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Resumen

Los centros de las galaxias albergan ciimulos nucleares de estrellas o agujeros
negros supermasivos, o incluso ambos. Los cimulos nucleares de estrellas son los
sistemas estelares més densos y los agujeros negros supermasivos son los objetos
més densos del Universo. Hay varias detecciones de agujeros negros supermasivos
de alto corrimiento al rojo, sin embargo, su origen y evolucién atin se desconocen.
Aqui presentamos un nuevo mecanismo para formar agujeros negros supermasivos
a través de colisiones en ctimulos nucleares de estrellas. Realizamos un analisis
detallado de las simulaciones de N-cuerpos usando el c6digo NBODY6+-+GPU para
modelar la evoluciéon en el cimulo para 10 Myr. Los cimulos nucleares de estrellas
muestran una dinamica estelar de alta velocidad en su centro debido al profundo
potencial gravitacional. Después de estos encuentros de alta velocidad, algunas
estrellas pueden ser expulsadas del sistema estelar al eliminar algo de energia
cinética; estas eyecciones producen una redistribucion de la energia que provoca el
colapso del nicleo y desencadena colisiones estelares. Eventualmente, una de estas
estrellas experimentaré casi todas las colisiones, convirtiéndose en el objeto mas
masivo del sistema. Nuestros resultados muestran que los objetos mas masivos
alcanzan masas del orden de ~ 10® M. También encontramos una eficiencia de
formacion de agujeros negros de alrededor de 30 — 50%, definida como la relacion

entre la masa del agujero negro y la masa estelar inicial.

Keywords —black hole: formation — methods: numerical — theory
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Abstract

The centers of galaxies host nuclear star clusters or supermassive black holes, or
even both. Nuclear star clusters are the densest star systems and supermassive
black holes are the densest objects in the Universe. There are several detections
of high redshift supermassive black holes, however, their origin and evolution are
still unknown. Here we present a new mechanism for forming supermassive black
holes through collisions in nuclear star clusters. We perform a detailed analysis of
the N-body simulations using the code NBODY6++GPU to model the evolution
in the cluster for 10 Myr. Nuclear star clusters show high-speed stellar dynamics
at their center due to the deep gravitational potential. After these high-speed
encounters, some stars may be ejected from the star system by removing some
kinetic energy; these ejections produce a redistribution of energy that causes the
core to collapse and triggers stellar collisions. Eventually, one of these stars will
experience almost all of the collisions, becoming the most massive object in the
system. Our results show that the most massive objects reach masses of the order
of ~ 103 M. We also find a black hole formation efficiency of around 30 — 50%,

defined as the ratio of the black hole mass to the initial stellar mass.

Keywords — black hole: formation — methods: numerical — theory
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Chapter 1
Introduction

Supermassive black holes (SMBHs) are very compact astrophysical objects that
live in the center of almost all galaxies. They can reach masses of ~ 10° Mg, to

10 Mg, ( : ), or even a few 10'° M, (

) ; , ). These monsters are found in the local Universe

) 9

and also at high redshift when the Universe was just a few hundred million years
old.

The presence of these astrophysical objects in the local Universe is quite common
since they have almost 12 Gyr to grow. Studies of stellar orbits confirm the
presence of one of these astrophysical objects located at the center of our own
galaxy the Milky Way, called Sagittarius A* ( , ; ,

: , ) (see Fig. 1.0.1). The SMBH has a symbiotic evolution
with its host galaxy since there are observed correlations between the mass of
the galaxy and the mass of the SMBH ( , ;

, ; , ) and also between the stellar velocity dispersion
and the mass of the SMBH ( , ; , :

: ; , ; , 2013).
On the other hand, the origin of SMBHs at high redshift (z > 5) is still unclear,
since they had just one billion years to grow and reach billions of solar masses.
Some observations of these monsters are the discovery of three quasars at z > 6
by ( ), also the ULAS J112’+0641 at redshift z = 7.085 with a mass

of 2 x 10° Mg, by ( ). The observation of three quasars at z >
6.5 with masses of around (1 —2) x 10° Mg, ( : ).
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Figure 1.0.1: Left panel: 17 S-stars orbits around Sagittarius A*. Right panel:
orbit of S2 star around Sagittarius A*.

Source: ( ).

( ) studied the properties of more than 100 quasars at high redshift
5.6 < z < 6.7. There is also the quasar, SDSS J010013.02+280225.8, discovered
by (2015) at redshift z = 6.3 with a mass of 1.2 x 10'° M, and the most
distant AGN at z = 7.5 with a mass of 8 x 10® M, ( : ). Also in
the 10° M, range, several SMBHs at high redshift have been found (

; , 2019; , 2019; , 2020; , 2021).
As the recent observation of the supermassive object in M87 by the Event Horizon
Telescope (EHT) ( , ) indeed
confirmed that it is a black hole, we will generally assume in this thesis that the

central massive objects are black holes Fig. 1.0.2.
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Figure 1.0.2: First image of the SMBH in M87.

Source: ( ).
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1.1 Supermassive black holes

The formation of SMBHs and their evolution is not clear. However, there are

some pathways to explain their origin ( , ; , : ,
).

One of the pathways is based on the remnants of population III stars (Pop. III).
These stars are born in clouds with zero metallicity. Several simulations about the
collapse of primordial clouds show that the first stars can be composed of many
very massive stars (VMS) ( : ; : ;
) ) ) ) ) ) ) ) )
; , ). Even when the cloud collapses, stars can accumulate
material over the hydrostatic core of the protostar, forming VMSs (
) ) ) ) ) ) ) )
, ). An alternative pathway is the Direct Collapse (DC), which
consists of the collapse of a massive gas cloud in a cold atomic cooling halo at
high redshift ( , : , : ,
) ) ) ) - ) ' ) ) )
) ) ) ’ Ll ) ) )
: ; : ; , ). This process requires
inflows rates around 0.1 Mg /yr ( , ; , ;
, ). These inflow rates require a strong Lyman Werner (LW) flux to
prevent the formation of molecular hydrogen ( , : ,
; , ) since the presence of contaminants such as metals, dust,
or molecular hydrogen can cause fragmentation in the cloud ( , ;
) ) ) ) ) ) )
: , , : , : , ). Another
proposed pathway is based on the runaway collision and mergers of stars in a
cluster ( , ; , ;
) ) ) ) ) ) ) ) )
) ) ) ) ) ) )
, ; , ); in this scenario, the most massive star sinks to the
center of the cluster due to the conservation of momentum and equipartition of
energy during direct collisions. The new object has a larger collisional cross-section

than other stars in the cluster, increasing the rate of collisions and mergers.



1.1. Supermassive black holes )

Fig. 1.1.1 shows a diagram summarizing the principal pathways of black hole

formation.

A more exotic pathway is proposed by ( ); ( )
( ) ( ) ( ), in which the
formation of supermassive black holes occurs through stellar black hole collisions

and mergers.

Collapsing halo

e Gas cooling -> disc formation
Dynamical
instability

40 MO <M <140 M), Inflow
M, >260 Mo
MBH formation
Star
Suppressed star formation
formation

Strong inflow Cluster formation
VMS/quasistar+ Runaway collisions
MBH formation VMS+MBH formation

Figure 1.1.1: Summary of the pathways to black hole formation.

Source: ( ).
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1.2 Nuclear Star Cluster and Central Massive

Objects

The Nuclear Star Clusters (NSC) are the densest stellar systems in nature (

) ; , ) (see Fig. 1.2.1). The centers of galaxies can host
a NSC ( : ; , ) or a massive black hole (MBH)
( , ). If the galaxy has a mass of 10 Mg or 102 M,
respectively, it can even host both ( , ). There are findings of
a correlation between the mass of the galaxy and the mass of the NSC or/and
MBH ( , ; : ; : ;

: ; , ; : ; : )-

The coexistence of the NSC and the MBH is sometimes called Central Massive
Object (CMO) ( : ).

Our own galaxy, the Milky Way, hosts a CMO ( , ;

: ). There is also a CMO at the center of M31 ( : )
NGC 4395 ( , 2003), NGC 1042 ( , 2008), NGC
3621 ( , 2000) and NGC 404 ( t-al., 2010; . 2017).

These investigations point towards NSC and MBH having a common origin, with

different evolutionary histories.

1.3 Relaxation and collision timescales

Close encounters of stars within the cluster generally occur at high speed in the
center of the cluster due to the deep gravitational potential. These gravitational
interactions can lead to the ejection of stars that leave the system with some
kinetic energy producing a redistribution of energy, allowing the cluster to undergo
a core collapse ( : ; : ; , ). Stellar
collisions are expected to occur when the cluster core collapses, triggering an object
to experience almost all of the collisions, increasing exponentially in mass during
the core collapse ( , : ,

). Core collapse has an associated time known as the relaxation timescale.
If the system is virialized, the crossing time is t..,ss = \/m , where G is

the gravitational constant, R and M are the radius and mass of the cluster ,

respectively. The crossing time quantifies the time of a star with a typical velocity
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Figure 1.2.1: Size-mass relation of NSCs in early and late type host galaxies.

Source: ( ).

to cross the cluster. The typical velocity is just defined as the root square mean
of the stellar velocities. The relaxation timescale is related to the perturbation
of the global properties of the cluster such as the stellar orbits; in addition, it
quantifies the energy exchange between two bodies. ( )

defined the relaxation timescale as

. _0IN [RS _0aN
relar — n N GM — n N cross)

(1.3.1)

where N is the total number of particles. If the cluster has stars of equal mass,
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the number of stars is defined as N = M /n, where n represents the mass of a

single star.

In a cluster with stars of equal mass 1 the occurrence of runaway collisions can be
quantified according to ( ) as teoy = Ao, where o is the

dispersion velocity and X is the particle mean free path. In a virialized system the

dispersion velocity is defined as 0 = \/GM/R. Also ( )
and ( ) define a probabilistic mean free path as A = 1/nX,, where ¥

is the effective cross section and n is the number density of stars, therefore the

collision rate is defined as

1 R
booll = ——— ] = 1.3.2
" sV GM (132)
the number density is n = 3M /47 R3n and according ( ) the

effective cross section is Xy & 1007&?, for o ~ 100 km/s.

1.4 Quantification of collisions in NSC

Star clusters are prone to collisions. Numerical simulations show that runaway
collisions of massive stars allow the formation of Intermediate-Mass Black Holes
(IMBHs) with masses ~ 103M, in a typical globular cluster (
) ) ) ) ) )
, ). Unfortunately, it is not yet known what happens in an extreme
environment like a NSC due to the lack of N-body simulations as they are very

expensive ( : ).

Under the condition that the collision timescale is comparable to or shorter
than the Hubble time (ty), ( ) derived the following equation the

equation 1.3.2;

4n
it = ——1 ) < MR/, 1.4.1

Perit (300§2tHG1/2) = (L4.1)
perit 18 the critical mass density, a density between the volumetric density (oc R™3)
and the surface density (< R~%), the value of ¢ty follows the order of magnitude

of the age of the Universe ~ 10* yr ( , ) leading to a minimal
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critical mass density perir ~ 10" Mopc™™/3. n and ¢ are the mass and radius of the

stars.

It is well known that in a virialized system R = GM/o?, therefore equation 1.4.1

can be rewritten according ( ) as

417 n o 7/2
— L <1 (Z) . (1.4.2)
30000ty — M \og

If o = /Gn/& ~ 400 km/s and considering the empirical scaling relation from
( , ), Mnsc/10%9 My = (0/128 km/s)?™ ~ (30/04)*™, we find
that the system is unstable for masses > 3.5 x 108 M.

Also, under the condition that the relaxation timescale is comparable to or shorter

than tg, ( ) derived the following equation from equation 1.3.1,

ne (2 (M) (£)" 14

In Fig. 1.4.1 the black star represents the mass and radius of the black hole
observed in M87 ( Tel ) ), which is
the closest object to the black line that represents the Schwarzschild radius as
a function of mass. The red circles are the effective radii and masses of NSCs
(from early and late type galaxies), observed by ( ). The
black and open circles are the masses and resolved radii (R esop = 0.5 es01, Aresol
is the spatial resolution of the observation) of possible MBHs, the black circles
are the well-resolved MBHs, which show an influences radius (R;,s) three times
larger than dyesor (1.€. Ring > 3dyesor). The open circles are the unresolved MBHs
(Rinf < 3dyesol), observations from ( ). We also represent the
conditions of equations 1.4.1 and 1.4.3, as the solid blue line and the dashed green
line, respectively, both for t5 = 10'° yr. The intersection of both lines occurs at

the value of the critical mass defined by equation 1.4.2 which is represented by
the solid green line (~ 3.5 x 10® Mg, as described by ( ).

The left side of the solid blue line (ty < t.u) is the region where collisions
dominate the cluster dynamics, while the right side (tg > t.y) represents the

region where collisions are avoided. These collision timescales are relevant for
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Figure 1.4.1: The black star is from the black hole shadow of M&7 (

, ), the solid black line is the
Schwarzschild radius as a function of mass. The red circles are the effective radii
and masses of NSCs, the black circles are the well-resolved MBHs and the open
circles are the unresolved MBHs. The solid blue, the dashed green and the solid
green lines are from equations 1.4.1, 1.4.3, 1.4.2, respectively.

Source: ( ).

the stability of the cluster against stellar collisions; in the core of the cluster the
collisions occur more frequently, then the NSCs can coexist with an unstable core
triggered by the Spitzer instability ( , ; ,

). The red points are on the right side of the solid blue line where the

collisions are not relevant. It is very important to mention that the properties
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represented by these red points are from current observations. The NSCs can have
a radius approximately ten times smaller at the moment of formation (

, ). However, the evolution process must be considered, because
the effective radius of the cluster expands ( , ;

, ), moving the red dots from left to right. The cluster expansion is
related to the relaxation timescale which is represented by the dashed green line
which intersects the solid blue line at the same value of the solid green line, which
comes from the condition of equation 1.4.2. All the NSCs are below this line
where t,e00 < teon. The absence of NSC above this line where t,¢40 > teon can
be explained since the cluster is not allowed to expand before the collisions start,
so it is unstable under collisions ( , ). The black and white dots are
distributed in two trends, the resolved MBHs are in the region where the collisions
dominated the cluster dynamics, while the unresolved MBHs are in the same
region as the NSCs. The positions of the white dots can be explained by the low
resolution since their properties could include stellar effects within the radius of

influence, so they can be considered as stellar systems ( , ).

1.5 The NSCs as a formation path of MBHs in

Galactic Nuclei

The mass of the CMO can be easily determined as the sum of the mass of the
nuclear stellar cluster and the black hole May o0 = Mysc + Mpr. With the black
hole formation efficiency egy, the mass of the BH must be Mgy = eggMcnio
and the mass of the NSC is Mysc = (1 — egg) Moo, therefore the efficiency is
defined as:

MNSC>_1. (1.5.1)

€pg = (1—|— Vi
BH

In Fig. 1.5.1, we display the observed black hole formation efficiency (epp; black
hole mass over total mass) as a function of the total mass of the CMO (Mecar0).
The measurements from ( ) are represented by the black
dots. Lower limits from observational data are denoted by the upper triangles
(e > 0.9 at Mcyo > 3 x 10® M) and upper limits by the lower triangles

(e < 0.15 at Mcopyo < 3 x 107 My). There is a transition regime between
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Figure 1.5.1: epy is the observed black hole formation efficiency (black hole
mass over total mass) as a function of the total mass of the CMO (M¢p0). The
black dots are from ( ). The efficiency includes upper and
lower limits, depending on the available observed quantities. The upper limit
is denoted by the lower triangles (epg < 0.15 at Mcao < 3 x 107 M) and the
lower limit is denoted by the upper triangles (epy > 0.9 at Moo > 3 x 108 My).

Source: ( ).

3 x 10" Mg < Mcamo < 3 x 108 My, that shows a rapid increase of egy. The
trend of egy agrees with the Fokker-Planck models of galactic nuclei developed by
(Lee, : , ), which shows a transition called 'merger
instability’ in the formation of the CMO at masses over or similar to 107 M. Also

the upper limit is in agreement with the condition given by ( ).
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Chapter 2
NBODY0O+-+GPU

NBODY6++GPU is a direct high precision N-body simulation code based on the N-

body code NBODY6 ( : ) and the parallel multi-node code NBODY6++
( : ). This code uses the Hermite 4 order integrator scheme developed
by ( ), which improves on the previous standard scheme developed
by ( ), which has trouble solving higher-order integrators. It also

includes a spatial hierarchy to speed up computational calculations, there is a list of
neighbor particles which is divided into two lists, the regular force and the irregular
force, which are related to the distance of the neighbor from the particle (
, ). It also contains an algorithm to regulate close encounters,
binaries ( : ) and multiple systems (
, , ). Shared memory parallelization was developed by
( ). Gravitational forces between particles are calculated in
Graphics Processing Units (GPUs) ( : ); this GPU implementation
improves to overall computing performance, especially for gravitational forces of

long range ( ) ; ) ) ).

2.1 The Hermite Integration scheme

The particles are fully described by their mass m, position ry and velocity vq at
the initial time ty. The motion of a particle ¢ can be described by the equation
of momentary acceleration ay; with respect to all other particles and its time

derivative ag; as
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R
ag; = _Zij§7 (2].].)
i#j
. V  3R(V-R)
apg; = — Z ij |:ﬁ + T:| s (212)
G|

where R=r( ;-r( ; is the relative coordinate, R=|rg ;-1 ;| the modulus, V=vq;-v ;
the relative velocity with respect to the particle j and G is the gravitational

constant.

The Hermite method follows the motion of the particle, using a Taylor series to

predict the new position r, and velocity v, at the next time step ¢:

(t —ty)? ny (t—ty)?

AU SO Ul 913
2 AT g (2.1.3)

rpi(t) =ro+ vo(t — to) + ag,

(t —tg)?

5 (2.1.4)

Vpi(t) = vo +ag(t — to) + o,

Hermite interpolation allows an approximation of the terms of higher acceleration

by another Taylor series:

ag) - (1 —to)? | ay - (L —to)’

a;(t) = ap; +ag; - (t —to) + 5 5 : (2.1.5)
(3) 2
a,; - (t—1t
a;(t) = ag; +al) - (t —to) + s (0= fo)” (2.1.6)

2

The values of a,,; and a,; can be calculated with equations 2.1.1 and 2.1.2 using
the predicted values of r,; and v,; that come from equations 2.1.3 and 2.1.4.
Once a,; and a,; are calculated and replaced in equation 2.1.5 it is possible to
show that

ag; — Ap;

ap; — Ay,
+6 P

(3)
a; =12 ,
* (ti0)? (t:0)?

(2.1.7)
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2 ag; — Apg 230,1’ —a i
all) = —6 2l _ 9 B

(t10)? tio

(2.1.8)
Then if equations 2.1.3 and 2.1.4 are expanded by two orders more, it is possible

to write the position r;; and velocity vy, of the particle 7 at the computation

time t; as

ag (L —to)'  ag(t —to)

ri(t) =1,,(t) + — 51 T (2.1.9)
) 3 .03 4
ai(t—tg) ai(t—to)

viit) = Vpalt) + =+ = (2.1.10)

The local error of r and v between two time steps At = t; — ¢y must be of the
order of J(A#®) while the global error for a fixed physical time integration must
be of the order of Y(At*) (Makino, 1991).

2.2 Individual and block time steps

Stellar systems are complex environments that include several processes with
different time scales such as the orbital periods of binary systems that are of the
order of a few days, while the relaxation time scale of a star cluster can reach
values of millions or even billions of years. Due to this, it is necessary to use
different time steps to characterize the evolution of a particle as a function of
the fluctuations that act on it. ( ) developed the ’individual time
step scheme’, the main idea of which is to use small time step integration for
particles in regions where force changes are relatively large, while large time step

integration is used for particles in regions of slowly changing relative forces.

Each particle has its own time step At;, called a 'block time step’. In Fig. 2.2.1
the particle ¢ has the smallest time step, therefore its phase space coordinates are
determined at each time step. The time step of the particle & is twice the time
step of the particle 7 and its coordinates are determined as an extrapolation in
the odd time steps. The particle [ has a time step At; = 4At;. The dotted line
represents a full force calculation; the step width can be altered after a full force

calculation as shown in Fig. 2.2.1 after the 8 time steps where the particle k time
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Figure 2.2.1: Example of block time steps for four particles.

Source: ( ).

step is doubled. The time step has to be commensurate with the time step of

each particle and the total time to guarantee a hierarchy.

A first estimation of the particle time step comes from the rate of change of
acceleration At; o< \/a;/a;, ( ) after some experimentation developed

the following formula

afi)| + a2

|al,i

At; = (2.2.1)

A ,l[al)| + 2l

where 7 is a dimensionless accuracy parameter to control the error and usually

takes values between 0.001 — 0.002.

2.3 The Ahmad-Cohen method

Calculating the positions and velocities of each particle due to the contribution
of all the other particles is time-consuming, especially if the simulation include

a large number of particles. To speed up the calculations,
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( ) developed a method whose main idea is to use a list of neighbors of each
particle, where the list is divided into two parts, the first for the integration of
regular forces for large time steps and the second for the integration of irregular

forces for small steps of time, so that:

aA; = Q& reg + aA; jrp- (231)
O
o
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Figure 2.3.1: A particle with its neighbour radius r,. Empty dots are particles
outside of ry and black dots are particles inside 7.

Source: ( ).

Whether a particle is a neighbor or not is determined by their distance, all members
within the 'neighbors sphere’ with radius r4 are on the irregular list, and the rest of
the particles outside are on the regular list. The contribution of the irregular force
is for particles that are close to the particle 7. Since these particles are close to i,
they must produce stronger fluctuations due to the gravitational force, therefore

these integration must be carried out more frequently than the integration of
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the regular force from particles that are more distant from ¢ since their position

relative to ¢ will not have large changes.

2.4 KS-Regularization

The treatment of close encounters and binary systems in a star cluster is very
expensive due to the small distances and therefore the small time steps involved
in the stellar dynamics. Close encounters of stars reach a distance of the order of
1075 pc with an associate timescale of 107 yr, while the evolution of star clusters
is followed up to several Myr. Hence, if the star cluster contains a large number of
binary systems, it becomes extremely expensive. To deal with a precise solution
to this problem, ( ) developed an algorithm (KS-
regularization) to treat close encounters and binary systems.

( , ) included chain regularization to deal with multiple systems. All of
these interactions play an important role in the dynamical evolution of star cluster.
These interactions require very small time steps during the integration and can
produce large errors with standard integrators such as the Hermite scheme, while
truncation errors are avoided with KS-regularization. This algorithm replaces two
close bodies with a center of mass particle and integrates them separately in a
new coordinate system. Furthermore, in this new coordinate system, a harmonic
oscillator accurately describes the close encounter of two bodies in the absence of

disturbance.

2.5 GPU parallelization

For several decades, calculations of N-body interactions have challenged technology
and astronomers, as direct force calculations follow an N2 number of calculations,
which provides a limit to expanding the number of particles. The graphics
processing units (GPUs) together with the CUDA programming language are
useful to speed up the N-body codes ( , ).

There is a subroutine called INTGRT that drives the numerical integration of
the Ahmad-Cohen scheme using two libraries, one for the regular force and the
second one for the irregular forces, called GPUNB and GPUIRR, respectively.

It is useful to distinguish between the attracting particles called j-particles and
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the attracted ones called i-particles. The GPUNB library calculates the regular
forces and generates neighbor lists for a determined set of particles with unique
or multiple threads of GPU(s). Each i-particle is assigned to each GPU thread.
Position, velocity, force, neighbor radius, time derivative, and neighbor particle
count are kept in the record of each thread. On the other hand, the predicted
mass, position, and velocity of j-particles are transmitted from memory to all
threads, and the forces on multiple particles i are evaluated in parallel. If particle
j happens to be a neighbor of i, the index j is written to the neighbor list in the
memory. Therefore the predicted mass, position, and velocity of the j-particles
are sent from the host, then the regular force and neighbor list of i-particles are
calculated, so both are evaluated in a single call. The GPUIRR library was named
so as its main purpose is to speed up irregular force calculations using GPUs.
However, the GPU implementation was slower than the CPU code with SSE/AVX
and OpenMP. GPUIRR computes many internal states including position, velocity,
acceleration. Mass and time of the last integration of the i-particle are used to
obtain the prediction. After each irregular step these quantities are recalculated,
besides the neighbor list of i-particles are saved for the calculation of the irregular
force, the list is saved after each regular step. The library receives a list of irregular
particles and returns the irregular force. The GPUIRR library is synchronized
with the multicore CPU and SIMD parallelism such as the Streaming SIMD
Extensions (SSE) and Advanced Vector Extensions (AVX). The use of openMP
parallelization for i-particles is simple. The SIMD parallelism is used to compute
the j-parallelism for a single ¢-particle. SSE is used to compute the pairwise forces
of an i-particle from multiple four-way j-particles, and, AVX is used to compute
the pairwise forces of an i-particle from multiple eight-way j-particles, is necessary

to select them from non-contiguous addresses displayed in the list of neighbors

( , 2012).

Fig. 2.5.1 shows a single simulation cycle. The integration can be divided into
three hierarchical parts from the smallest to the largest time steps: the KS
regularization (KS), the irregular force (Irr.), and the regular force (Reg.). After
every regular step occurs one "Adjust’, which is parallelized by multiple GPUs, the
irregular forces are parallelized by AVX/SSE with OpenMP, and KS-regularization
is solved by a simple CPU.
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Reg. Block
Irr. Block
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Figure 2.5.1: Example of a one cycle simulation with the code NBODY6++GPU.

Source: ( ).

2.6 Input File of NBODY6 |+ GPU

Here I describe the template of a regular input file of NBODY6++GPU:

KSTART TCOMP TCRITp isernb iserreg iserks

N NFIX NCRIT NRAND NNBOPT NRUN NCOMM

ETAI ETAR RSO DTADJ DELTAT TCRIT QE RBAR ZMBAR

KZ(1) KZ(2) KZ(3) KZ(4) KZ(5) KZ(6) KZ(7) KZ(8) KZ(9) KZ(10)

KZ(11) KZ(12) KZ(13) KzZ(14) KZ(15) KZ(16) KZ(17) KZ(18) KZ(19) KZ(20)
KZ(21) KZ(22) Kz(23) KZ(24) KZ(25) KZ(26) KZ(27) KZ(28) KZ(29) KZz(30)
KZ(31) KZ(32) KZ(33) KZ(34) KZ(35) KZ(36) KZ(37) KZ(38) KZ(39) KZ(40)
KZ(41) KZ(42) KZ(43) KZ(44) KZ(45) KZ(46) KZ(47) KZ(48) KZ(49) KZ(50)
DTMIN RMIN ETAU ECLOSE GMIN GMAXX SMAX

ALPAH BODY1 BODYN KBINO NHIO ZMET EPOCHO DTPLOT

Q VXROT VZROT RTIDE

N is the number of objects, NNBPOT is the optimal neighbour number, NRAND
is the random number to initialize the position of the particles, RBAR is the virial
radius in pc, ZMBAR is the mean mass in solar units, BODY1 and BODYN are
the maximum and minimum particle mass, respectively. These are the parameters

that we vary, the rest of parameters are chosen according to the manual of
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NBODY6-++GPU.

1 1000000.0 1.E6 40 40 O

10000 1 10 465 170 1 10

.01 0.01 0.3 1.0 1.0 200000.0 2.0E01 0.01 10.0
110104012

100000430

12002-1002

020001100

00004-2010

1.0E-03 1.0E-03 0.1 1.0 1.0E-06 0.001 1
1.0 10.0 10.0 0 0 0.0001 0 1.0

0.5 0.0 0.0 0.0

O = B, O O O

2.7 Initial conditions

We are testing the new scenario of SMBH formation in NSCs proposed by

( ) using a spherical distribution of stars from the ( ) model.

We evolved the clusters for 1 Myr and 10 Myr, varying the initial number of stars
as N =5 x 10%,10%,10%. We use equal-mass stars, the mass of each star (M,) can

take values of 10 or 50 M with an associated initial stellar radius R, = 4.7,11.7

R, respectively. The mass-radius relation is based on ( ) and
( ) and given as:
) M4
il =1.6 X ,10 Mo < M, <50 Mg, (2.7.1)
® Mg
R. M. %67
= 0.85 x 50 My < M,. 2.7.2
Rg (Me) ’ v (27.2)

We simulated 9 nuclear stellar clusters, covering different regions of the parameters
space as described in section 1.4. Fig.2.7.1 and Fig.2.7.2 shows the curves at the

value of ty equal to 1Myr and 10 Myr, respectively.

A summary of our initial conditions is shown in Table 2.7.1.
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Figure 2.7.1: The magenta and cyan symbols are for M, 10,50 Mg

respectively. The dashed lines are from the condition of equation 1.4.1, while the
dotted lines are from equation 1.4.3 both for a time evolution of 1 Myr.

Source: Vergara et. al. in prep.
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Figure 2.7.2: The magenta and cyan symbols are the same as Fig. 2.7.1. The
dashed and dotted lines are for a time evolution of 10 Myr.

Source: Vergara et. al. in prep.
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Table 2.7.1: The virial radius is R,, M;,; is the initial mass of the cluster, IV is
the initial number of stars, the stellar mass and radius is M, and R, respectively.

Models  Ry,[pc]  Mni[Mg] N M. Mg] R.[Re)

A 5x 1073 5x10° 5 x 102 10 4.7
B 5x 1073 25x10%° 5 x 102 50 11.7
C 5x 1073 10* 108 10 4.7
D 5x 1073 5x10* 10° 50 11.7
E 1072 10* 103 10 4.7
F 1072 5x10* 103 50 11.7
G 107! 10° 104 10 4.7
H 1 10° 10* 10 4.7
I 1 5x10° 104 50 11.7
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Chapter 3

Results

In this chapter, we summarize our main results showing first a description of
the evolution of our models, followed by an analysis of the black hole formation

efficiency egp, obtained from the simulations.

3.1 Nuclear star cluster evolution

In this section, we analyze the time evolution of two models B and G. Model B has
Mn; = 5 x 10* M, with a viral radius of 0.005 pc. Model G has an initial mass of
105 Mg, with R, = 1 pc. Model B is in the region where collisions dominate the
stellar dynamics (i.e. teoy < treiaz). Model G is in the region where collisions are
avoided (i.e. teoy > trerar). We present the cumulative mass of escapers normalized
by the initial mass M;,;, the number of collisions normalized by the initial number
of stars IV, the black hole formation efficiency egy described by equation 1.5.1
and the Lagrangian radii corresponding to 90%, 50%, and 10% of the enclosed

mass.

In Fig. 3.1.1 we show the evolution of model B over 1 Myr. The top panel shows
the cumulative mass of stars escaping from the cluster normalized by the initial
mass M,,;; the stellar cluster loses around 42% of the initial mass after 1 Myr.
The first middle panel shows the total number of collisions N,,; normalized by the
initial number of stars N = 500; after 1 Myr more than 80 collisions have occurred.
The second middle panel shows the black hole formation efficiency gy described

in section 1.4, egy reaches a value of around 28%. The stellar system forms a
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single massive object of 4150 M. The bottom panel shows the Lagrangian radii
at 90%, 50%, and 10% of the enclosed mass. The outer zone of the stellar system
corresponding to 90% of the mass shows an expansion until around 0.1 Myr, then
remains almost constant. The middle zone (i.e 50%) shows a smooth expansion
all the time while the inner zone at 10% of the enclosed mass shows a decrease at

the beginning of the simulation.

In Fig. 3.1.2 we display the evolution of the same model B over 10 Myr. The
panels are the same as in Fig. 3.1.1. The top panel shows that around 58% of the
initial mass is lost. The first middle panel shows that around 83 collisions in total
occurred, most collisions happened in the first Myr. The most massive object
reaches a mass of 4300 M. The second middle panel shows that the black hole
formation efficiency increases until a value of 41%. After 2 Myr, the 90% and 50%
Lagrangian radii curves start to overlap because there is so much mass loss. The
10% Lagrangian radius shows a rapid decrease at first followed by an expansion

and then remains almost constant.

Comparing Fig. 3.1.1 and Fig. 3.1.2, after 9 Myr, the cumulative mass of stars
escaping from the star system increases by 16%. The number of collisions increases
only a bit meaning that the most massive object reaches a mass of 4300 M. The
black hole formation efficiency gp increases by 13%; this increase is more due to
the escapers than the collisions since the mass of the most massive object increases

only by 150 M, while there are several stars that escape from the stellar system.

Model B is one of the densest models. This model is very chaotic, showing a core
contraction at the beginning. Almost all collisions occur in 1 Myr; there are also
several escapers during this time, therefore the black hole formation efficiency also
increases due to both processes. After 1 Myr only a few collisions occur, while the
number of escapers continues to increase. This means that during the late times
the increase of egy is dominated more by the number of escapers than by stellar
collisions. It may explain that in some of the observed systems a star cluster is no

longer visible.
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Figure 3.1.1: Evolution of model B for 1 Myr. Top panel: The cumulative mass
of escapers normalized by the intial mass M;,;. First middle panel: The number
of collisions normalized by the initial number of stars N. Second middle panel:
The black hole formation efficiency egy described by equation 1.5.1. Bottom
panel: Lagrangian radii for the 10%, 50%, and 90% of the enclosed mass.

Source: Vergara et. al. in prep.
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Figure 3.1.2: Evolution of model B for 10 Myr . Top panel: The cumulative mass
of escapers normalized by the intial mass M;,,;. Panels are the same as in Fig. 3.1.1.

Source: Vergara et. al. in prep.
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Fig. 3.1.3 shows the evolution of model G over 3 Myr. The panels are the same
as in Fig. 3.1.1. The top panel shows that after 3 Myr 220 stars of 10 M have
escaped from the cluster. The first middle panel shows that around 140 collisions
occurred during this time. The second middle panel shows that the black hole
formation efficiency is very low; after 3 Myr it reaches a value of less than 2%.
The most massive object reaches a mass of 1670 M. The Lagrangian radii at
90% and 50% remain almost constant, while the Lagrangian radii at 10% shows a
smooth decrease until 2.5 Myr when the core contraction occurs, followed by an
expansion. After 2.5 Myr there is an increase in the number of escapers from the
system. An increase in the number of collisions also occurs, several of them with
the most massive object, and the black hole formation efficiency also increases
after 2.5 Myr.

We show the evolution of this model until 3 Myr, since until 1 Myr, the number of
collisions and escapers is very low, so it is not quite interesting. Model G has a
long relaxation time (,cq. &~ 16260 Myr), so it takes longer for core-collapse to

occur.

Fig. 3.1.4 shows the evolution of model G over 10 Myr. The panels are the same as
in Fig. 3.1.1. The top panel shows that around 8% of the stellar mass is lost due to
the escapers. The first middle panel shows around 700 stellar collisions. The most
massive object reaches a mass of 6700 Mg. The second middle panel shows that
the black hole formation efficiency reaches a value of 7%. The Lagrangian radius
at 90% shows an expansion over time, the Lagrangian radius at 50% remains
almost constant while the Lagrangian radius at 10% shows a decrease until 2.5 Myr,

followed by an expansion and then remains almost constant.

Comparing Fig 3.1.3 and Fig 3.1.4, after 9 Myr, more than 600 stars have escaped
from the cluster. The most massive object increases its mass to more than 5000 M.
The black hole formation efficiency increases by 5%. Until 2.5 Myr, the system is
still very stable so there are very few stellar collisions and escapers. The stellar
system goes through core contraction after 2.5 Myr, therefore the largest increase

of the most massive object in mass through stellar collisions occurs after this time.

Model G lost only a small fraction of its initial mass due to the stars that escape
from the system, around 8%. This stellar system shows few collisions before

2.5 Myr, forming a massive object of 1670 M. At this time there is a small core
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contraction, so after 2.5 Myr the number of collisions increases and several of them
occur with the most massive object which increases in mass, reaching a mass of
6700 M , , yet this star system shows a black hole formation efficiency of only 8%
after 10 Myr.
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Figure 3.1.3: Evolution of model G for 1 Myr. Panels are the same as in
Fig. 3.1.1.

Source: Vergara et. al. in prep.
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Stellar gravitational interactions can cause stars to be ejected from the cluster,
taking kinetic energy with them and causing the cluster energy to redistribute,
leading the cluster to undergo core contraction. This collapse of the stellar system
is related to the formation of the most massive object since the stars are more
likely to collide with each other, therefore there is an increase in the number of

collisions. At the same time many of these collisions occur with a single object.

Model G is more massive than Model B, but also has a larger virial radius, forming
a more massive object than model B; nonetheless, its evolution is less chaotic
because the collision time scale of model B is shorter than the relaxation time
scale, while model G has a relaxation time scale larger than the collision time
scale. This can be observed in Fig.2.7.1, since the models are in a different part
of the parameters space; model B is in a region where the collisions dominate the
stellar dynamics, while model G is in a region where stellar collisions are scarce.
Also, the chaotic gravitational interaction of model B shows a larger fraction of
initial mass loss due to stellar escapers than model G. This means that model B
has a higher black hole formation efficiency than the model G, while nonetheless

model G forms a more massive object than model B.
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3.2 Black hole formation efficiency

The following results are based on the average of three simulations for the same
single configuration with a different random seed to obtain reliable statistics and

error estimates.

We define the critical mass (M), which is the mass at which the virial radius of
our clusters crosses the collision line in Fig. 2.7.1. We use this mass to normalize
the masses of the central massive objects. This mass is derived from equation 1.4.1

from ( , ):

4n
Myuy=R"P|— ), 3.2.1

! 300£2t y G1/2 (321)
where R is the virial radius,  and £ are the stellar mass and radius, respectively,

G is the gravitational constant and tg is the simulation time.

In Fig 3.2.1, we display the black hole formation efficiency as a function of the
initial mass of the nuclear cluster normalized by M,,;; until 1 Myr. Model A shows
a black hole formation efficiency of 18%. Model B has the same radius as model
A, but has more massive stars. Therefore it has a higher mass density than model
A. Tt shows a black hole formation efficiency of 25%. Model C has egy = 24%.
Model D is denser than model C and shows the highest black hole formation
efficiency of 37%. Models E and F have egy = 13% and ey = 23%, respectively.
Model G has a very low egp of less than 1%. Models I and H have the same black
hole formation efficiency of 0. The systems are collisionless, so there is no massive

object.

We summarize our results after 1 Myr in Table 3.2.1. We provide in the first
column the model ID, in the second column the cummulative mass of the escapers
(Mese), in the third column the final black hole mass (Mpgg), in the fourth column
the mass final of the nuclear star cluster (Mysc), in the fifth column the final
mass of the central massive object (Mc0) and the black hole formation efficiency

(epp) is in the last column. Note that the final masses are measured until 1 Myr.

Note that the masses of the stellar systems are related as follows:

Mim' = MCMO + Mesc = MNSC + MBH + Mesc' (322)
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Figure 3.2.1: Black hole efficiency described by equation 1.5.1 against the initial
mass of the nuclear star cluster normalized by the critical mass after 1 Myr.

Source: Vergara et. al. in prep.

Table 3.2.1: M., is the cummulative mass of the escapers, the final black hole
mass is My, Mysc is the final mass of the nuclear star cluster, Mgy,o is the sum
of Mgy and Mygc, and the black hole formation efficiency is egpy, all quantities
are measured until 1 Myr.

Models M. Mpy My sc Mcwvo €BH
ID [M] [Mg)] [Me] [Me)]
A 1743 £ 213 HRT7 £+ 47 2670 £ 254 3257 4+ 213 18 +0.2%
B 10450 £414 3650 =356 10900 % 561 14550 £ 414 25 4+ 0.3%
C 3327+ 9 1583 &+ 19 5090 + 28 6673+ 9 24 4+ 0.0%
D 22875 £ 1175 9900 £ 150 1722541025 27125+ 1175 37+0.1%
E 2350 4 37 1000 £122 6650 + 159 7650 £ 37 13+ 0.2%
F 16817 £425 7517 £ 691 25667 & 1077 33183 £ 425 23 +£0.2%
G 187 £ 17 20 99793 £+ 17 99800 + 17  0.02 £ 0.0%
H 0 0 100000 100000 0%
I 0 0 100000 100000 0%

In Fig 3.2.2, we display the black hole formation efficiency against the mass of
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the initial mass of the nuclear cluster normalized by the critical mass (M.;;)
at 10 Myr. Models A and B show a black hole formation efficiency of 27% and
37%, respectively. Model C has egy = 35%. Model D shows the highest value
of egg = 46%. Models E and F have egg = 19% and egg = 33%, respectively.
Model G has a black hole formation efficiency of 8%. The black hole formation
efficiency is 0% for model H, while the black hole formation efficiency is less than
1% for model 1.

In Table 3.2.2 we summarize our results until 10 Myr, the columns are the same
as for Table 3.2.1.
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Figure 3.2.2: Black hole efficiency described by equation 1.5.1 against the
initial mass of the nuclear star cluster normalized by the critical mass after 10 Myr.

Source: Vergara et. al. in prep.

Table 3.2.2: The columns are the same as Table 3.2.1. All quantities are
measured until 10 Myr.

Models M. Mg Mysc Mecmo €BH
ID [Mg) M) M) [Mg)]

A 2767 £ 111 610 + 43 1623 £+ 153 2233 £ 111 27+ 0.3%
B 14300 =687 3850 =324 6850 £ 795 10700 £ 687 36 £ 0.4%
C 5340 £ 42 1650 £+ 14 3010 £ 57 4660 £ 42 35+ 0.1%
D 28050 £ 1600 10000 £ 100 11950 £ 1500 21950 £ 1600 46 £ 0.3
B 4213 + 205 1110 £ 83 4677 £ 279 D787 £ 205 19+ 0.2%
F 26167 + 1547 7800 £ 788 16033 £ 2335 23833 4+ 1547 33 +0.6%
G 8030 £ 48 6567 £ 94 85400 £ 90 91970 £ 48 8+0.2%
H 26 + 16 0 99973 £ 17 99973 £ 17 0%

I 383 £ 165 100 499617 £ 165 499517 £ 165 0.99 £ 0.0%

Models H and I show a very low black hole formation efficiency, close to 0 — 1%,

since they are in a region where collisions are almost completely avoided (tg > teon)-
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Model G shows a slightly higher, but still low black hole formation efficiency,
reaching a value of only 8%, since its collision time scale (equation 1.4.1) is larger
than its relaxation time scale (equation 1.4.3). Models A and E show the next
highest ey since they are very close to the region where collisions dominate stellar
dynamics (tey > ty). Models C and F are at the edge of the collision dominated
region showing the next highest black hole formation efficiencies. Model B has
the next highest gy, followed by model D with the high black hole formation
efficiency € = 46%. These systems are in the region where collisions dominate the

stellar dynamics of the system (see Fig. 2.7.1).
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Chapter 4
Conclusions

In this thesis, we investigate the behavior of nuclear star clusters and their ability
to form supermassive black holes under runaway collisions ( ) ); we
analyze the mass loss due to stars escaping from the system, the number of
stellar collisions, the black hole formation efficiency, and the Lagrangian radii

corresponding to 90%, 50% and 10% of the enclosed mass.

We perform an analysis of different models covering different regions described
in Fig 1.4.1 in Section 1.4. These regions are delimited by the curves defined
by equations 1.4.1 and 1.4.3, the collision time t.,; and relaxation time ¢4z,
respectively. If the collision time is shorter than the relaxation time, the stellar
system becomes unstable under collisions, causing a chaotic collapse, ejecting
several stars and forming a massive object. On the other hand, if t,cq: > teon,
the system practically avoids almost all of the collisions and experiences very few
escapes. When the system is closer to the curve defined by equation 1.4.3, fewer
collisions will occur, while if the model is closer to the curve from equation 1.4.1,

more collisions will happen.

For the comparison with observations, we define the efficiency egy as the ratio of
black hole mass to stellar mass. The models with more chaotic evolution show
that at the beginning the black hole formation efficiency is dominated by the
stellar collisions, while at late times, the increase of the black hole formation
efficiency is quickly dominated by the mass loss due to stellar escapes. Systems
with longer relaxation time show a very low black hole formation efficiency that

can even be equal to zero.
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Some studies suggest that massive seeds (~ 10° M) are needed to explain the
observed supermassive black holes at high redshift ( , : ,
; , : , ). Our chaotic models reach black
hole masses of the order of 10> Mg, results consistent with the simulations of
(2002); (2009);
( K ( ). We expect that denser models in the parameter
space dominated by collisions reach higher black hole mass (> 10° M) (Lcc, ;
, ; , ; , ) and therefore a

high black hole formation efficiency.

Our most extreme model is in the region where collisions dominate, while our most
quiet model is in the region where collisions are avoided. The extreme model has
an initial mass of 5 x 10* Mg, with a viral radius of 0.005 pc; this system forms
a massive object of 9900 M and loses a mass of 29650 Mg, due to the escapers.
The black hole formation efficiency of this system is 46% and it is the highest of
all our models. On the other hand, the quiet model has a mass of 1 x 10°> M,
with R, = 1 pc, this system loses less than 1% of its initial mass due to stellar
escapes, they shows no collisions, so the black hole formation efficiency is 0%. As
expected, the black hole formation efficiency is quite high in the parameter space
where collisions dominated. Here we explored setups where t.,; = 1 — 10 Myr and
tretar = 1 — 10 Myr. The Universe has an age of 13.6 Gyr, which means that even
more extended systems with larger collision and relaxation time scales can go

through this collapse.
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Chapter 5
Discussions

In this section, we discuss relevant future observations of supermassive black holes
with the Extremely Large Telescope (ELT) which will be equipped with MICADO,
the Multi-AO Imaging Camera for Deep Observations at near-infrared wavelengths.

We also discuss future more realistic simulations with NBODY6-+-+GPU.

5.1 Future observations

To prove the presence of supermassive black holes, their mass is usually measured
using the velocity dispersion of the stellar motions ( , ;
, ). The relation due to the mass of the central black hole and the
velocity dispersion of the surrounding stars is a key question ( ,
; , ). Different measurements of the slope between black
hole mass and velocity dispersion for elliptical galaxies, classical bulges of disk
galaxies and, globular clusters are shown in Fig.5.1.1. The ( )
observations show a relation of My oc o, while the ( )
observations show a relation of Mgy o< 0> for galaxies. Reports of measurements
of intermediate-mass black holes in globular clusters have been analyzed by
( ) indicating a possible relation of Mgy o 0*3. The slope

of a globular cluster black hole mass and its velocity dispersion is shallower than
the slope of a galaxy black hole mass and its velocity dispersion, which may
suggest that there are different physical processes between globular clusters and

galaxies. However, measurements of the mass of black holes in globular clusters
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have an estimated significance of < 30; this is because it is difficult to measure

the mass of the black hole in the populated center of globular clusters.
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Figure 5.1.1: Correlation of the black hole mass Mgy with the central velocity

dispersion o, for galaxies (orange and blue lines) ( ) and,
( ), respectively, and for preliminary detections in globular

clusters (green line) ( : ).
Source: ( ).

Fig. 5.1.2, shows that the measures with the ELT/MICADO will have enough

spatial resolution to measure the black hole mass in crowded globular clusters.

The understanding of the coevolution of the host galaxies with their nuclear star
clusters and the black hole at the center requires more detailed observations since
it is very limited by the spatial resolution of the current instruments. The safer
measures of mass use Keplerian orbits of stars around the supermassive black hole,
such as the measure of the mass of Sagittarius A* in our own galaxy, the Milky Way
( , : , : , ). Another confident
method is to measure the circular motions of water masers ( , ;

, ; , ); however, this method is just useful for a
few galaxies. There are secondary techniques, called dynamical measurements,
which cover a large number of galaxies but with less spatial resolution, such as the

reverberation mapping method ( , ; ,
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Figure 5.1.2: Left panel: Hubble Space Telescope (HST) image of NGC104
(47 Tuc). Right panel: state-of-the-art plot of the stellar velocity dispersion
against the radial profile ( ) ). The blue band shows the range
of polynomial fits. Black circles show a small error bar for the radial profile. The
yellow region shows the extreme zone that MICADO can observe as the yellow
circles ( : ).

Source: ( ).

), or the measures of line widths of the broad line region in AGN (
, ). It is expected that the high resolution of ALMA could resolve
this small region at the center of the galaxies ( , ), however gas

kinematics is harder to solve and interpret than the stellar kinematics.

The sphere of influence where the black hole mass affects the motion of gas
and stars through its gravity ranges from 1 pc to 1 kpc for Mgy of 106 My to
10 Mg, respectively. Fig. 5.1.3 shows that the current instrument VLT /SINFONI
cannot resolve this range of influence, while ELT /MICADO can resolve it.

( ) researched the correlation between the black hole mass, the velocity
dispersion and the bulge mass of more than 90 galaxies, 25 of them from the
SINFONI black hole surveys. This is one of the most rigorous compilations of
data of these correlations. These correlations are useful for calibrating secondary
techniques such as the width measurements of the broad line region in AGN
( ) ). This technique is used to measure the mass of
supermassive black holes at high redshift, covering a large cosmological volume.
However, it has been suggested that the velocity dispersion measures are too high

by around a factor of three, as it is difficult to resolve the sphere of influence
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(

)

). The high spatial resolution of MICADO will allow these

spheres of influence to be resolved with greater precision, considerably increasing

the available surveys of supermassive black holes masses (

).
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Figure 5.1.3: Both panels show the simulated velocity dispersion for the
gravitational potential of NGC1600 modeled by ( ). Left
panel: the velocity dispersion profile that would be observed with ELT/MICADO.
Right panel: the velocity dispersion profile that would be observed with
VLT /SINFONI. The blue and red lines are for a black hole mass of 1.7 x 10°Mg,
while the cyan and orange lines are for a black hole mass of 1.7 x 10’"My. The
vertical dashed lines represent the spheres of influence of the two black holes masses.

Source: ( ).

There are three main paths of supermassive black hole formation. The direct
collapse of a gas cloud ( , : , :

, ; , ), the supernovae remnants of Pop. III
stars ( : ; : ) and the runaway collision
and mergers of stars in a cluster ( , ; , ;

) ). The different models of the formation of supermassive black
holes point to different progenitor mass distributions ( , ) (see
the histograms of Fig. 5.1.4). The high spatial resolution of MICADO will allow
to resolve the sphere of influence at a 5 times larger distance than the current
instruments, also 2 times larger than the James Webb Space Telescope (JWST),
which recently was sent into space. MICADO will measure the black hole mass
of galaxies with velocities dispersions of > 270 km/s at redshift z = 0.2, which
corresponds to a co-moving distance of 1 Gpc, covering a black hole mass range

of 10°-10” My, ( : ) (see Fig. 5.1.4).



44 5.1. Future observations

redshift 0.01 0.03 0.1 0.31.5
L L 100
i - 5
'—G = - 10°
= | g
& F q10°
= [ ]
3 + 107
F . f
J | 10°
direct [ .
collapse - l 108
E + 104
wa) i | SINFONI ]
s : - - 1000
i MICADO
Lt 1 La el e Dl AT . sl J 100
1 10. 1 10 100 1000
log N/Mpc? dist [V.[p(‘]

Figure 5.1.4: Measures of SMBHs masses using stellar dynamics as a function
of co-moving distance and redshift. The grey filled circles show galaxies observed
by OPINAS VLT /SINFONI. The dark and light blue void circles show galaxies
that would be observable with MICADO and JWST. The grey dots are in the
mass range that would not be observable with any telescope (even MICADO).
The solid lines represent the limit resolution for the three instruments SINFONI,
JWST, and MICADO (dark grey, light grey, and blue, respectively) as a function
of redshift. The histograms at the left show the expected mass distribution of low
mass black holes from different seed black hole populations.

Source: Tolstoy and Davies (2019).
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5.2 Future simulations

Stellar populations are complex since they are born with an initial distribution of
the masses of their stars that is called the initial mass function (IMF) ( :
). The IMF is similar within the Milky Way and nearby star-forming regions
( , : , ). The evolution of clusters depends strongly on
their primordial binaries since a small fraction of binary systems can play a crucial
role in the dynamics of the clusters ( , :
, ). It is also important to consider stellar evolution, which is well
known to strongly correlate with the initial mass of the star ( ,
). As mentioned, NSCs live in the center of galaxies. It has been suggested
that the formation of NSCs is due to the accretion of globular clusters, which
fall to the center by dynamic friction ( , ). This mechanism
is called a cluster-inspiral and is generally attributed as an explanation for the
rotation observed in NSCs (Scth et al,, 2008). Therefore, including rotation in
NSC simulations will be important when developing more realistic simulations,
since the presence of rotation in the spherical models leads to a deformation in
the outer zone of the cluster, appearing in a non-spherical distribution (
, ; , 1987). Rotation and stellar collisions have not

been investigated much yet, however, I have already explored collisions in rotating
models ( : )

The research of collisions in NSCs as a pathway for SMBH formation in general is
an important field of study that must be investigated more deeply in a realistic
way. To develop this work during my PhD I will pursue simulations with an initial
mass function (IMF), including rotation, primordial binaries, stellar evolution and
rotation. In the context of stellar evolution, the mass loss due to stellar winds
can be particularly interesting. If a star in a binary system is losing mass, the
other star can accrete this material. If the stars are close enough, the Roche-lobe
will be filled allowing for mass transfer. However, if the star cannot accrete all
the material, it remains in a common envelope surrounding the stars (

, ). The mass loss by the most massive object can drastically reduce
the final mass ( , ), so it is an important factor to take into
account. We also plan to include other prescriptions such as the fast and delayed

core-collapse for treating the supernova, as in the work of ( ). 1
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will follow realistic simulations of stars clusters ( , : ,

; , ), which use a distribution of stars following the density
profile of ( ). I will also include the IMF developed by ( ),
using zero-age main-sequence stars with masses between 0.08 — 150My, besides
including a primordial binary fraction of 5 — 10% of the total number of stars.
For the stellar evolution, it is important to consider mass loss produced by stellar

winds, following the models of ( ); ( , ).

MICADO, ELT, and JWST will observe many additional NSCs and determine
many supermassive black hole masses that will allow the efficiency of black hole
formation to be determined with high precision. The large observational data set
could be compared with the results of our model. Our model suggests that NSCs
could form a more massive object than 10* My, through runaway collisions (see
Fig. 5.1.4). These observations will also help to probe the new formation scenario
proposed here, by providing an accurate estimation of black hole masses for a

large range of different clusters.
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