect ratio increases, eventually
reaching a stable profile. This is consistent with the disc temperature increase from
an initial value at the inner edge of T,g ~ 103 K to a final value of Tog ~ 10* K. Since
gas particles are continuously flung back into the cavity wall, the shocks that occur
in this region maintain the disc aspect ratio to H/R ~ 0.08, regardless of the choice
of binary mass ratio and eccentricity. The radiative cooling in the outer parts of
the disc is more efficient and the aspect ratio reaches eventually a value H/R ~ 0.04.
Equal-mass binaries have a bigger quadrupole mass moment that exerts larger torques
on the inner edge of the disc cavity, eventually producing more prominent streams
and stronger shocks. As a consequence, discs around equal-mass binaries reach a
stable configuration after ~ 1000Pg (e = 0) and ~ 900Pg (e = 0.9), while it takes
only ~ 700 Pg for discs around unequal-mass binaries, regardless of eccentricity. The
evolution of the binary semi-major axis depends on the contributions to the net torque
from two distinct components: the gravitational torque exerted by the circumbinary
disc on each binary component and the gas accretion torque [see 72, for the detailed
computation of the two contributions|. Early numerical simulations of circumbinary

discs showed the binary inspiral to be aided by the presence of the disc [25, 69, 142].
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The findings of more recent 2D, fixed binary orbit, hydrodynamic simulations show
that the angular momentum transfer onto the binary is positive and this leads the
expansion of the binary [29, 30, 34, 136]. Using a similar numerical scheme, [31]
found that the fate of the binary depends on the disc temperature, i.e. on the disc
aspect ratio. They find the threshold for expansion to be H/R > 0.04, while 3D
smoothed particle hydrodynamics (SPH) simulations of locally isothermal discs find
the threshold to be much higher, i.e. H/R = 0.2 [33]. In a recent study, [36] show,
employing 3D MFM simulations where hyper-Lagrangian resolution was achieved via
adaptive particle splitting (the same method employed here), that the binary inspiral-
outspiral depends also on the disc viscosity. Numerical simulations that study the
regime where the disc self-gravity cannot be neglected, have found that the interaction
between the binary and its gaseous disc leads the binary to shrink as a consequence
of the time evolution of the disc temperature, regardless of its initial value [35, 75,

137).

The interaction between the binary and its circumbinary disc changes the binary
eccentricity as well [28]. Based on analytical arguments, [143] shown that an equi-
librium eccentricity should exist, which was later confirmed by the SPH simulations
of [72], who derived an equilibrium eccentricity 0.5 < e < 0.8 for comparable mass
binaries, linking the precise value to the disc cavity size. More recent 2D, fixed orbit,
hydrodynamic simulations found equal-mass binaries to reach an equilibrium eccen-
tricity value around ~ 0.45 [144, 145]. Using a very similar numerical scheme, [32]
finds that binaries with mass ratios ¢ > 0.2 evolve towards an equilibrium eccentricity

of e ~ 0.5.

While these latter works [36, 144, 145] assumed the disc to be locally isothermal,
here we have allowed the disc temperature to change with time due to PdV work
heating and radiative cooling. We find the interaction between the binary and the
circumbinary disc to cause the binary to shrink, regardless of the initial conditions. In
particular, a decreases by ~ 1% over ~ 1000 orbits in all cases, except for the binary
with ¢ = 0.1 and e = 0.9. In this case, the binary initially experiences an expansion of
0.05% over the first 600 orbits, likely because of the very high eccentricity that brings
the lower mass MBH very close to the initial cavity edge. This is only a transient
phase, as the binary then carves a larger cavity compared to the circular case and

starts to shrink, transferring angular momentum to the circumbinary disc. We find
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the eccentricity value to remain relatively constant during the whole simulation for
initially eccentric binaries, while circular ones feature a mild eccentricity increase,

reaching e ~ 0.04 in the equal-mass case and e ~ 0.06 in the unequal-mass case.

4.2 Analysis of the electromagnetic counterparts

4.2.1 Spectral energy distributions

We computed the EM emission from our numerical simulations by using Planck’s
Law (see Eq. 3.4), taking into account both the gas and the radiation pressure
contribution when computing the disc temperature, as is mentioned in Sect. 3.3.3.
We divided our simulated domain into five different regions: the mini-disc region that
extends from the sink radius of each binary component out to the Roche Lobe size,
the stream region that extends from outside the Roche Lobe out to r = 3a, and the
inner (3a < r < 5a) and outer (5a < r < 10a) parts of the disc. For each region, the
total SED was obtained by integrating the flux emitted by each pixel over the whole

spatial domain.

Figure 4.2 shows the surface density maps, the effective temperature maps, and the
SED obtained for each region at t = 1298 Pp for the circular equal-mass binary. Each
panel line shows a different orbital phase of the binary. Periodically, a small fraction of
gas enters the cavity and feeds the mini-discs around each binary component through
the streams. We assume an initial disc temperature profile that decreases with radius
as R79. The inflow of gas into the cavity combined with the exchange of material
among the mini-discs generates shocks that increase the gas temperature, resulting

in an effective temperature of Tog ~ 10* K, warmer than the outer parts of disc.

As is shown by the four different orbital phases in Fig. 4.2, the mini-disc and stream
temperature variations occur within an orbital period, producing EM emission vari-
ations. The spectra obtained by analysing the emission from the mini-discs and the
streams region (blue, orange, and green lines) do indeed exhibit more variability than
the inner and outer regions of the disc (red and purple lines). The emission peak of
the mini-discs and the streams region changes frequency between the optical and UV
band (log (v/Hz) ~ 14.6 —15.2) spanning one order of magnitude in luminosity, while
the emission peak of the circumbinary disc remains between the IR and optical band

during one orbital period.



Chapter 4. Electromagnetic signatures from accreting massive black hole binaries
60

in time domain photometric surveys

FIGURE 4.2: Surface density map, effective temperature map and
SEDs for a circular equal-mass binary. From the top to the bottom
row: the binary at four different orbital phases at time ¢t = 1298 P,.
The left, middle, and right panels in each row show the surface density
map in the x — y plane, the effective temperature map in the z — y
plane and the SEDs. The tick spacing on the x and y axes in the left
and central panels is 2ag, where ag is the initial binary semi-major
axis. The surface density upper limit is set at 1.8 x 10° gcm™2. In the
SEDs, the contribution of the mini-discs around the primary and the
secondary black hole is shown by the dash-dotted blue and orange lines,
respectively, the stream region is represented by the dashed green line
while the inner and outer part of the circumbinary disc are represented
by the dash-dotted red and purple lines, respectively. The corona
contribution is shown by the dotted brown line. The solid grey line
shows the total emitted spectrum.
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FIGURE 4.3: Same as Fig. 4.2 but for the highly eccentric e = 0.9
equal-mass binary.

In the highly eccentric e = 0.9 case (see Fig. 4.2), the emission from the cavity shows
more variability than in the circular case, due to the geometry of the orbit of the
components. Indeed, the emission peak of the mini-discs and the stream component
changes between the optical and UV band (log (v/Hz) ~ 14.8 — 15.4) spanning two

orders of magnitude in luminosity (log (vL, /ergs™!) ~ 39 — 41).

We find the mini-discs to have a lower temperature in the circular unequal-mass case
(see Fig. 4.4) with respect to the circular equal-mass case shown in Fig. 4.2. Indeed,
the exchange of material between the mini-discs does not produce significant shocks
and the temperature does not increase as much as in the circular case. Therefore, the

emission peak of the mini-discs is shifted to lower frequencies, log (v/Hz) ~ 14.8—15.2,
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FIGURE 4.4: Same as Fig. 4.2 but for a binary with mass ratio ¢ = 0.1
and eccentricity e = 0 and at time ¢ = 1000 P,.
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FIGURE 4.5: Same as Fig. 4.2 but for a binary with mass ratio ¢ = 0.1
and eccentricity e = 0.9 and at time ¢t = 1298 P,.
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and spans ~ 2 orders of magnitude in flux within one orbital period.

In the eccentric unequal-mass case (see Fig. 4.5), the mini-discs are significantly
depleted as the high eccentricity of the binary causes them to strongly interact with
each other and the material is either promptly accreted or flung back to the cavity
wall. We note that in this case, the variability of the emission from the mini-discs
is not totally hidden by the emission from the streams region but does change the

spectrum at high frequencies within one orbital period.

In all of the simulations, by construction, the emission of the X-ray corona tracks
that of the mini-discs, as per Eq. (2.51); therefore, depending on the simulation, it

can vary by up to two orders of magnitude in luminosity.

4.2.2 Light Curves

We integrated the luminosity emitted in each disc region in order to produce the
LCs, showing the flux variation in the system as a function of time. We assume
the source to be at redshift z = 0.1 and investigate the effect of redshift on source
observability in the next subsection. We have calculated the bolometric flux across
the whole frequency range we used to produce the spectra (1.0 x 10® — 2.8 x 10'° Hz
or 4.13 x 10719 — 41.3 keV) and in three different regions of the EM spectrum: in the
optical, using the Rubin Observatory filters frequency bands (see Table 3.1), in the
near-UV (1.0—1.5x 10 Hz or 4.13—6.20 eV), and in the soft X-ray (7.25—48.3 x 1016
Hz or 0.3 — 2 keV). The upcoming Rubin Observatory will perform a 10-year survey
of the sky in the southern hemisphere and it will potentially be able to capture
the EM emission from the accretion disc of MBHBs. We therefore focus most of
our attention on the optical emission of our simulated systems, and we consider the
Rubin Observatory z, i, r, and g filters (see Table 3.1 for details), and the instrument

sensitivity, as is described in Sect. 3.3.4.

The results are shown in Figs. 4.6 (e = 0) and 4.7 (e = 0.9). In each panel of the
two figures, the left column shows the LCs computed in all the considered bands
together with the accretion rate, (grey line in the top panel), while the right column
shows the FFT of the accretion rate and of the fluxes computed over 300 orbits,
t = 1000—1300 Pg (t = 760—1060 Pg for the case ¢ = 0.1, e = 0), normalised to unity.
In the Rubin Observatory filters, the flux was computed including extra Gaussian

stochastic fluctuations mimicking the effect of the Rubin Observatory sensitivity, as
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is described in Sect. 3.3.4. In all cases, we see that the emission is brighter in the
optical and UV band (except in the eccentric unequal case), while it is dimmer in the

soft X-ray, consistent with our SEDs (see Figs. 4.2-4.5).

Indeed, in our model the only contribution that produces luminosity at high frequen-
cies is the corona. Another clear trend shown in all simulations is that variability
tends to increase with frequency. In fact, while the flux in the Rubin Observatory
bands changes within a factor of 2-3, the UV and X-ray fluxes can experience oscil-
lations of more than one order of magnitude, in particular in eccentric cases. This is
consistent with the physics of the emission from the disc. The optical mostly comes
from the circumbinary disc, which is relatively steady and only mildly affected by
the binary. Conversely the UV emission is dominated by the streams and mini-discs,
which are strongly impacted by the dynamics of the binary, and thus highly variable.
Finally, the X-ray corona is directly connected to the UV emission of the mini-discs,
which is the component showing the highest variability. The large amplitude vari-
ation in the UV flux that we find suggests that these systems might be identifiable
by future wide-field UV facilities, such as ULTRASAT [scheduled for launch in 2027,
158] and UVEX [scheduled for launch in 2030, 159].

The left panel in Fig. 4.6 displays a number of interesting features. It is clear that
the main modulation pattern is not related to the binary period, but occurs on longer
timescales, and this is true both for the LCs and for the accretion rate. This is
confirmed by the FFTs, which show two clear peaks at 0.2 fx and 0.4 fx (second
harmonic), where fg is the Keplerian frequency of the binary. This periodicity is
associated with the ‘lump’, an over-density region that obits at the cavity edge with
an orbital period a few times the binary orbital period, as reported in previous works
[64, 65, 68, 71-79]. It is also interesting to notice that, while the accretion rate shows
an intricate structure of harmonics [29, 37, 64], this is much less evident in the LCs,
where there is significant power only at 2 fix, which corresponds to one half of the
orbital period. The situation is strikingly different when the mass ratio of the binary
is small (right panel in Fig. 4.6). In this case, both the accretion rate and the LCs
show a clear periodicity on the binary period, which is confirmed by the FFT, where
clear peaks are visible at 1 fx and 2 fx (second harmonic). We also note that there
is no clear power at f < fx. This is because no significant lump forms in this case,

since perturbations induced by the binary are not sufficient to excite an m = 1 mode
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FIGURE 4.6: Light curves and their FFT for circular mass binaries
at z = 0.1. The left and right panels are for binaries with ¢ = 1
and ¢ = 0.1, respectively. In each panel, the first row shows the
accretion rate (grey line) and the flux (orange line) integrated over
the whole frequency range we consider (10% — 2.8 x 1019 Hz). The left
column shows the flux evolution in time while the right column shows
the FFT of the accretion rate and flux over 300 orbits in the time
window ¢ = 1000 — 1300 Pg (left panel) or ¢t = 760 — 1060 Pg (right
panel), normalised to unity, in function of f/fx with fx the Keplerian
frequency of the binary. The second, third, and fourth rows show the
flux and FFT in the optical z band, UV band, and soft X-ray band,
respectively. The optical flux was computed taking into account an
extra Gaussian noise component, as is described in Sect. 3.3.4.

at the inner edge of the circumbinary disc cavity. This is in line with results of 2D

simulations in the literature [see e.g. 64].

Results for the eccentric binary simulations are shown in Fig. 4.7. The equal-mass
case (left panel) shows an interesting periodicity structure. The fluxes emitted in the
optical bands all exhibit a clear modulation of a factor ~ 2, combining periodicities
related to both the binary and the lump dynamics. In the FFT, we can clearly see
the lump periodicity at f = 0.15fk: this is lower than the circular binary case, as
the cavity is larger and the period associated with its inner edge is o« R3/2. Contrary
to the circular equal-mass case, clear peaks are visible also at 1 fx and 2 fx (second
harmonic), driven by the binary orbital period. In the eccentric unequal-mass case
instead (right panel), the lump periodicity is absent and the peak at f ~ 2fk is
less prominent than what was found in the circular unequal binary case. We have

also explored the effect of placing the binary at different redshifts. For simplicity, we
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FIGURE 4.7: Same as Fig. 4.6 but for eccentric e = 0 binaries. Here,
the Fourier transform of the accretion rate and fluxes is computed over
400 orbits in the time window ¢t = 900 — 1300 Pg.

discuss the main results without including plots. Besides the obvious difference in
flux, making closer binaries easier to detect, there is also some minor change difference
in the displayed periodicities due to the redshifting of the spectra at z < 0.6. At
redshifts of z > 0.6, fluxes are very noisy and periodicity peaks are not always
distinguishable in all the optical bands. However, all the main features described

here for binaries at z = 0.1 remain valid.

4.2.3 Periodicity identification in the Vera Rubin Observatory sur-

vey

We have so far computed the FFT over a large number of orbits in order to distin-
guish the different periodicities associated with binaries with different mass ratio and
eccentricity. However, Rubin Observatory might only have a handful of binary orbits
at its disposal in its 10-year observational campaign. This is because binaries with
periods shorter than a few years are expected to be primarily driven by GW emission,
meaning that wide binaries (with long periods) live longer and are more likely to be
present in the data [see 82]. In fact, the binary period of 1 year considered here was
chosen to be representative of the typical system that might be detected with Rubin

Observatory.

Since we output ten snapshots per binary orbit, the cadence of our simulated light
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FIGURE 4.8: Fast Fourier transform of LCs from simulations. The
top panels are for simulations of circular binaries, while the bottom
panels are for simulations of eccentric e = 0.9 binaries. The left and
right columns are for binaries with ¢ = 1 and ¢ = 0.1, respectively.
The first row of each case shows the FFT of the Optical G band flux
(blue line) and the FFT of the accretion rate (brown line) computed
over 5-orbit windows within a total of 300/400 orbital periods at red-
shift z = 0.1, 0.4, 0.7. The second and the third rows show the FFT
computed over 10- and 50-orbit windows, respectively.

curves is roughly 36 days. This sampling rate is sparser compared to what future
Rubin Observatory surveys are expected to achieve. In fact, the Rubin Observatory
Deep Drilling Fields will be covered with daily cadence, whereas in the most optimal
scenario, the main Wide Fast Deep survey will get back on the same target at a
roughly weekly cadence. Therefore, our simulated data miss high frequency informa-
tion that, if present, might be detected in real observations. However, we stress here
that our light curve sampling rate is good enough to cover periodicities occurring
at the binary and at the inner disc cavity orbital frequencies, which are the most
prominent signatures proposed in the literature. To get a qualitative idea of whether
the periodicities found in the previous section can be identified in Rubin Observa-
tory data, we have computed the FFT over 5, 10 and 50 binary orbits along a total
of 300 orbits for the circular binary cases and 400 orbits for the eccentric binaries,
essentially shifting the FFT window within these few hundred orbits. We have then
computed the average FFT and its standard deviation (STD) at different redshift,
z=10.1,04, 0.7.

In Fig. 4.8 we show the results for each of the four binaries we considered. In
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each plot, the first row shows the mean FFT both of the flux in the optical g band
(blue line) and of the accretion rate (brown line) using a 5-orbit window at redshift
z =0.1, 0.4, 0.7 from the left to the right. The second and the third rows show the
results obtained with 10- and 50-orbit windows, respectively. We note that, given
a Rubin Observatory survey of 10 years, 5, 10, and 50 orbits correspond to binaries

with a period of two years, one year, and 2.4 months, respectively.

The main result of this exercise is that periodicities are more easily observed in
unequal-mass binaries than in equal-mass ones. In fact, starting from the top left
panel of Fig. 4.8, we see that periodic features in circular equal-mass binaries will be
extremely hard to pick. With only 5 orbits, the lump periodicity falls in the lowest
frequency bin of the Fourier decomposition and cannot be securely identified. Other
periodicities are much weaker and do not show significant power in the FFT over 5
orbits. Things improve with increasing numbers of orbits and the lump periodicity
clearly emerges when considering 50 orbits. Conversely, the circular unequal-mass
case (top right panel) shows that the peaks at f = fx and f = 2fx are already
prominent after only 5 orbits, which is very promising, and the situation naturally

improves if more orbits are sampled.

A similar situation is observed for eccentric binaries, with periodicities that are more
prominent in the unequal-mass case. There are noticeable differences though. In the
equal-mass case (lower left panel), periodicities at f = fk and f = 2 fk start to emerge
already after 5 orbits. However, the variance is large, meaning that these features
are not prominent and might be hard to detect. The situation naturally improves
with the number of orbits, but a large variance remains, even after 50 orbits. It is
also interesting to note that the lump frequency, clearly present in the circular case,
does not seem to emerge here. In the eccentric unequal-mass case (lower right panel),
the orbital periodicity is clearly identified already after 5 orbits, although the second

harmonic is much less prominent than in the circular case.

In all cases, the variance tends to increase with redshift. This is a natural effect due
to the inclusion of the Rubin Observatory sensitivity limit in the computation. In
particular, the Rubin Observatory telescope could encounter substantial difficulties
in detecting flux periodicities emanating from binaries with mass Mg ~ 106M, at
redshift z > 0.5. This is clearly illustrated by the z = 0.7 panels of Fig. 4.8, where

the peaks generally observable at z = 0.1, 0.4 tend to be swamped in the variance.
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This does not necessarily mean that Rubin Observatory cannot identify LISA MBHB
precursors beyond z & 0.5. In fact, the bolometric luminosity of the systems simulated
here is Ly =~ 10*2 erg s7! ~ 0.01Lggqq. The largely sub-Eddington luminosity is
mainly due to the relatively low temperature of the gas, reaching only 7' ~ 3 x 10%K,
which is a factor of a few cooler than the temperature of a standard thin disc around
a 109 M MBH [160]. This is also expected, due to the fact that Rgn = 0.05a ~
100R1sco, as mentioned in Sec. 3.3.1 and in Sec. 3.3.3, and the overall luminosity of
the system might indeed be higher. We therefore explore here also the detectability
of a putative brighter binary by simply multiplying the emission by a factor of 100
— that is, L = 100 X Ly — thus preserving all the variability properties found in
our simulations. Although this is not self-consistent with our simulation, we consider
it a useful exercise to assess Rubin Observatory performances against light curves
that could be representative of an M = 10°M, MBHBs emitting at the Eddington
luminosity, or potentially of a more massive system of M = 10®Mg, but emitting at
~ 0.01Lgqq. We repeated the process described above: we analyse the FFT of the
flux over 5, 10 and 50 binary orbits along a total of 300 orbits for the circular binary
cases and 400 orbits for the eccentric binaries and we compute the average FFT and
its STD for different redshifts z = 1, 2, 3. Results are shown in Fig. 4.9. Most of
the features discussed for the case L = Ly are still observed, but now peaks in
the FFT can be easily identified up to z = 2, around cosmic noon. A full statistical
assessment of Rubin Observatory capabilities of correctly identifying these peaks will

be the subject of future work (F.Cocchiararo et al., in prep).

4.3 Summary of the main results

In this Chapter,

we find that, after an initial phase in which the black-body cooling dominates the gas
thermodynamic evolution, the disc thickens again, reaching H/R ~ 0.08 in the inner
parts and maintaining a lower H/R ~ 0.04 (corresponding to a lower temperature)
in the outer part of the disc, regardless of the initial choice of binary mass ratio
and eccentricity. The final equilibrium state is, in fact, mostly driven by the initial
disc mass and radial extension, which are the same in all simulations. Therefore,
self-regulation [155] drives all discs to reach a similar aspect ratio at the end of the

transient phase. We find the interaction between the binary and the circumbinary disc
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FIGURE 4.9: Same as Fig. 4.8 but assuming that the emitted lu-
minosity is 100 times higher than the luminosity we obtained from
simulations.

to cause the binary to shrink, regardless of the initial conditions. Since in our model
the temperature changes with time, this result further supports previous findings in
the literature [35, 67]. We find that circular orbits tend towards higher eccentricity
values, in agreement with previous works [e.g. 32, 145], whereas very eccentric binaries
experience a negligible eccentricity evolution within the timeframe of our simulations.
We notice, however, that we followed the evolution of the relaxed disc only for about
400 orbits, corresponding to 400 years. It might be that the eccentricity evolution
for very eccentric binaries occurs on a longer timescale than the one simulated here.
Indeed, here we simulated the binary evolution over ~ 1300 yr, while in both the cited

works the timescale is longer.

We computed the SEDs from the circumbinary discs in our simulations assuming
black-body emission. We find that the luminosity emitted by the innermost region
of the disc — the mini-discs and the streams — exhibits more variability than the
outer parts of the disc. In the circular equal-mass case, the emission peak of the
mini-discs and the streams region changes frequency between the optical and UV
band (log (v/Hz) ~ 14.8 — 15.4), spanning one order of magnitude in luminosity.
In the unequal-mass case, the mini-discs have a lower temperature due to the ab-
sence of shocks produced by the exchange of material among the binary components.

Thus, the emission peak of the mini-discs is shifted to slightly lower frequencies —
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log (v/Hz) ~ 14.8 — 15.2 — and spans up to ~ 2 orders of magnitude in luminosity.
In both the eccentric binary cases, we find that the emission from the mini-discs is
completely (in the equal-mass case) or partially (in the unequal-mass case) covered
by the streams emission. The X-ray photons are provided by the corona, which we
assume to have an emission proportional to that of the mini-discs. Therefore, the
luminosity in the X-ray band displays the highest variability, which can reach up to

two orders of magnitude for unequal-mass binaries.

We computed the LCs in different frequency bands, mainly focussing on the optical
window that will be probed by Rubin Observatory. We calculated the (thermal) flux
emitted over the whole EM spectrum that we used to produce the SEDs, in the optical
frequency band using the Rubin Observatory filters, in the near-UV band, and in the
soft X-ray band.

In almost all cases, the flux is notably higher in the UV band, while in the soft X-ray
is dimmer, consistent with the shape of the SEDs. As the frequency increases, the
flux variability grows, in particular in the UV and soft X-ray bands. Here, the flux
oscillates by more than an order of magnitude, while in the Rubin Observatory optical
bands fluxes vary within a factor of two, in line with the physics of emission from the

disc.

In the circular equal-mass case, both the flux and the accretion rate FFTs reveal
clear peaks at 0.2 fx and 0.4 fx associated with the lump periodicity. Moreover, in
the LCs, a peak at 2 fk is also present, which corresponds to a periodicity of one half
the binary orbital period. In the eccentric equal-mass case, the lump periodicity is
significant only in the optical and UV fluxes, while its amplitude is negligible in the
soft X-ray band. This is probably due to the larger cavity carved by the binary, which
causes the lump region to emit in the optical/UV band rather than in the soft X-ray
band. We indeed found the lump modulation peak to be shifted to fx ~ 0.15. This is
consistent with the fact that the cavity is larger than in the circular equal-mass case
since the period associated with its inner edge is o« R~3/2. We note that we found
evidence of lump periodicity only in equal-mass binaries. This is consistent with
previous works that show the lump modulation amplitude to decrease with binary
mass ratio [78]. Therefore, a lack of sub-orbital modulation in the presence of a
clear orbital modulation might indicate a small binary mass ratio. We also found a

prominent flux and accretion rate modulation over the orbital period of the binary
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and half of it in all the simulations, with the exception of the circular equal-mass
case, which shows a a weak periodicity only at 2 fx. By exploring different redshifts,
there are some minor change in periodicities at a redshift of z < 0.6, while at higher

redshifts fluxes are very noisy and the periodicities are not always well distinguished.

All the aforementioned considerations are valid when the FFT is computed over a
large number of binary orbits (i.e. 300 — 400 Pg). However, the Rubin Observatory
survey is planned for 10 years and most compact MBHBs are expected to have periods
of ~syears. Therefore, we have computed the FFT of the flux and of the accretion
rate over 5, 10, and 50 binary obits at different redshifts to make a more realistic
assessment of the prominence of these periodicities in the Rubin Observatory data.
In the circular equal-mass case, detecting periodicities is challenging, in particular
with only five orbits. We found that, as the number of orbits used to compute the
FFT increases, the periodicities become more distinct and the associated variance
decreases, as was expected. Still, the identification of equal-mass, circular binaries
appears to be the most challenging. Conversely, binaries with ¢ = 0.1 show promising
results, with distinguishable peaks at 1 fx and 2 fk even after five orbits. Similar
trends are observed in eccentric cases. The lump periodicity is totally absent in all
cases except for the circular equal-mass case, which shows a hint of lump periodicity
when computing the FFT over 50 orbits. Thus, the chances of detecting it during
a 10-year survey by assuming unequal MBHB with an orbital period of 1 year are

negligible.

Due to the intrinsic faintness of our system, Ly, =~ 10*? erg s=!, the detectability
of periodicities with Rubin Observatory are limited to systems at z < 0.5. As an
exercise, we increased the luminosity of all our systems by a factor of 100, mimicking
a MBHB of M = 10°Mg, emitting at the Eddington limit. We found that in this
case, periodicities can be identified by Rubin Observatory up to z = 2, opening the
possibility of finding these systems in a large fraction of the co-moving volume of the

Universe.

Our results show that periodic variability arising from unequal-mass binaries is gen-
erally easier to detect in Rubin Observatory observations than in equal-mass systems.
Moreover, binaries with different physical configurations (e.g., as mass ratio and ec-
centricities) produce distinct light curve modulations. This suggests that time-domain

EM observations could be used to infer key binary properties. Such EM signatures
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are highly relevant in the context of future multi-messenger studies. Observations
from Rubin Observatory can provide valuable input for upcoming low-frequencies
GWs missions such as LISA and PTAs. In particular, Rubin Observatory may help
identify potential LISA progenitors and provide priors on their mass ratios, eccen-
tricities and environments. The combination of EM and GW information will offer a

powerful tool to test theoretical models of MBHBs formation and evolution.

In this chapter, we present advanced 3D simulations that improve the description
of accreting MBHBs embedded in gaseous discs, which is fundamental in order to
make more realistic predictions of the emission signatures of these sources. We note
here that we included the effect that radiation pressure has in determining the gas
temperature only a posteriori. In the following chapters, we discuss how the radiation
pressure implementation in simulations affects both the disc and binary evolution

(Chapter 5) and EM signatures of these systems (Chapter 6).
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Chapter 5

The role of radiation pressure in
accreting massive black hole

binaries

Based on:
F.Cocchiararo, A.Franchini, A.Lupi, A. Sesana,
"Radiation pressure role in accreting massive black hole binaries”, 2025, submitted to

A&A, DOI, ADS link

A critical aspect that has often been neglected in previous studies is the role of
radiation pressure in the hydrodynamics evolution of the circumbinary disc. Previous
works have already performed radiation-MHD simulations [138, 139], in both their
Newtonian [161, 162] and GR versions [163], around a single BH as well as in the study
of tidal disruption events [164, 165]. At sub-parsec scales discs are likely dominated
by radiation pressure; therefore, including this additional term in the hydrodynamics
equations is very important in order to advance the theoretical modelling of the
MBHB-disc interaction. Radiation pressure plays an important role in the hotter
inner regions of the disc, where it significantly affects the gas dynamics, potentially
modifying its geometry - including its aspect ratio, cavity shape and eccentricity -
and therefore altering the inflow of gas towards the binary. Correctly modelling the
inflow of gas inside the cavity is fundamental as this affects the gravitational and
accretion torques on the binary, the accretion rate and therefore the evolution of the

binary orbital parameters, i.e. semi-major axis and eccentricity.


10.48550/arXiv.2508.18349
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In this chapter, we evaluate the impact of radiation pressure on the evolution of cir-
cumbinary discs around MBHBs for different values of the binary initial mass ratio
and eccentricity. Building on our previous simulations presented in Chapter 4, we
implement the contribution of the radiation pressure in our 3D numerical simulations
with hyper-Lagrangian refinement and consider milli-parsec scale binaries. The sim-
ulations also account for the thermodynamics evolution of the gas using a radiative
cooling prescription in the form of black-body radiation. We have also included the

self-gravity of the disc and the Shakura-Sunyaev prescription for viscosity.

We explore the time evolution of the binary and disc properties for three values of
the binary eccentricity e = 0,0.45,0.9 and mass ratio ¢ = 0.7,1. We compare the
evolution of the disc and binary orbital parameters with the simulations that included

only gas pressure in order to isolate the effect of radiation pressure.

We describe the numerical details of the simulations, how we implemented the ra-
diation contribution to the total pressure, the physical parameters we use, and the
circumbinary disc assumptions in Sections 3.3. We here show and discuss the main
results we obtain, including the time evolution of the main binary and disc properties.

Finally, we report our conclusions.

5.1 Disc evolution

For a more comprehensive physical understanding of circumbinary discs evolution,
it is essential to account for radiation pressure, which, while is often included in
GRMHD simulations [80, 138-140], is usually neglected in studies of binaries at large
separations. Its effect is particularly important in the hot inner regions of the disc,
where it can significantly alter the gas dynamics, the disc geometry, and ultimately
influence the inflow of material toward the binary. Figure 5.1 shows the surface density
maps in the  — y plane for the simulations with e = 0 and ¢ = 1 (upper panel), e =
0.45 and ¢ = 0.7 (middle panel), and e = 0.9 and ¢ = 1 (bottom panel) respectively,
at t = 1, 900, 1300 Py for the un-equal mass binary, and ¢ = 1, 900, 1600 Py for the
equal mass binaries. In order to highlight the radiation pressure effect, we show, in
each of the three panels, the same simulation which includes only the gas pressure

contribution in the upper row.

The first noticeable effect of radiation pressure is to inhibit the cavity eccentricity
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FIGURE 5.1: Surface density map in code units (1 code unit = 200
AU) in the 2 —y plane for the simulations with e=0 q=1 (upper panel),
e=0.45 q=0.7 (middle panel), and e=0.9 q=1 (bottom panel), at three
different moments: ¢ = 1, 900, 1300 Pg for the equal mass cases and
t =1, 900, 1600 Pg for the unequal mass case. In each panel, the first
and the second row show results for Pyoy = Pyas and Piot = Pgas + Prad,
respectively. In both the eccentric simulations, the initial cavity radius
is 3ag, while in the circular binary case it is 2ag. When the radiation
pressure is included, the binary begins accreting at the very early
stages of its evolution, otherwise the disc experiences a transient phase
lasting approximately 900 Py, 700 Pg and 600 Pg for the case e=0 q=1,
e=0.45 q=0.7 and e=0.9 q=1, respectively. The spatial resolution at
the edge of the cavity (r = 3a) is Az = 0.025a.

growth, particularly in the circular equal mass binary case. The simulation with
the circular equal mass binary and the implementation of radiation pressure shows a
region of enhanced density in the inner part of the disc that extends up to R ~ ba.
This feature persists also after ¢ = 1300 Pg. In the eccentric binary cases, the presence
of radiation pressure results in a denser over-density at the cavity inner edge. This
feature, called "lump", has been previously found in the literature in circumbinary
discs around close-to-equal-mass binaries and it is the result of the combination of
the flung-back streams impacting on the cavity edge and of the disc eccentricity [64,
73, 89, 141]. In the radiation pressure case, the dense region that forms in the equal

mass circular binary case possibly hinders the formation of the lump.
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With our 3D simulations that include time dependent thermodynamics, we are able to
resolve shocks arising from gas streams that are flung back into the cavity inner edge.
These shocks do indeed affect the inner disc thickness and temperature. The radiation
pressure contribution can also play a role in this process, potentially influencing the

disc structure.

Figure 5.2 shows the time evolution of the surface density, disc aspect ratio H/R, the
midplane temperature, and the effective temperature Tog as a function of the radius
R for all our simulations, at four different times. We compute the aspect ratio of the
disc following Eq. 4.1. In all our simulations, for each gas particle i, we obtained the

temperature T; numerically solving the total pressure equation Eq. 3.2.

We divide the disc temperature domain into a 2D matrix in the x-y plane, corre-
sponding to the binary orbital plane. For each pixel, the midplane temperature is
calculated by averaging the temperatures of all the particles within the vertical range
—0.05a < z < 0.05a, obtaining the midplane temperature matrix 7. Finally, we
calculate the effective temperature in the optically thick approximation (k3 > 1) as

reported in Eq. 3.3.

Since the Toomre parameter is ) > 1, the disc tends to cool down in order to reach a
self-regulated state with @Q ~ 1. Regardless of the inclusion of the radiation pressure
contribution, during the first ~ 400 Pg, the cooling leads to a decrease in the disc
aspect ratio to H/R ~ Mp/Mp ~ 0.01. When radiation pressure is neglected, the
disc still experiences this cooling phase but the aspect ratio increases again after 900
orbits, settling at a much higher value, around 0.07. This evolution of the disc aspect
ratio is driven by the change in midplane temperature of the disc. As we can see
from the third raw of Figure 5.2, the midplane temperature initially decreases and
then increases again, causing the vertical expansion of the disc. On the contrary,
if radiation pressure is included, the midplane temperature decreases and does not
increase again. The disc aspect ratio therefore remains at around H/R ~ 0.02,
except for the very inner parts of the disc that are influenced by the effect of the
stream shocks. Since the disc is initially completely radiation pressure dominated,
the cooling dominates over heating, causing the disc vertical collapse. This behaviour
is consistent with what was found in [138], in [139] and in [80]. During this cooling
phase, the surface density increases in both the radiation pressure and gas pressure

only runs and regardless of the binary mass ratio and eccentricity. In the simulations
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FIGURE 5.2: Time evolution of the surface density (first row), disc as-
pect ratio H/R (second row), the midplane temperature (third row),
and the effective temperature (last row) as a function of radius for
the binary case e = 0 ¢ = 1 (first column), e = 0.45 ¢ = 0.7 (central
column), and e = 0.9 ¢ = 1 (last column), at different times dis-
tinguished by different colours. The solid and dashed lines refers to
the simulation without and with the implementation of the radiation
pressure, respectively. The initial condition of the disc is the the same
across all the cases, except the initial cavity radius that is 3ag in both
the eccentric simulations, while it is 2ag in the circular binary cases.
We calculate the midplane temperature and the effective temperature
assuming that both the gas and the radiation pressure contribute to
the hydrostatic equilibrium of the disc in all the cases. The radiation
pressure contribution leads the disc to maintain a lower aspect ratio
and temperature.
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that include the radiation pressure effect, the surface density reaches a stable profile
on a shorter timescale. This possibly implies that the additional vertical support
provided by the radiation pressure rapidly regulates both the thermal balance and
geometrical structure of the disc. The effective temperature decreases from initial
values between Tog ~ 6 x 10% — 10* K to Tog ~ 1.5 — 7 x 103 K, the hottest region
lying, as expected, within R < 2.5 — 3 ag. The final effective temperature of the disc
inner edge in the simulations with radiation pressure is ~ 2 — 3 x 103K, a factor at
most 3 lower than the simulations that neglect the radiation pressure contribution.
Consistently with the evolution of the disc aspect ratio, the effective temperature

remains lower in the simulations that include the effect of radiation pressure.

5.2 Binary evolution

In the previous section we have shown that the radiation pressure has a non-negligible
effect on the thermal properties of the disc inner edge, which ultimately regulates
how much material is able to enter the cavity and accrete onto the binary. The
radiation pressure contribution to the hydrostatic equilibrium of the disc does also
affect the migration of material from the outer to the inner regions of the circumbinary
disc. This could result in a different contribution of the accretion torque L,.. to the
total angular momentum equation, potentially changing the binary fate. Indeed,

conservation of angular momentum in our simulations implies that

dL dLacc

- = rav ) 1
dt grav + (5.1)

where L is the total binary angular momentum and T,y is the gravitational torque
(i.e., dLgray/dt). The contribution from the accretion of gas particles onto the two
binary components - L, - and the contribution of the gravitational torque exerted
by the disc elements onto each individual MBH - Tgpay -, determine whether the
binary orbit shrinks or expands as a result of the interaction with the circumbinary

disc [137].

We compute the gravitational torque exerted by N gas particles on each binary com-

ponent as



5.2. Binary evolution 81

GMkmi(ri — I'k)

v — 1|3

2 N
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where m; and rj are the the mass and the position of the gas particle ¢, M} and ry
are the mass and the position of the sink particle k. Both the gas particles and MBHs
position vectors are computed with respect to the centre of mass of the system. The

accretion torque can be computed as

mi M,
dLgce = 15 X mivi — m[(ri - rk) X (Vi - Vk)]> (53)

where rj, vij, and m; are the position, velocity and mass of the accreted particle ¢,
while ry, vy, and My, are the position, velocity and mass of the sink k. We calculate
the cumulative variation of the binary angular momentum over the entire duration

of the simulations as

AL =) (Tgravdt + dLacc), (5.4)
dt

where dt is the time step between two consecutive snapshots.

Figure 5.3 shows the cumulative change in angular momentum in our six simulations.
We note that we can self-consistently prove that we conserve the angular momentum
as we evolve a live binary and are therefore able to track its orbital parameters
evolution. Indeed, since our binaries are live, we can compute the evolution of the
their semi-major axis a and eccentricity e directly from the simulation, using the
BHs orbital energy and angular momentum at each time-step. We compute the
(instantaneous) evolution of the semi-major axis and eccentricity from the binary
energy and angular momentum. In particular, we measure the binary energy directly

from the simulations, using

GM(t)p(t)

— 2DV —
B(t) = gu(t)lv? ~ e

5 (5.5)

where p is the binary reduced mass, and we then compute its eccentricity
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FIGURE 5.3: Angular momentum conservation for all our 6 simu-
lations: three with gas-pressure-only and three with the addition of
radiation pressure. The first column shows the circular equal mass
binary simulations, the middle column shows binaries with e = 0.45
and ¢ = 0.7 and the right column shows equal mass highly eccentric
binaries with e = 0.9. The brown and yellow lines show the gravita-
tional and accretion torque contributions and their sum is shown with
the dotted red line for the gas-pressure-only simulations. The green
line represents the binary angular momentum as measured directly
from the simulation. For simulations that include radiation pressure
the same quantities are plotted in dashed cyan (gravitational torque),
dashed purple (accretion torque), dotted blue (sum of gravitational
and accretion contribution), and orange (binary angular momentum
calculated directly from the live evolution)
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Regardless of the binary properties or the implementation of radiation pressure, the
total angular momentum is conserved, with only minor fluctuations in the e = 0.9
q = 1 binary case. In all the simulations, the negative gravitational torque dominates
and the total angular momentum variation is AL < 0, which means that the binary
undergoes orbital contraction. In particular, in the circular cases, the accretion torque
contribution to the total angular momentum evolution is nearly negligible. Indeed,
even if AL, > 0, this positive contribution is not sufficient to counterbalance the
stronger negative gravitational torque, resulting in net angular momentum loss. We
find a similar evolution in the medium eccentric case e = 0.45. In the more eccentric
case e = 0.9, even if in the gas-pressure-only simulation the accretion contribution is
higher than in the other cases, the negative gravitational torque still dominates and
the binary loses angular momentum. The inclusion of radiation pressure does not
change the binary fate: the net negative torques lead the binary to inspiral. These
results are in agreement with those in [129], where the negative gravitational torque
contribution dominates the positive accretion torque whenever the circumbinary disc

aspect ratio is small enough.

Figure 5.4 shows the time evolution of the semi-major axis, eccentricity and accretion
rate over time for all our simulations. We observe that, in all the cases, the binary
either undergoes orbital contraction or stalls. In the circular case, the presence of
radiation pressure slows down the binary inspiral. This is consistent with the fact
that the accretion torque component AL, is slightly stronger in the simulations
with radiation pressure. In the moderate eccentric case e = (.45, after a transient
phase of ~ 300 orbits, the semi-major axis is still approximately equal to 1. In the
highly eccentric case e = 0.9, we find orbital contraction regardless of the presence
of radiation pressure. However, in the radiation pressure case, the binary shrinks
between 900 — 950 orbital periods and then stabilises, maintaining a nearly constant
semi-major axis around ~ 0.997. Without the radiation pressure, the semi-major axis

decreases and still reaches value ~ 0.997, but with some oscillations.

In the initially circular binary, the eccentricity e experiences a slight increase, reaching
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FIGURE 5.4: Time evolution of the semi-major axis (top panel), ec-
centricity (centre panel) and accretion rate (bottom panel) over the
last 400 orbital periods for the binary case e=0 q=1 (first column)
and e=0.9 q=1 (last column), and over the last 700 orbital periods
for the binary case e=0.45 q=0.7 (central column). The orange and
the blue lines refer to the simulation with and without the radiation
pressure contribution, respectively. The semi-major axis is normalised
to set a(t = 900 Pg) = 1. since this is the point where our binaries
start to accrete material.
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values of ~ 0.003, independent of radiation pressure presence. In the e = 0.45 case,
the eccentricity increases marginally to e ~ 0.46 — 0.47, while with e = 0.9 the
eccentricity remains essentially constant. We therefore do not find a unique value at

which the binary eccentricity saturates.

The accretion onto the binary is generally lower in the presence of radiation pressure,
except during a transient phase of ~ 400 Pg in the middle eccentric case. This result
is consistent with the fact that the disc is geometrically thinner and colder, as shown
in previous work [127, 132], if we include radiation pressure in our simulations, see
Figure 5.2. The radiation pressure contribution causes the accretion rate to decrease
from values 2, Meqq to average values between M ~ 0.1 — 0.01 Mg /yr. This result is
consistent with what found in [80] and in [81], where radiation pressure contribution
decreases the accretion rate from 1 M / Medd to 0.1 M / Medd for a circular equal and

unequal mass binaries with total mass ~ 107 M.

5.3 Interplay between disc shape and binary preferential

accretion

We here investigate the radiation pressure effect on the disc morphology and how
this can reflect on the accretion of gas onto the binary components. We can see from
Fig. 5.1 that, during the binary evolution, the cavity becomes more eccentric when
radiation pressure is excluded from simulations. Additionally, the precession of the
cavity also appears to be different between simulations with and without radiation

pressure.

In order to compare the evolution of the cavity eccentricity and its precession under
different conditions and binary configurations, we compute the Laplace-Runge-Lenz

eccentricity vector for each gas element ¢:

L vil*ri — (vi - 1i)vi

e GMg o

Following this definition, we compute the orbital eccentricity as:

lel = y/ex + €3, (5.9)
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FIGURE 5.5: Eccentricity vector evolution over time for the simula-
tions with e = 0, ¢ = 1 binaries (left column), e = 0.45, ¢ = 0.7
binaries (centre column), and e = 0.9, ¢ = 1 binaries (right column).
The top panels show the magnitude and the bottom panels show the
phase in radians. The orange and blue lines refer to the simulation
with and without the radiation pressure contribution, respectively.

where ey and ey are the Cartesian component of the vector. We determine the

longitude of the pericenter of the disc wqy as

wq = arctan & (5.10)

€x

We compute the mass weighted eccentricity vector between r = a and r = 4a of all
the gas elements with a bound orbit (e.i. Ej < 0) over 1300 and 1600 orbital periods,

for the equal and unequal mass simulations, respectively.

Figure 5.5 shows the evolution of the disc eccentricity magnitude (top panels) and
the longitude of pericentre (bottom panels) for the six simulations. The orange and
blue lines refer to the simulations with and without the implementation of radiation
pressure, respectively. In the circular binary case, when the radiation pressure con-
tributes to the hydrostatic equilibrium of the disc, the cavity remains circular and
the precession is not significant, unlike in the case without the radiation pressure. In
the eccentric binary cases, the radiation pressure effect is less dramatic and the disc
cavity becomes eccentric and undergoes precession. The evolution of the the cavity

eccentricity is similar in both simulations, with and without the radiation pressure.
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This suggests that radiation pressure has an important effect in counteracting cavity
eccentricity growth and precession in circular equal mass systems. While the effect of
radiation pressure is to significantly reduce the disc temperature and locally isother-
mal simulations find more eccentric cavities for colder discs, we do not find any disc
eccentricity growth in our circular binary simulation in the presence of radiation pres-
sure. The main difference is indeed the inclusion of radiation pressure in our work but
we caution that in order to pinpoint the exact origin of this eccentricity suppression
we would need to carry out more of these expensive simulations in order to investigate
the dependence of this result from the choice of initial conditions of the circumbinary
disc. We note that a similar result was also obtained with radiation MHD simulations

at smaller binary separations [80, their Fig. 9].

We investigate how the precession of the binary with respect to the precession of
the cavity affects the accretion dynamics. In fact, the angle between the the binary
eccentricity vector and the disc cavity eccentricity vector plays a crucial role in deter-
mining the amount of preferential accretion experienced by each binary component
[131, 145, 166]. When this angle settles to a nearly constant value over time, due
to synchronised precession between the binary and the disc, we refer to it as locking
angle. In particular, [131] showed that non-zero locking angles which depend on both
the binary mass ratio and eccentricity, can enhance or dampen preferential accre-
tion: apsidal misalignment between the binary and the cavity eccentricity vectors,
especially at higher eccentricities (eg > 0.6) may reduce accretion efficiency, slowing
mass ratio growth; conversely, apsidal alignment at lower eccentricities leads to more

efficient accretion, promoting mass ratio equalisation.

We compute the alternation of the accretion rate onto each black hole and the pref-
erential accretion ratio A = M, / M, across all the binary configurations, with and
without the implementation of radiation pressure. The results are shown in the first

two rows of Fig. 5.6.

For the circular equal mass system, the accretion onto the binary components tends
to be symmetric. We indeed find A = 1, both with and without the implementation
of radiation pressure, consistent with the expected value from the empirical relation
Aie = ¢~ [30] and in agreement with previous gas-only works [e.g., 30, 34, 64, 129)].
For the highly eccentric equal mass binaries e = 0.9 ¢ = 1, we obtain A = 1.2 and

A = 0.98 with only gas pressure and with radiation pressure, respectively, broadly
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FIGURE 5.6: Time evolution of the individual accretion rate (first and
second row) and the relative precession phase between the disc and the
binary @ = wqy — wp (third and last row), for the equal mass circular
case e =0 ¢ =1 (left column), e = 0.45 ¢ = 0.7 (middle column), and
the equal mass highly eccentric one e = 0.9 ¢ = 1 (right column). The
first two rows show the accretion onto the primary (green line) and
the secondary (pink line) black hole, over over the last 400 and 200
orbits for the equal and unequal mass cases, respectively. The upper
row shows the results of simulations without the radiation pressure,
while the second row includes the radiation pressure. The third and
last row display the evolution of the relative precession phase over the
radius. The third row shows results without radiation pressure, and
the last row includes it. For e = 0.45 a transient locking between the
disc and the binary eccentricity vectors emerges, leading to episodes
of preferential accretion.
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consistent with [131].

The most interesting regime to investigate is the unequal mass binary case as pro-
longed preferential accretion is expected to occur in unequal mass systems. In the
intermediate eccentricity unequal mass case, we find A = 2.28 and A = 1.18 without
and with the radiation pressure contribution in the simulations. The stronger pref-
erential accretion we observe in the only gas pressure case, results from favourable
locking angles between the binary and cavity eccentricity vectors, which significantly
enhances the accretion onto the secondary binary component. We note that [131],
for a similar case with e = 0.4 and ¢ = 0.7, reported A ~ 2. The inclusion of the
radiation pressure again leads to a more balanced accretion rate between the binary
components. Our results are somewhat in contrast with RMHD simulations of circu-
lar unequal-mass binary presented in [81], where they found that radiation pressure
reduces the total accretion rate but does not suppress preferential accretion onto the

secondary (A ~ 1.8).

In order to better understand the behaviour of the alternation of the accretion rate
onto each black hole and the preferential accretion, we analyse the relative precession
phase between the disc and the binary, defined as w = wy — wp. We computed the
binary eccentricity vector e}, and its phase wy, following equations (5.8) - (5.10). The
third and last row of Figure 5.6 show the time evolution of this relative precession for
all our binary configurations. Note that the bottom left panel of the second raw has
little meaning as the disc is quasi-circular. We compute the disc eccentricity vector
phase using Eq. 5.10. In the circular equal mass case (left panel), the phase difference
between the binary eccentricity vector and the disc eccentricity vector exhibits a
periodic behaviour, repeating over ~ 200 orbital periods. When radiation pressure
is included, the disc eccentricity growth is strongly suppressed (see Fig. 5.5) and
the disc experiences a periodic behaviour on shorter timescale. The disc eccentricity

remains small and therefore, even with an alternating pattern in the relative angle,

this does not affect accretion.

In the highly eccentric equal mass scenario (i.e. e = 0.9, ¢ = 1) shown in the
rightmost panel of Figure 5.6, the angular difference exhibits a similar behaviour
in the gas-only and radiation-pressure simulations. In both cases, w precesses over
approximately 260 orbital periods. In the e = 0.9 case, the discontinuity between w

and —m combined with the use of circular binning, which is not optimal for highly
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eccentric configuration, produces some artefacts in the precession phase maps. In the
moderate eccentric unequal mass case (i.e., e = 0.45 ¢ = 0.7) shown in the middle
panel of Figure 5.6, the relative precession phase evolves more slowly, with a full cycle
spanning ~ 400 orbital periods. The full cycle duration is determined by analysing
the relative precession phase over a longer time window, while Fig. 5.6 shows results
only in a narrow time window (¢ = 1400 — 1600 Pg) consistent with the time window
used in other figures. This results in a temporary locking phase, associated to a
strong preferential accretion onto the secondary component. In this simulation we
indeed find A ~ 2. The inclusion of radiation pressure does not lead to a significant
change in the difference between the relative precession phase between the disc and

the binary in this case.

In order to further investigate the dynamics of the streams that provide material to
the binary component during the alternation of the accretion rate onto each black
hole and the preferential accretion phases, which are essentially determined by the
angle between the disc and binary eccentricity vectors, we show the disc surface
density maps for the two eccentric binary simulations in Figure 5.7. From top to
bottom, the panels correspond to angles of w ~ —m,—7/2,0, except for the e =
0.45 radiation pressure case, where we reported 0,7/4,7/2. These configurations
respectively represent accretion preferentially onto the primary black hole, symmetric

accretion onto both components, and accretion predominantly onto the secondary.

In the eccentric equal mass case e = 0.9,¢ = 1, regardless of the presence or not of
radiation pressure, when the disc and the binary eccentricity vectors are antiparallel,
in agreement with Figure 5.6, the accretion is preferentially onto the black hole located
near the cavity edge. When the vectors are perpendicular, the two binary components
accrete the same amount of gas. Finally, when the disc and the binary eccentricity
vectors are parallel, accretion is favoured onto the black hole further away the cavity

edge.

In the middle eccentric case e = 0.45, ¢ = 0.7, the behaviour is more complex. In the
gas pressure only simulation, we find a similar result to the equal mass case: when
wq and wy, are antiparallel, accretion is preferentially onto the primary black hole,
when they are aligned, it favours the secondary. However, the configuration at /2
results in a preferential inflow onto the secondary, which is located closer to the cavity

edge. When the radiation pressure is included, the trend is reversed: accretion occurs
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FIGURE 5.7: Surface density maps in the & — y plane of the cir-
cumbinary disc around the equal mass eccentric binary e = 0.9 and
g = 1 (left panel), and the unequal mass eccentric binary e = 0.45
and ¢ = 0.7 (right panel) shown at different relative precession angles.
The left and right columns refer to the simulations without and with
the radiation pressure, respectively. The solid blue and orange cir-
cles represent the primary and the secondary black hole, respectively,
while the semi-transparent circles marks each orbit. The green arrows
indicate the disc eccentricity vector phase at increasing radii.
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preferentially onto the primary when the vectors g and wy, are aligned. As in the
only-gas simulation, for @ ~ 7/2, the black hole closer to the cavity accretes more

gas from the circumbinary disc.

5.4 Summary of the main results

In this Chapter, we find that radiation pressure suppresses the growth of cavity
eccentricity and its precession in circular equal-mass binaries, while it has negligible
impact in eccentric systems. In the circular equal mass case the effect of radiation
pressure is to effectively suppress disc eccentricity growth and therefore prohibit the
formation of the "lump', i.e. over-density at the cavity inner edge. This result is in
agreement with recent RMHD simulation of circular equal-mass binaries presented in
[80], where they found that radiation contribution leads to a less eccentric cavity and
a weaker over-density at the inner edge of the disc due to reduced impact of streams
and overall disc cooling. Conversely, we find that if the binary is eccentric, the effect
of radiation pressure is to lead to a more pronounced lump (see Fig. 5.1). This
is consistent with the disc aspect ratio being significantly lower in the simulations
with radiation pressure, which, consistently with other studies [141], contributes to
enhancing the over-density contrast. In these cases the high binary eccentricity can
overcome the effect of radiation pressure suppressing the cavity eccentricity growth

while in the circular binary case radiation pressure maintains the circularity of the

cavity.

Radiation pressure plays a crucial role in regulating both the vertical structure and
thermal evolution of the circumbinary disc. In all simulations, the disc initially cools
over the first ~ 400 orbits, reducing its aspect ratio from H/R = 0.1 to H/R ~ 0.01,
as it attempts to reach a self-regulated state with Toomre parameter ) ~ 1. When
radiation pressure is included, the disc aspect ratio remains at value ~ 0.01 except
for the innermost regions, where H/R ~ 0.05 due to shocks driven by gas streams
that are flung back from the binary and impact the cavity edge. Since the disc is
initially completely radiation pressure dominated, the cooling dominates the heating
and the disc collapses in the vertical direction, consistent with previous more sophis-
ticated numerical simulations in the literature [138, 139]. The presence of radiation
pressure leads to effective temperatures up to a factor of 3 lower than in simula-

tions with only gas pressure. Similarly, in RMHD simulations of circular equal mass
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[80] and unqual-mass [81] systems are found a thinner, denser disc structure where
radiation contribution leads to weaker streams and colder, thinner disc configura-
tions. Accretion rate onto the binary are lower when radiation pressure is included
(M ~ 0.01 — 0.1 Mg /yr), consistent with the colder, thinner disc structure [0, 81,
127, 132].

Since we evolve the binary orbit with time, we can track the evolution of the binary
orbital elements and assess the dynamical impact of radiation pressure. We find that
radiation pressure does not significantly affect the conservation of total angular mo-
mentum. The gravitational torque exerted by the disc is always negative, consistent
with the fact that our circumbinary discs self-regulate towards aspect ratio lower
than 0.1, i.e. the value considered to be the threshold for binary outspiral [121]. The
torque due to accretion of particles onto the binary components is always positive
and slightly higher in the only-gas-pressure simulation very eccentric e = 0.9 case.
However, its magnitude is never sufficiently large to counteract the negative gravita-
tional torque and we therefore find our binaries to always decrease their semi-major

axis.

The binary eccentricity remains mostly constant, with only minor variations (e ~
0.003 in the circular case and e ~ 0.46 in the e = 0.45 and ¢ = 0.7 case). We
therefore do not find convergence towards a unique value, regardless of the presence
of radiation pressure in the simulations. While it is possible that the systems have
not yet reached an equilibrium eccentricity due to the limited duration of the runs, we
note that our results are consistent with those of [32], who similarly find no evolution
of the binary eccentricity in the circular equal mass case and an eccentricity growth

in the e = 0.4,0.5 and g = 0.7 cases over a longer timescale.

We investigate the interplay between the disc morphology and the alternation of accre-
tion onto each black hole. In the unequal mass binary case we explored, the radiation
pressure contribution reduces the preferential accretion onto the secondary, resulting
in a more balanced mass growth between the binary components. In particular, in the
gas-pressure-only eccentric e = 0.45 simulation, we find the ratio between secondary
and primary black hole to be A = My /M) ~ 2.3, in agreement with [131]. However,
when radiation pressure is included, the accretion is more balanced and A = 1.18
and mass ratio growth is effectively suppressed, somewhat in contrast with RMHD

simulations of circular unequal-mass binary presented in [81], where they found that
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radiation pressure does not suppress preferential accretion onto the secondary. In
order to better understand the behaviour of the alternation of the accretion rate onto
each black hole and the preferential accretion, we analyse the relative precession phase
between the disc and the binary defined as w = wq — wy. In equal mass binary cases,
we find that @ cycles over ~ 200 and ~ 260 orbital periods for eccentricities e = 0
and e = 0.9, respectively, with shorter cycles in cases with the radiation pressure.
For the eccentric unequal mass binary (e = 0.45 and ¢ = 0.7), w evolves more slowly,
allowing temporary locking phases between the disc and the binary. This phases
correspond to episodes of enhanced accretion onto one binary component over time.
In the radiation pressure simulations, accretion occurs onto the secondary black hole
when w ~ 0 (i.e., disc and binary eccentricity vectors are aligned). For intermediate
angles such as 7/2, we find that preferential accretion can still occur in the unequal

mass case, where the black hole closer to the cavity tends to accrete more.

Finally, we note that, since radiation pressure in hydrodynamics simulations of MB-
HBs regulates the thermal structure of the circumbinary disc, it may also impact
the electromagnetic emission of MBHBs, possibly affecting the periodic signatures in
emitted light used to identify these objects in observations. This is the subject of a

follow up work F.Cocchiararo et al. (in prep).
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Chapter 6

Suppressed "lump" EM
signature in radiation pressure
dominated accreting massive

black hole binaries

Based on:
F.Cocchiararo, A.Franchini, A.Lupi, A. Sesana,
"Suppressed "lump" EM signature in radiation pressure dominated accreting massive

black hole binaries', 2025, submitted to A&A, DOI, ADS link

This chapter is the second part of a larger project focusing on the role of radiation
pressure in the evolution and emission of massive black hole binaries at milli-parsec
separation. We here investigate its impact on the EM emission and EM character-
isation of these systems. As discussed in Sec. 3.2.2, besides the natural variability
arising from the binary orbital period, one of the most promising EM signatures of
MBHBs is the so-called 'lump’, that can modulate the accretion rate onto the binary,
producing periodic variability in the emitted light. Despite the diversity in numerical
methods and physical models adopted, it is well established that the lump originates
when the particles of gas flung back to the cavity edge, shock and deposit material
at the inner edge of the circumbinary disc. Moreover, the lump is stronger in circular
equal-mass binaries, with amplitude decreasing for lower mass ratios [74]. However,

at larger binary separations (e.g., 10~% pc ~ 104Rg), our results presented in Chapter
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4 shown that the lump can also form in eccentric equal-mass binaries, thus making
it a potential smoking-gun signature of equal-mass systems. Indeed, it is important
to verify whether this dynamical feature survives the implementation of additional
physics that is expected to play an important role in the problem. One additional
piece of physics is radiation pressure, whose impact at large binary separations has
remained largely unexplored. The first part of this project, discussed in Chapter
5, we addressed this gap by investigating its impact on the evolution of accreting
MBHBs at milli-parsec scales using 3D numerical simulations. We found that ra-
diation pressure alters the vertical and thermal structure of the disc, producing a
geometrically thinner, and therefore colder, configuration. This leads to a reduced
accretion rate onto the binary and suppresses cavity eccentricity growth and preces-
sion in circular equal mass binaries, with potential implications for the EM emission
and periodic signatures used to identify these systems. Consistently, 3D radiation
magneto-hydrodynamics (RMHD) simulations of MBHBs at smaller radii reported
similar effects, further supporting the key role of radiation pressure in shaping cir-

cumbinary disc dynamics [80].

A detailed characterisation of EM signatures at intermediate separations of 1074 —
10~2 pc, corresponding to orbital periods of days to years, in particular under the
influence of radiation pressure, is currently missing and it is essential both to con-
strain the origin of the GWB evidence in PTA experiments and to identify MBHB
candidates in time-domain surveys, such as the future upcoming Vera Rubin Obser-
vatory [Rubin Observatory; 156]. These candidates may represent the progenitors of

merging binaries that will be detected by LISA [98, 167, 168].

Motivated by these considerations, in this work we have computed for the first time
the SEDs and the multi-wavelength LCs from 3D numerical simulations with hyper-
Lagrangian refinement of milli-parsec scale binaries including the radiation pressure
contribution in the disc. We use the same set of numerical simulations presented
in Chapter 5. The simulations include a radiative cooling prescription in the form
of black body cooling. They also include gas self-gravity and the Shakura-Sunyaev
prescription for viscosity. We computed the electromagnetic emission for three values
of the binary eccentricity e = 0,0.45,0.9 and mass ratio ¢ = 1,0.7. The simulated
binaries were placed at different redshift (z = 0.1,0.4,0.7,1.0,1.5), and the resulting

flux was evaluated across different frequency bands, with particular emphasis on the
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optical bands that will be accessible to the upcoming Rubin Observatory. Since we
explore the same set of parameters used in the set of simulations presented in Chapter
4, in which radiation pressure was not included, we can directly estimate its effect on

the electromagnetic emission.

In the following, we show and discuss the main results we obtain in the EM emis-
sion properties. Finally, we draw our conclusions and discuss possible observational

implications.

6.1 Spectral energy distributions

We compute the EM emission from our numerical simulations using Plank’s law (Eq.
3.4). In determining the disc temperature, we account for both the gas and radiation

pressure contribution, as explained in Section 3.3.4.

Figure 6.1 shows the SEDs obtained for each region for equal mass binaries e = 0
and ¢ = 1 (top panel), unequal mildly eccentric binaries e = 0.45 and ¢ = 0.7
(middle panel) and equal highly eccentric binaries e = 0.9 and ¢ = 1 (bottom panel),
from simulations without and with radiation pressure, on the left and right column
respectively. The spectra are shown at a the same time-step. The spectra obtained
by analysing the emission from the mini-discs and the streams region (blue, orange,
and green lines) exhibit a clear shift of the emission peak toward higher frequencies
when radiation pressure is included, transitioning from peak emission in the optical
to the UV band. In the equal-mass circular case (¢ = 0, ¢ = 1), the minidiscs
show an increase in peak luminosity of approximately an order of magnitude, with
peak frequency shifting by log (v/Hz) ~ 0.3. The stream region, instead, shows a
frequency shift log (v/Hz) ~ 0.2 but does not show a significant change in luminosity.
For the eccentric cases the effect of radiation pressure is even more pronounced. In the
moderately eccentric case (e = 0.45, ¢ = 0.7), both primary and secondary minidiscs
display a significant increase in peak luminosity by ~ 3 orders of magnitude, with
a frequency shift of the emission peak of log(v/Hz) ~ 0.6 and log (v/Hz) ~ 0.4,
respectively. The stream region also shifts toward UV frequencies (Alog (v/Hz) ~
0.3) and increases by a factor of ~ 1 in luminosity. In the highly eccentric case
(e =0.9, ¢ = 1), the mini-discs still show an enhancement in peak luminosity by ~ 2
orders of magnitude, with a shift in frequency of log (v/Hz) ~ 0.4 and log (v/Hz) ~ 0.6

for the mini-disc around the primary and secondary, respectively. This behaviour is in
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FIGURE 6.1: Spectral energy distributions (SEDs) obtained by in-
cluding the contribution of the radiation pressure either a posteriori
(left column) or during the binary evolution (right panel) at the same
accretion rate for the e = 0 ¢ = 1 binaries (top panel), e = 0.45
g = 0.7 binaries (centre panel), and e = 0.9 ¢ = 1 binaries (bottom
panel). The contribution from the different regions of the disc (e.g.
mini-discs, stream, inner and outer part of the circumbinary disc and
the corona) are highlighted in different colours and have been com-
puted at the time when the accretion rate of both binaries is equal.
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agreement with RMHD simulations of circumbinary discs presented in [80] and [81],
which they found thermal emission peaking in the optical/UV band with luminosities

of order ~ 1% Lygq for systems of mass ~ 107 M.

We find that the inner and outer regions of the circumbinary disc (red and purple
lines) follow an opposite trend. In all cases, the inclusion of radiation pressure causes
their peak emission to shift towards lower frequencies by approximately log (v/Hz) ~
0.2 — 0.3, while the luminosity decreases by ~ 1 order of magnitude. This behaviour
is consistent with the fact that radiation pressure significantly alters the vertical
and thermal structure of the circumbinary disc, resulting in a geometrically thinner,
therefore colder configuration [80, 139, 169, 170]. In the results discussed in Chapter
5, we found that the disc aspect ratio settled around H/R ~ 0.02 and the effective
temperature dropped to Tog ~ 2 — 3 x 103K, a factor ~ 3 lower than in gas-only

simulations.

Figure 6.2 shows the radial profiles of surface density ¥, disc aspect ratio H/R,
midplane temperature 1T', optical depth 7 and effective temperature Tog for the two
mini-discs around each binary component for the circular equal mass case, at time
t = 1133 Pg, for the simulation with and without radiation pressure (straight and
dotted lines respectively). The inclusion of radiation pressure in the simulation causes
the surface density to decrease by 1 order of magnitude compared to the gas-only
case, while H/R increases by a factor ~ 3. The mini-discs experience a vertical
expansion because of their lower density. Since the radiation pressure provides most
of the hydrostatic support, a decrease in density causes an increase in aspect ratio,
if the temperature is roughly the same. The midplane temperature remains indeed
comparable in both cases (T' ~ 2 — 4 x 10*K). The decrease in surface density leads
to a lower optical depth (7 decreases from ~ 10? to ~ 100), which translates into
a higher effective temperature: Tpg rises from ~ 6 x 10% — 10?K in the gas-only
simulation to ~ 2 x 10* — 3 x 10*K when radiation pressure is included. A lower
surface density would also imply a more efficient black-body cooling. However the
mini-discs continuously experience shocks from the streams and during their mutual

interactions, resulting in heating overcoming radiative cooling.

The opposite trends observed in the evolution of the mini-discs is driven by the
global structure and evolution of the circumbinary disc. In the radiation-pressure

cases, the circumbinary disc remains geometrically thin and does not experience the
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FIGURE 6.2: Profiles of surface density (first row), disc aspect ratio
H/R (second row), midplane temperature (third row), optical depth
and the effective temperature (last row) for the two mini-discs around
each black hole in the circular equal mass binary, at time ¢t = 1133 Pg,
the same shown in Fig. 6.1. Blue and orange lines correspond to the
two mini-discs while the solid and dashed lines refers to the simula-
tion without and with the implementation of the radiation pressure,
respectively. We calculate the profiles of these quantities within the
Roche Lobe of each black hole. We computed the midplane temper-
ature and the effective temperature assuming that both the gas and
the radiation pressure contribute to the hydrostatic equilibrium of the
disc.
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FIGURE 6.3: Light curves and the corresponding Fast Fourier Trans-
form (FFT) obtained by including the contribution of the radiation
pressure either a posteriori (left column) or during the binary evolu-
tion (right panel) for the e = 0 ¢ = 1 binaries (top panel), e = 0.45
g = 0.7 binaries (centre panel), and e = 0.9 ¢ = 1 binaries (bottom
panel). In each panel, the first row shows the accretion rate (green
line) and the optical G flux (blue line), while the second and last row
show the flux and FFT in the UV (light blue line) and soft-X (pur-
ple line) band, respectively. The FFT is computed over 300 orbits
in the window ¢ = 1000 — 1300 Pg for the circular case and over 400
orbits in the window ¢t = 1200 — 1600 Pg and ¢t = 900 — 1200 Py for
the mildly and highly eccentric cases, respectively. The FFT is nor-
malised to unity and shown as a function of f/ fi with fx the Keplerian
frequency of the binary. The optical flux is computed considering an
extra Gaussian noise component, as described in Sec. 3.3.4.
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vertical expansion as in the gas-only pressure cases. As a consequence, a smaller
amount of material flow into the cavity, resulting in mini-discs with lower surface
density. The reduced surface density leads to a lower optical depth, which boost the
effective temperature of the mini-discs. Moreover, the lower density enhances the
vertical pressure support through the (1/p)(0P/0z) term in the vertical momentum
equation, leading to an increase in the aspect ratio of the mini discs. As a result, in the
radiation-pressure cases the mini-discs are thicker and hotter even if the circumbinary

disc is thinner and colder than the gas-only cases.

6.2 Light curves

We compute the integrated luminosity from each region of the disc to obtain the LCs,
which trace the time evolution of the flux. For simplicity, we present the LCs for a
source at redshift z = 0.1 and then we explore how redshift affects the detectability
of a source. The bolometric flux is calculated in three different regions of the EM
spectrum: in the optical, using the Rubin Observatory filters frequency bands (see
Table 1 in [38] for frequency band value specifications), in the near-UV (1.0—1.5x 10'?
Hz or 4.13 — 6.20 eV), and in the soft X-ray (7.25 — 48.3 x 10'6 Hz or 0.3 — 2 keV).
We show the results in the optical G filter only because, as shown in our previous
work [38], the amplitude of the peak in the FFT of the light curve varies across the
different optical bands, reaching its maximum in the optical ¢ band, making it the
most suited for identifying periodic modulations from MBHBs in Rubin Observatory.
This choice is further supported by the results presented in [171], which indicate that
the Rubin Observatory G band is expected to yield the highest number of detectable
MBHB candidates. The results for simulations without and with the implementation
of radiation pressure contribution, are shown in left and right column of Figure 6.3,

respectively.

Consistent with gas-pressure-only simulations, even with the radiation pressure the
emission is brighter in the optical and UV bands, while it is dimmer in the soft X-ray
band. Another consistent trend is that variability tends to increase with frequency:
while Rubin Observatory g band flux changes by a factor < 1 order of magnitude,
the UV and X-ray fluxes can experience oscillations up to 2 orders of magnitude.
The emission in the optical bands comes mostly from the circumbinary disc, which

is colder and less variable than the emission that comes from within the cavity. The



6.2. Light curves 103

high variability found in the UV is due to the high variability of the streams and
the mini-discs, which also impacts the emission of the non-thermal hot corona that
emits in the soft-X band. The large amplitude variation in the UV flux that we find
suggests that these systems might be identifiable by future wide-field UV facilities,
such as ULTRASAT [scheduled for launch in 2027, 158] and UVEX [scheduled for
launch in 2030, 159].

The gas-pressure-only equal-mass simulations show a clear flux periodicity structure.
In the FE'T of the fluxes across all bands, we can clearly see the lump periodicity at
0.2 fx and 0.15 fk for the circular e = 0 and highly eccentric e = 0.9 case, where fk
is the Keplerian frequency of the binary. Moreover, in both cases the FFT peaks
associated with the binary motion are present: in the circular case one peak at

f =2 fk and in the eccentric case peaks at f = 1,2 fk.

When radiation pressure is included, the picture becomes more complex. In the
circular equal-mass case, both the flux and the accretion rate FFTs show a more
intricate pattern, with a prominent peak at f = 0.36 fx with its second harmonic
at f = 0.72 fx. Additionally, since the motion of gas flows is complex and the
fluxes are not purely sinusoidal, the interaction between the gas in the mini-discs,
streams, and the cavity edge produces additional peaks in the FFT corresponding
to linear combination of the two main fundamental modes: the peak at f = 1.32fk
corresponds approximately to the sum of f = 0.36 fx and f = 1.0 fk, while the peak
at f = 1.68 fk corresponds to a combination of f = 1 fx and f = 2 x 0.36fk. In
the highly eccentric case e = 0.9, the FFT displays only the periodicities at f = fk
and f = 2fk which are driven by the binary orbital motion. Although some power
is present near the expected lump frequency, it does not emerge as a distinct peak,
unlike in the gas-pressure-only simulations. Similarly, in the mildly eccentric unequal
mass case (e = 0.45 and ¢ = 0.7), the flux FFT shows two peaks at f = fx and

f = 2fk, both with and without the radiation pressure contribution.

In order to better understand the origin of the periodicities in the radiation pressure
simulations and the differences with the ones in the gas-pressure-only simulations, we
refer to Figure 6.4. The figure displays the surface density and effective temperature
maps for circular equal-mass (e = 0, ¢ = 1) binaries (upper sub-figure) and highly
eccentric equal-mass (e = 0.9, ¢ = 1) binaries (bottom sub-figure) at the same time

as reported in Figure 6.1.The first and second rows show the surface density map and
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FIGURE 6.4: Surface density and effective temperature maps for circu-
lar equal-mass binaries with e = 0 (upper figure) and ¢ = 0.9 (e = 0.9,
g = 1) binaries (bottom figure). For each case, the first and second
row show the result of simulations without and with radiation pres-
sure, respectively. The green circle marks the region from which the
main emission modulation in the FFT originates: in gas-pressure-only
cases, this corresponds to the lump (R ~ 2.5 — 3a for e = 0, and
R ~ 2.9 —4.5a for e = 0.9), while with radiation pressure the main
emission at low frequencies in the circular binary arises from the cavity
edge (R ~ 1.81 —2.18a).
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the effective temperature map for simulation without and with the implementation

of the radiation pressure contribution, respectively.

Since the frequency scales with radius as f o« R=3/2, we mark with green circles the
regions from which the emission associated to the main peak in the FFT analysis is
coming from. In gas-pressure-only simulations, these regions extend over R ~ 2.5—3 a
for the circular binary, and R ~ 2.9 — 4.5 a for the eccentric case. These correspond
to the location of the "lump", with frequency emission peaks at f = 0.2 fx and

f =0.15 fx, respectively.

When radiation pressure is included, the FFT emission in the circular case shows a
prominent peak at f = 0.36 fx, which originates from a region at R ~ 1.81 — 2.18a,
i.e., at the edge of the cavity. During the binary accretion, some of the gas that leaks
into the cavity is flung back towards the inner edge of the circumbinary disc, where
it produces shocks that heat the cavity edge. This gives rise to a circular region with
an effective temperature about one order of magnitude higher than that of the cir-
cumbinary disc. In the highly eccentric case (e = 0.9), although a slight temperature
enhancement is still present at the cavity edge, we do not find any low-frequency
modulation and we therefore omit the green circles in the panels of Fig. 6.4. It is
important to note that, in the circular case, even if the lump modulation does not
form, there is still a flux modulation associated with the gas motion along the inner
edge of the cavity. However, in the highly eccentric case, the lump is visible in the
surface density map, but the temperature remains almost uniform. As a result, no
flux modulation is linked to the motion of the cavity edge and there are only the mod-
ulations at f = fk and f = 2fk. These results suggest that the radiation pressure
contribution largely suppresses the presence of the electromagnetic signature associ-
ated with the lump-driven flux modulation. This result is in contrast with previous
RMHD simulations of circular equal-mass binaries [80, 81|, where residual periodicity
at frequencies compatible with the expected lump modulation is still observed despite

a weakened inner-edge over-density.

Finally, we investigate the impact of placing the binary system at different redshifts
in order to assess the detection limits taking into account a 5o sensitivity detection
threshold in the optical band. Figure 6.5 shows the results. As expected, more distant
binaries appear to be fainter and harder to detect. In gas-pressure-only simulations,

we find different behaviour based on different cases. In the circular case, all the
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periodicities are clearly visible up to redshift z = 0.6, while at higher redshift only
the signal associated with the lump at f = 0.2 fx remains detectable up to redshift
z = 1.2. In the mildly eccentric case e = 0.45, all the peaks are distinguishable up
to redshift z = 0.4, whereas beyond this redshift only the modulation associated to
the orbital period at frequency f = fx can still be identified up to redshift z = 0.6.
In the highly eccentric case e = 0.9, the three periodicities can be all detected up
to z = 0.7, but at higher redshift the flux becomes very noisy and the peaks are
no longer distinguishable. Instead, the inclusion of radiation pressure improves the
detectability, in almost all the cases, in particular in the eccentric ones. In the circular
binary case e = 0, the periodicities remain visible up to z ~ 0.8, with the periodicity
at f = 0.36 fx visible up to z = 1.0, while for highly eccentric system e = 0.9 they are
still detectable up to z ~ 1.2. In the mildly eccentric case e = 0.45, the periodicity
associated with the binary orbital period can even be detected up to redshift z = 2.
The enhanced emission from the mini-discs and streams due to radiation pressure,
once redshifted, results in a higher flux in the optical bands, improving detectability

of MBHBs signatures even at higher redshifts.

6.3 Periodic signal identification in Rubin Observatory

survey

Periodic features in the light curves of MBHBs represent one of the most promising
electromagnetic signatures to distinguish them among candidates. Testing whether
such signals can be recovered with the cadence and sensitivity of the future Rubin
Observatory is therefore crucial to this aim. So far, we have computed the FFT
across a large set of binary orbits, successfully disentangling the different periodicities
arising from binaries with different mass rations and eccentricities. However, Rubin
Observatory will likely have access to only a limited number of binary orbits during
its 10-years surveys, depending on the binary orbital period. Thus, it could be non-

trivial to detect periodicities.

In order to evaluate the impact of the radiation pressure on the periodicity detectabil-
ity by the Rubin Observatory, we repeated the same analysis carried out in [38]: we
perform FFT of the accretion rate and flux in the optical G band over 5,10 and 50
orbits windows, sliding them across a total of 300 and 400 orbits in circular and eccen-

tric binaries, respectively. For each configuration, we average the FFT and compute
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FIGURE 6.5: Fast Fourier Transform of the optical ¢ band flux. From
the top to the last panel: circular, mildly eccentric e = 0.45 and
highly eccentric e = 0.9 binaries. The first and second row of each
case shows the FFT computed without and with the implementation
of the radiation pressure, respectively. The FFT is computed over
300 orbital periods in the eccentric case and 400 orbital periods in the
eccentric ones, placing the binaries at different redshifts.
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their mean and standard deviation at redshifts z = 0.1,0.4,0.7,1.0,1.5,2. The results
are shown in Figure 6.6 where, for simplicity, we only show the cases with redshift
z = 0.1,0.4,0.7,1.0. Comparing our results with those in Figure 6 from [38], we
find the same main trend observed in gas-pressure-only simulations: periodicities are
easier to detect in unequal-mass systems, while equal-mass binaries exhibit weaker
signals that improve with longer time-windows. As in the gas-pressure-only case, at
higher redshifts, the variance, i.e. the statistical error on the mean flux/accretion
rate, grows due to the Rubin Observatory sensitivity limit, particularly in the equal

mass and highly eccentric binaries.

In the equal-mass case, only the main peak at f ~ 0.36 fx can be distinguished at low
redshift (z < 0.4) when considering 5-10 orbits, while increasing the number of orbits
up to 50 makes the identification of periodicities possible but only up to z ~ 0.7.
In the highly eccentric equal-mass case (e = 0.9, ¢ = 1) the peaks corresponding
to the two modulations at f = fx and f = 2fk are more pronounced and can be
clearly identified even taking into account a few orbits, in contrast to the case of
gas-pressure-only simulation, where the signals are distinguishable only taking into

account at least 10 orbits or 50 orbits at redshift z < 0.4 and z < 0.7, respectively.

In the unequal-mass case, the periodicities are easily distinguishable even at z = 1.5,
even taking into account 5 orbital periods, in contrast to what was found in the
gas-pressure-only simulations. We find that periodic signatures remain visible up to
redshift z 2 0.6 — 1.0, higher than in the gas-pressure-only case. This improvement
is given by the enhanced emission from the mini-discs and streams, which once red-
shifted boosts the observed flux in the optical band. Neglecting radiation pressure in

the model may artificially lower the predicted detectability rate.

We note that we have assumed 5 and 10 orbits windows for the FFT because our
binaries have a ~ 1 year orbital period and Rubin Observatory would last 10 years.
This choice reflects a compromise: several cycles are needed to detect reliable period-
icity, but binaries with longer periods are more numerous and complete fewer cycles
within the survey baseline, making them harder to identify. Conversely, binaries with
separations sufficiently small to do many cycles in the Rubin Observatory time-span
can instead be more easily detected. Finally, a comprehensive statistical evaluation
of the Rubin Observatory ability to detect these periodicity will be carried out in a

future work F. Cocchiararo et al. (in prep).
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FIGURE 6.6: Fast Fourier transform of LCs from simulations with
the implementation of radiation pressure. From the top to the last
panel: circular, mildly eccentric e = 0.45 and highly eccentric e = 0.9
binaries. The first row of each case shows the FFT of the Optical
G band flux (blue line) and the FFT of the accretion rate (brown
line) computed over 5-orbit windows within a total of 300/400 orbital
periods at redshift z = 0.1, 0.4, 0.7, 1.0. The second and the third rows
show the FFT computed over 10- and 50-orbit windows, respectively.



Chapter 6. Suppressed "lump" EM signature in radiation pressure dominated
110
accreting massive black hole binaries

6.4 Summary of the main results

In this Chapter, we find that radiation pressure plays a crucial role in shaping both
the spectral energy distributions and the temporal variability of MBHBs, affecting
the electromagnetic signatures of these systems. Radiation pressure produces oppo-
site effects on the different emitting regions of the system. While the circumbinary
disc becomes geometrically thinner, colder and less luminous with the emission peak
shifting towards lower frequencies (Alog (v/Hz) ~ 0.2 — 0.3), the mini-discs experi-
ence vertical expansion and have a higher effective temperature, resulting in a shifted
emission toward higher frequencies (Alog (v/Hz) ~ 0.2 — 0.3 in circular binaries and
Alog (v/Hz) ~ 0.4 — 0.6 in eccentric cases) with luminosities increased by 1 — 2 or-
ders of magnitude with respect to the gas-pressure-only simulations, consistent with
[80, 81]. The inclusion of the radiation pressure contribution modifies also the mod-
ulations of the flux coming from these systems. We computed the LCs in different
frequency bands, mainly focusing on the optical window that will be probed by Rubin
Observatory. Consistently with the shift in emission frequency, we find that the flux
in the optical and near-UV frequency bands is higher with respect to the gas-pressure
only simulation cases. The variability is also affected: while in the optical G band,
flux oscillations reach a factor < 1 order of magnitude, in the near-UV and soft-X
ray bands they can vary by up to 2 order of magnitude as in gas-only simulations,

comparable with what found in [80], [81].

In contrast to gas-pressure-only simulations discussed in Chapter 4, where a clear
modulation associated to the lump was found in equal-mass circular and highly ec-
centric binaries, here the lump-driven modulation is strongly suppressed. In the
circular equal-mass case, both the flux and the accretion rate FFTs reveal clear peaks
at f ~ 0.36 fx and f ~ 0.72 fx, associated to emission from the heated inner edge of
the cavity. Indeed, during the accretion of gas onto the binary, some gas is flung back
to the cavity edge, generating shocks that locally heat the gas. Moreover, in the LCs,
we can notice other peaks: at f = fx and f = 2fk corresponding to a periodicity
of the binary orbital period and half of it and f = 1.32,1.68 fx interpreted as linear
combinations of the main two fundamental modes. In the eccentric cases, the FFT

shows only the periodicities at f = fx and f = 2fk.

The results discussed so far apply when the FFT is evaluated over long time spans,

corresponding to several hundreds of binary orbits. However, Rubin Observatory
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will cover only a decade of observations, while most compact MBHBs are expected
to have orbital periods of the order of years. To provide a more realistic estimate
of the detectability of periodic signals, we therefore computed the FFT of the flux
and accretion rate using shorter time windows of 5, 10, and 50 orbits, putting the
source at different redshifts, and we compared the results with those obtained from
gas-pressure-only simulations. Even with radiation pressure, in the circular equal-
mass case identifying periodic signals is non-trivial, in particular with a handful of
orbits. As expected, the periodic peaks become clearer and the statistical noise
decreases when the number of orbits increases. In the highly eccentric equal-mass
case the radiation pressure suppresses the lump modulation, but variability on the
binary orbital period is quite pronounced, and the detection of periodicities even with
a few orbits is improved with respect to the gas-pressure-only case. Finally, in the
unequal-mass case, as also reported in the gas-pressure-only simulations, periodicities
are easier to detect even at higher redshift z ~ 1.5. Because of the relatively low

042

luminosity of our systems (Lyo ~ 10*? ergs—1), periodic signals would be observable

with Rubin Observatory only from systems at redshift z < 0.7 — 1.0.

The suppression of the lump modulation in equal-mass systems once radiation pres-
sure is included in hydrodynamical simulations challenges one of the most promis-
ing EM tracers suggested by previous works. This results stress the importance of
adopting simulations with more realistic physical processes in order to obtain a more
comprehensive model of these systems and better characterise their EM signatures.
At the same time, is it crucial to developed new statistical approaches to assess the
observability of the predicted features. This second point will be the subject of a

future publication Cocchiararo et al. (in prep).
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Conclusions and outlook

In this thesis, we have investigated the dynamics and electromagnetic signatures
of accreting massive black hole binaries at milli-parsec separations, using 3D hyper-
Lagrangian hydrodynamical simulations. We used the 3D meshless finite mass version
of the code GIZMO [123] enhanced with the particle splitting technique [36] to in-
crease the resolution inside the cavity carved by the binary. In our simulations, we
modelled the discs with an adiabatic equation of state, allowing the gas to heat due
to shocks, viscous dissipation and PdV work, and to cool via black-body radiation.
Additionally, we implemented the radiation pressure in the hydrodynamics evolution
of the circumbinary disc and thus we evaluate its impact on both the evolution of the
binaries and circumbinary discs as well as on the electromagnetic emission expected

from these systems.

We modelled live binaries [37] with a total mass of 10% M and initial separation
ap = 4.8 x 1074 pc. We have explored eccentricities e = 0,0.45,0.9 and mass ratios
q=0.1,0.7,1. We performed a total of 9 simulations, three of which include radiation
pressure. We evolved each system for 1300 binary orbits (except for the e = 0.45,
q = 0.7 case, which is evolved for 1600 Pg) to ensure that the circumbinary disc
reaches a quasi-steady state. We investigated the evolution of the disc properties
(e.g., aspect ratio H/R, surface density ¥ and effective temperature Teg) and binary
parameters (e.g., the binary semi-major axis a, eccentricity e and accretion rate M ).
We also computed the SEDs and LCs positioning the source at different redshift
z = 0.1 — 2 to evaluate the detectability of periodic signatures in the future surveys
such as the Vera Rubin Observatory Legacy Survey of Space and Time (LSST/Rubin
Observatory) [156].

In simulations with gas pressure only, we found that, after an initial phase in which
the black-body cooling dominates the gas thermodynamic evolution, the disc thickens

again, reaching H/R ~ 0.08 in its inner parts and maintaining a lower H/R ~ 0.04
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(corresponding to a lower temperature) in its outer part, regardless of the initial choice
of binary mass ratio and eccentricity. The final equilibrium state is primarily driven
by the initial disc mass and radial extension, which are the same in all simulations,
indicating that self-regulation [155] drives all discs toward a similar aspect ratio after
the transient phase. We find the binary-disc interaction to cause the binary to shrink,
regardless of the initial conditions. Since in our model the temperature changes with
time, this result further supports previous findings in the literature [35, 67]. We find
that circular orbits tend to develop higher eccentricities, in agreement with previous
works [e.g. 32, 145], while highly eccentric binaries show negligible eccentricity evo-
lution within the timescales of our simulations. We notice, however, that we followed
the evolution of the relaxed disc only for about 400 orbits, corresponding to 400 years.
However, it might be that the eccentricity evolution for very eccentric binaries occurs
on a longer timescale than the one simulated here. Indeed, here we simulated the
binary evolution over ~ 1300/1600 yr, while in both the cited works the timescale is

longer.

The implementation of radiation significantly alters the disc evolution. Circumbinary
discs remain geometrically thinner and colder, with H/R ~ 0.01 in most of the disc
and reaches H/R ~ 0.05 only in the innermost regions affected by the shocks produced
by the gas streams. Radiation pressure suppresses the growth of cavity eccentricity
in circular equal-mass cases, preventing the formation of the characteristic "lump"
at the cavity edge. Conversely, we find that in eccentric binaries, radiation pressure
enhances the lump. This is consistent with the disc aspect ratio being significantly
lower in the simulations with radiation pressure, which, consistently with other studies
[141], contributes to enhancing the over-density contrast. In these cases the high
binary eccentricity can overcome the effect of radiation pressure suppressing the cavity
eccentricity growth while in the circular binary case radiation pressure maintains
the cavity circular. In these cases the high binary eccentricity can overcome the
effect of radiation pressure suppressing the cavity eccentricity growth, while in the
circular binary case radiation pressure maintains the circularity of the cavity. The
influence of radiation pressure on binary evolution is subtler. Even if the accretion
torque is slightly reduced compared to the only-gas-pressure case (indeed the accretion
rates are lower (M ~ 0.01 — 0.1 M, /yr), consistent with the thinner and colder disc
structure [127, 132] ), the gravitational torque remains negative, driving the binary

to shrink. Eccentricity remains mostly constant, with only minor variations. In the
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unequal mass binary case we explored, the radiation pressure contribution mitigates
preferential accretion onto the secondary, resulting in a more balanced mass growth
between the binary components. In particular, in the gas-pressure-only eccentric
e = 0.45 and ¢ = 0.7 simulation, we find the ratio between secondary and primary
black hole to be A = My /M, ~ 2.3, in agreement with [131]. However, when radiation
pressure is included, the accretion is more balanced and A = 1.18 and mass ratio

growth is effectively suppressed.

We computed the SEDs from the circumbinary discs in our simulations assuming
black-body emission. In gas-pressure-only simulations, we find that the luminosity
emitted by the innermost regions of the disc (i.e., the mini-discs and the streams)
exhibit more variability than the outer parts of the disc. In the circular equal-mass
case, the emission peak of the mini-discs and the streams region changes frequency
between the optical and UV band (log (v/Hz) ~ 14.8 — 15.4), with the luminosity
spanning one order of magnitude. In the circular unequal-mass case, the emission peak
of the mini-discs is shifted to slightly lower frequencies — log (v/Hz) ~ 14.8 — 15.2
— and spans up to ~ 2 orders of magnitude in luminosity. In both the eccentric
binary cases (e = 0.9 and ¢ = 0.1, 1), we find that the emission from the mini-discs is
completely (in the equal-mass case) or partially (in the unequal-mass case) covered by
the streams emission. The X-ray emission, assumed proportional to that of the mini-
discs, displays the highest variability, which can reach up to two orders of magnitude

for unequal-mass ¢ = 0.1 binaries.

We computed the LCs in different frequency bands, mainly focussing on the optical
window that will be probed by Rubin Observatory. We calculated the (thermal) flux
emitted over the whole EM spectrum that we used to produce the SEDs; that is,
within the frequency band 108 — 2.8 x 10* Hz (4.13 x 10710 — 41.3 keV), in the
optical frequency band using the Rubin Observatory filters, in the near-UV band
within 1.0 — 1.5 x 10 Hz (4.13 — 6.20 eV), and in the soft X-ray band, in the range
of 7.25 — 48.3 x 10'6 Hz (0.3 — 2 keV). In almost all cases, the flux is notably higher
in the UV band, while in the soft X-ray is dimmer, consistent with the shape of the
SEDs. As the frequency increases, the flux variability grows, in particular in the UV
and soft X-ray bands. Here, the flux oscillates by more than an order of magnitude,
while in the Rubin Observatory optical bands fluxes vary within a factor of two, in

line with the physics of emission from the disc.
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Periodic signals can be revealed in the Fourier spectra of the flux and accretion rate,
in particular in the circular equal-mass case, where there are clear peaks at 0.2 fk
and 0.4 fx, associated with the lump periodicity. Moreover, in the LCs, a peak at
2 fx is also present, which corresponds to a periodicity of one half the binary orbital
period. In the eccentric equal-mass case, the lump periodicity is significant only in
the optical and UV fluxes, while its amplitude is negligible in the soft X-ray band.
This is probably due to the larger cavity carved by the binary, which causes the
lump region to emit in the optical/UV band rather than in the soft X-ray band. We
indeed found the lump modulation peak to be shifted to fx ~ 0.15. This is consistent
with the fact that the cavity is larger than in the circular equal-mass case since the
period associated with its inner edge is & R~3/2. We note that we found evidence
of lump periodicity only in equal-mass binaries. This is consistent with previous
works that show the lump modulation amplitude to decrease with binary mass ratio
[78]. Therefore, a lack of sub-orbital modulation in the presence of a clear orbital
modulation might indicate a small binary mass ratio. We also found a prominent flux
and accretion rate modulation over the orbital period of the binary and half of it in
all the simulations, with the exception of the circular equal-mass case, which shows
a weak periodicity only at 2 fx. Flux periodicities are effected by redshift, becoming

harder to detect at z < 0.6.

We find that radiation pressure plays a crucial role in shaping both the spectral
energy distributions and the temporal variability of MBHBs, affecting the electro-
magnetic signatures of these systems. While the circumbinary disc becomes geomet-
rically thinner, colder and less luminous (the emission peak is shifted towards lower
frequencies (Alog (v/Hz) ~ 0.2 — 0.3), the mini-discs experience vertical expansion
with higher effective temperatures, resulting in a shifted emission toward higher fre-
quencies (Alog (v/Hz) ~ 0.2 —0.3 in circular binaries and Alog (v/Hz) ~ 0.4—0.6 in
eccentric cases) with luminosities increased by 1 — 2 orders of magnitude with respect

to the gas-pressure-only simulations.

The inclusion of radiation pressure also alters the modulations of the flux coming from
these systems. We computed the LCs in different frequency bands, with particular
attention to the optical window that will be accessible to Rubin Observatory. Con-
sistently with the shift in emission toward higher frequencies, we find that the flux in

the optical and near-UV frequency bands is higher with respect to the gas-pressure
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only simulations. The amplitude of the variability is also affected: in the optical G
band, flux oscillations remain within approximately < 1 order of magnitude, whereas
in the near-UV and soft-X ray bands they can vary by up to 2 order of magnitude,

comparable to those observed in gas-only simulations.

In contrast to our gas-pressure-only simulations, which show a clear modulation as-
sociated to the lump in equal-mass circular and highly eccentric binaries, here this
lump-driven modulation is strongly suppressed. In the circular equal-mass case, the
FFTs of both the flux and the accretion rate exhibit distinct peaks at f ~ 0.36 fx and
f ~0.72 fk, corresponding to emission from the the heated inner edge of the cavity.
Indeed, during the accretion onto the binary, some gas is ejected back to the cavity
edge, generating shocks that locally heat the gas. Additional peaks are observed in
the LCs: the peaks at f = fx and f = 2fk correspond to a periodicity of the binary
orbital period and half of it, while the peaks at f = 1.32,1.68 fx can be interpreted
as linear combinations of the main two fundamental modes. In the eccentric cases,

the FFT shows only the periodicities at f = fx and f = 2fk.

All the aforementioned considerations are valid when the FFT is computed over a
large number of binary orbits (i.e. 300 — 400 Pg). However, the Rubin Observatory
survey is planned to last 10 years and most compact MBHBs are expected to have
periods of ~zyears. Therefore, to provide a more realistic estimate of the observability
of periodic signals in Rubin Observatory data, we have computed the FFT of both
the flux and the accretion rate over 5, 10, and 50 binary obits at different redshifts.
In the circular equal-mass case, detecting periodicities is challenging, in particular
when we consider only five orbits. As expected, the peaks become more distinct and
the associated variance, i.e. the statistical error on the mean flux/accretion rate,
decreases as the number of orbits increases. Still, the identification of equal-mass,
circular binaries appears to be the most challenging. In contrast, binaries with ¢ = 0.1
show promising results: clear peaks at 1 fx and 2 fx are detectable even with just
five orbits. Similar trends are observed in eccentric cases. The lump periodicity is
totally absent in all cases except for the circular equal-mass case, which exhibits a
weak hint of lump periodicity when computing the FFT over 50 orbits. Therefore,
for unequal-mass binaries with orbital period of approximately 1 year, the chances of

detecting it during a 10-year survey are negligible.

The intrinsic faintness of our system, Lyo ~ 1042 erg s™!, further limits detectability
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of periodicities with Rubin Observatory at z < 0.5. As an illustrative exercise, we
increased the luminosity of all our systems by a factor of 100, mimicking a MBHB
of M = 105 M, emitting at the Eddington limit. In this case, periodicities can be
identified by Rubin Observatory up to z =~ 2, opening the possibility of finding these

systems in a large fraction of the co-moving volume of the Universe.

Even when radiation pressure is implemented in the evolution of the systems, identify-
ing periodic signals in circular equal-mass binaries remains challenging, in particular
with a handful of orbits. In highly eccentric equal-mass case, radiation pressure sup-
presses the lump-driven modulation, but variability on the binary orbital period is
quite pronounced and the detection of periodicities even with a few orbits is im-
proved with respect to the gas-pressure-only case. In the unequal-mass case, as also
reported in the gas-pressure-only simulations, periodicities are easier to detect even
at higher redshift z ~ 1.5. Due to the relatively low intrisic luminosity of our systems
(Lol =~ 10*2 ergs™!), periodic signals would be observable with Rubin Observatory

only from systems at redshift z < 0.7 — 1.0.

The suppression of lump modulation in equal-mass systems when radiation pressure
is included in hydrodynamical simulations reduces the prominence of this feature
as a potential EM tracer proposed by previous work. Nevertheless, the periodicity
on the binary orbital period timescale remains the most robust and observationally
promising signature. This finding highlights the importance of adopting simulations
with more realistic physical processes to achieve a more comprehensive model of these
systems to more accurately characterise their EM signatures. At the same time, it
underscores the importance of developing new statistical approaches to evaluate the
detectability of predicted features in real data. Both of these points represent possible
ground for future investigation and expand the works presented in this thesis. In
particular, we are already working on developing a new statistical model applicable to
forthcoming observational data, allowing for a robust and quantitative identification

of true periodic signals (F.Cocchiararo et al., in prep.).

Overall, our results suggest that periodicities related to unequal-mass binaries will be
easier to identify in Rubin Observatory data, compared to equal-mass ones. Further-
more, LCs from binaries with different properties (equal vs unequal mass, circular vs

eccentric) exhibit distinctive modulations, hinting at the possibility of constraining
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the binary properties from their time-domain EM data, a prospect that warrants fur-
ther investigation. Such information can play a pivotal role in informing both current
and future low-frequency GW searches with LISA and PTAs at different levels. Work-
ing at millihertz frequencies, LISA will detect MBHBs with orbital periods of a few
hours, capturing them during their late inspiral and final coalescence phases. In this
context, Rubin Observatory could provide a valuable census of LISA precursors, i.e.,
binaries that will coalesce in the LISA band within the next few million years. Elec-
tromagnetic measurements can be used to estimate their mass ratios, eccentricities,
and environment to set priors for LISA searches. Combined GW and EM information
also offer a powerful testbed for our theoretical understanding of MBHB evolution.
For instance, we expect binaries evolving in circumbinary gaseous discs to feature
high, aligned spins [172]. Consequently, a hypothetical large population of gas-rich
MBHBs detected by Rubin Observatory should correspond to spin-aligned systems
detected by LISA. Conversely, at nanohertz frequencies, PTAs can potentially de-
tect MBHBs with orbital periods comparable to those probed by Rubin Observatory.
However, systems that can be individually resolved by PTAs, typically have masses
> 10% Mg, orders of magnitude larger than those explored in our simulations [173]. If
we assume that the trends we found with mass ratio and eccentricities in the EM sig-
natures hold also at much higher masses, then putative multi-messenger observations
of PTA sources will allow us to constrain the parameters of the system. In fact, most
PTA resolved sources will be monochromatic, meaning that from the GW signal we
shall only be able to extract a wave amplitude. The identification of an EM counter-
part will first provide a measurement of the distance to the source, allowing one to
estimate the source chirp mass from the amplitude. Moreover, distinctive periodicity
features might help in constraining the binary mass ratio, allowing one to estimate
the individual masses of the two black holes. It is therefore clear that refining our
understanding of EM signals from MBHBs might prove extremely fruitful in the era

of multi-messenger astronomy.
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