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Abstract

TITLE: Hydrodynamical simulations of massive stars collisions

AUTHOR: Juan Manuel Pacheco Arias

KEYWORDS: Gravitational waves, Pair-instability supernovae, Massive stars, Collisions.

DESCRIPTION:

Since the detection of gravitational waves traveling through our universe, a new field of astro-
physics has opened up, and with it many hypotheses and theoretical predictions have been put to
the test. This is the case of the pair-instability mass gap (∼ 60 and ∼ 120 M⊙). Gravitational wave
signals have been detected whose primary and secondary black holes fall within the mass range
where it was previously thought unthinkable that they could exist as a product of stellar evolution.
Different mechanisms could explain these observations, among which the gravitational collapse of
a particular type of remnant from a collision between two predecessor stars stands out. Multiple
studies support this hypothesis, however, it is necessary to determine the incidence of the collision
parameters on the main characteristics of the post-coalescence star, especially to corroborate that
its final mass and chemical composition made it a suitable remnant to produce these special black
holes. To achieve this goal, the hydrodynamical simulations of stellar collisions are a perfect tool.

In this thesis, we have analyzed a set of simulations produced with the smoothed particle hydro-
dynamics code STARSMASHER. This set explores different configurations of mass, radius, stellar
evolution time, velocity at infinity, and impact parameter for the two colliding stars. We have been
able to analyze the temporal evolution of the percentage of unbound mass for all cases, obtaining
that collisions produce a range of mass loss between 9.7% and 19.3%, with the impact parameter
being the most influential value in the increase of this percentage. We have also visualized that the
relaxation of the final remnant occurs quite quickly after the impact as long as the collision is ra-
dial. In the case of non-radial collisions, the relaxation of the post-coalescence star is much more
complex, since it is altered by successive collisions between the cores of the two primary stars.
We also found that non-radial collisions are the only ones that result in a remnant with tangential
rotational velocity, a fact that would favor the chemical enrichment of its constituent layers and
modify its subsequent evolution.

Finally, the semi-analytical process of stellar remnant construction from the entropy sorting
algorithm was applied and compared with hydrodynamical collision simulations, proving that it
succeeds in reproducing the structure of post-collision stars for different configurations. In addi-
tion, for the first time in this work, a new method for the determination of the amount of mass lost
after the impact from the entropic profile is proposed. This methodology can reduce the computa-
tional time needed for the exploration of the parameter space of massive star collisions, allowing
a breakthrough in the quantification of this formation channel as a generator of black holes in the
pair-instability mass gap.
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Introduction

The classical theory of stellar evolution predicts that stars with a mass greater than 60 M⊙ and less
than about 120 M⊙ will end their lives without leaving any remnant. This is explained by the fact
that after the creation of its CO core, the conditions inside the star are such that thermal energy is
used to generate electron-positron pairs. This phenomenon drastically decreases the radiation pres-
sure and breaks the hydrostatic equilibrium, which is followed by a rapid gravitational collapse of
the star and finally a thermonuclear explosion (pulsation instability supernova). This is the reason
why there are no expected black holes in the pair-instability mass gap (Heger & Woosley, 2002;
Tanikawa, Susa, Yoshida, Trani, & Kinugawa, 2021). However, after the detection of gravitational
waves, this paradigm is undergoing major changes. Today there is a signal recorded by the LIGO-
Virgo collaboration, whose extracted parameters point to the existence of black holes of mass
∼ 85 M⊙ and ∼ 66 M⊙ (GW190521). In addition, there are four other candidates with at least one
of their black holes within the forbidden mass range (GW190403_051519, GW190426_190642,
GW200220_061928, and GW200129_114245) (Abbott et al., 2020a; Nitz et al., 2021).

There are many possible explanations for this discrepancy. The first is to recognize that the
limits of the pair-instability mass gap are fuzzy since they come from results with high uncertain-
ties in the modeling of massive star evolution (Croon, McDermott, & Sakstein, 2020). The second
hypothesis considers that these black holes come from the hierarchical collision of previous black
holes that fulfill the mass gap instability criterion (Mapelli, Bouffanais, Santoliquido, Arca Sedda,
& Artale, 2022). Finally, there is a third way to explain this, the stellar evolution of a very partic-
ular type of star generated from the collision between two progenitor stars (Di Carlo et al., 2019).
This is the path that we explore throughout the development of this thesis.

Studies have shown that, in principle, massive stars with a low-mass CO core that have a huge
envelope can avoid the pair-instability zone and evolve to collapse directly into a black hole. This
special type of star can be produced by the collision of two massive stars, one evolved with a low-
mass CO core and a main sequence one. Simulations and dynamical analysis pointed out that this
type of collision could be triggered in young massive clusters, and the expected mass of the final
remnant black hole is not very different from the sum of the masses of both primary stars (Di Carlo
et al., 2019). However, it is still not very clear how the various parameters involved in the colli-
sion of two massive stars can greatly modify the final characteristics of the resulting one. Some
studies have analyzed the stellar evolution of the expected final star to verify that it would indeed
collapse into a black hole in the prohibited mass range (Renzo, Cantiello, Metzger, & Jiang, 2020),
and others have explored hydrodynamical simulation of stellar collisions but without including the
specific parameters needed in this case (Glebbeek, Gaburov, Portegies Zwart, & Pols, 2013).
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Some studies addressed this problem by directly simulating the collision of two primary stars
that meet the necessary characteristics to generate a star that avoids the pair-instability zone. This
simulation was carried out using the STARSSMASHER code with the smoothed particle hydrody-
namics technique and assuming a radial collision. The results obtained showed that the remnant
only lost about 12% of the sum of the initial masses and its chemical composition meets the condi-
tions described for a direct collapse to a black hole (Ballone et al., 2023; Costa, Ballone, Mapelli,
& Bressan, 2022). The objective of this thesis was to explore other types of collisions by varying
the parameters involved to characterize the impact they have on the characteristics of the post-
coalescing star. The results obtained indicate that non-radial collisions can increase the percentage
of unbound mass after the impact by up to 6% and that remnants with a mixed chemical composi-
tion could be generated as a result of the appearance of tangential velocity. The other parameters
within the collisions do not generate a greater change concerning what was analyzed in previous
work.

Finally, some authors have proposed an alternative process for the construction of stellar rem-
nants from the hydrodynamic particles that model the stars before the collision. This methodol-
ogy was presented by J. C. Lombardi Jr, Warren, Rasio, Sills, and Warren (2002) and Gaburov,
Lombardi Jr, and Portegies Zwart (2008), and is based on the buoyancy of the elements within
a fluid according to Archimedes’ principle. The idea is to generate the post-collisional star from
the layered arrangement of the primary particles, increasing their entropy from the center out-
wards. This semi-analytic process was applied and compared, in this thesis, with the results of the
complete hydrodynamic simulations, proving that it succeeds in reproducing the structure of the
post-collisional stars in all cases where the evolutionary state of the parent stars is clearly differen-
tiated. This result is in agreement with Glebbeek et al. (2013) and Ballone et al. (2023), and allows
us to propose a new scenario in which the exploration of the parameter space of stellar collisions
can be carried out in a much faster and more efficient way. In support of the above, a new method
for the determination of the amount of mass lost after direct impact, using the entropic remnant
profile, is proposed in this work.

The first chapter of this thesis presents the theoretical framework necessary to understand the
tension resulting from the detection of black holes in the pair-instability mass gap. There we show
how collisions between massive stars are a plausible explanation for this problem. The second
chapter presents the methodology used for the study of stellar collisions through hydrodynamical
simulations with the systematic variation of the parameters involved. The population of stellar
profiles used in this study is also described. The operation and physical principles behind the
entropy sorting algorithm are described in detail. The third chapter presents the results obtained,
quantifying the incidence of the collisional parameters on the percentage of mass lost and on the
rotational dynamics of the remnant star, as well as the direct comparison between what is predicted
by the hydrodynamical simulations and the pseudo-analytical approach of entropy sorting. Finally,
the fourth chapter describes the conclusions obtained with this methodology and lists some key
aspects to be considered for future proposed works. This work is properly documented, and its
analysis codes are compiled and presented in a Github repository.∗.

∗https://github.com/JuanManuelPacheco/Stars_Collisions

https://github.com/JuanManuelPacheco/Stars_Collisions
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1. Pair-instability, black holes and collisions

This chapter describes the origin of the problem due to the existence of black holes in the pair-
instability region, followed by an exposition of the main alternative solutions discussed in the
literature. For this, the traditional theory of stellar evolution for massive stars is described, deep-
ening in why, as a result of the spontaneous generation of electron-positron pairs in their nuclei, it
is not expected that stars with masses higher than ∼ 60 M⊙ and lower than ∼ 120 M⊙ end their
lives generating compact remnant objects.

Subsequently, it is shown how the detection of gravitational waves has shaken this paradigm,
revealing that there are signals resulting from the merger between two black holes that inhabit
the pair-instability mass gap. Then, the different solutions proposed to alleviate this tension are
analyzed as a motivation for the methodology followed in this work. These solutions explore dy-
namical formation channels, like the hierarchical collision of black holes or direct stellar collisions,
and the complex physics that determines the limits of the pair-instability zone for massive stars.

After, the problem studied in this thesis is introduced: How do the parameters involved in
the collision of two massive stars affect the final characteristics of the resulting one? Can such a
remnant star collapse into a black hole of mass between ∼ 60 and ∼ 120 M⊙? This is to relieve
the tension by making use of one of the dynamic channels of formation of such pair-instability
black holes, a solution that has many arguments in its favor and whose parameter exploration has
never been carried out in detail. Finally, this chapter concludes with the objectives that motivate
this thesis.

1.1 Pair-instability mass gap

Stellar evolution models predict multiple fates for massive stars (M > 8 M⊙) depending on stel-
lar properties such as mass, metallicity, angular momentum, etc (see figure 1.1). In the case of
slow-rotating metal-poor massive stars, the conditions in the core, at the end of the carbon burn-
ing phase, are expected to be perfect for the efficient production of electron-positron pairs (Fraley,
1968; Rakavy & Shaviv, 1967). This process reduces the internal radiation pressure of the star lead-
ing to a gravitational collapse that triggers a thermonuclear explosion known as a pair-instability
supernova (PISN). This supernova is so violent that all stellar layers are completely disrupted after
it and the star ends its life leaving no remnant (Barkat, Rakavy, & Sack, 1967; Bond, Arnett, &
Carr, 1984).
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Figure 1.1
Initial-final mass function of non-rotating primordial stars (Z = 0).

Note. The x-axis gives the initial stellar mass. The y-axis gives both the final mass of the collapsed rem-
nant (thick black curve) and the mass of the star when the event begins that produces that remnant (e.g.,
mass loss in AGB stars, supernova explosion for those stars that make a neutron star, etc.; thick gray
curve). Four regimes of initial mass are distinguished: low-mass stars below ∼ 10M⊙ that end as white
dwarfs; massive stars between ∼ 10 and ∼ 100M⊙; very massive stars between ∼ 100 and ∼ 1000M⊙; and
supermassive stars (arbitrarily).∗

The pair-instability (PI) scenario affects massive stars with a carbon-oxygen (CO) core with
density between ∼ 102 and ∼ 106 g · cm−3 and temperature over 6 · 108 K (Barkat et al., 1967;
Bond et al., 1984). To reach those conditions the proper rotation of the star needs to be small to
not increase the size of the nucleus, and there needs to be a lack of metals in the stellar structure
to reduce the mass loss by stellar winds. This process is very sensitive to the final mass of the
core and in some cases the nuclear flashes after the thermonuclear explosion are not sufficiently
energetic to disrupt the entire star, leading to the pulsational pair-instability supernovae (PPISN)

∗Taken from: (Heger & Woosley, 2002)
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scenario. In this case, a series of pulsations occur where the core contracts, ignites burning, ex-
pands and cools, then contracts and ignites burning again until the final disruption occurs (Leung,
Nomoto, & Blinnikov, 2019; Marchant et al., 2019; Rahman, Janka, Stockinger, & Woosley, 2022;
S. Woosley, 2017; S. E. Woosley, Blinnikov, & Heger, 2007).

Combining the PISN and PPISN fates, stellar evolution models are capable to predict a mass
gap in the mass spectrum of black holes. The needed characteristics at the CO core to ensure
disruption can be translated into lower and upper bounds for the mass of massive star remnants.
Following this line of reasoning we expect an absence of black holes with masses between ∼ 60
and ∼ 120 M⊙ in our Universe. This regime is known as the PI mass gap (Belczynski et al.,
2016; Farmer, Renzo, de Mink, Marchant, & Justham, 2019; Heger & Woosley, 2002; Marchant
& Moriya, 2020; Mehta et al., 2022; Renzo et al., 2020; Spera & Mapelli, 2017; Stevenson et al.,
2019; Tanikawa et al., 2021; Vigna-Gómez, Justham, Mandel, De Mink, & Podsiadlowski, 2019).

1.2 Black holes in the pair-instability mass gap

The PI mass gap is one of the stellar evolution predictions that have been tested since the detection
of gravitational waves (GWs). The signals from compact object mergers, detected by the LIGO-
Virgo collaboration, are challenging many theoretical frameworks in astrophysics and cosmology,
lightening the understanding of our Universe. The binary black hole merger event GW190521,
detected during the third observing run, is one of those examples. The parameter estimation pro-
tocol stated that the masses of the black holes responsible for that GW were M1 = 85+21

−14 M⊙ for
the primary and M2 = 66+17

−18 M⊙ for the secondary, both of them lie inside the PI mass gap (Ab-
bott et al., 2020a, 2020b). In addition to this event there are other fourth candidates whit at least
one of the merging black holes filling the PI mass gap: GW190403_051519, GW190426_190642,
GW200220_061928 (Abbott et al., 2021a, 2021b) and GW200129_114245 (Nitz et al., 2021).

The unexpected detection of black holes with masses greater than 60 M⊙ and lower than 120
M⊙ needs an explanation to be contrasted against the traditional PI scenario. The first possibility
to be explored are the uncertainties inside massive stellar evolution models, that can lead to wrong
estimations for the boundaries of the PI mass gap. One of the alternatives to displace the mass lim-
its to higher values consists of coupling, to the Standard Model, new light particles that can act as
an additional source of energy loss in the cores of metal-poor massive stars, dramatically altering
their evolution by suppressing the mass loss due to pulsations in the PI regime (Croon et al., 2020).
A second option is to explore the uncertainties in the 12C(α, γ)12O reaction rate. This reaction rate
determines the relative fractions of carbon and oxygen in the core at the end of helium burning,
and altering it can lead to the suppression of electron–positron pairs production or the appearance
of the dredge-up effect (Costa et al., 2021; Farmer, Renzo, de Mink, Fishbach, & Justham, 2020).
A lot of authors have also proven that the PI mass gap is sensitive to phenomena like the presence
of core overshooting and stellar wind physics (Vink, Higgins, Sander, & Sabhahit, 2021), or the
evolution of stars in detached binaries, rotation, and hyper-Eddington accretion after black hole
birth (S. Woosley & Heger, 2021). Finally, there exists a way to populate the PI mass gap with
the remnants of super-kilonovae produced by the core collapse of rapidly rotating massive stars
(Siegel et al., 2022).
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Apart from arguments based on stellar properties, systems like GW190521 can be explained
using dynamic interactions. This path explores the possibility of building up black holes in the PI
mass gap by hierarchical mergers that can occur often in the densest regions of star clusters. This
scenario can be distinguished from the stellar evolution formation channel by detecting the prints
of previous mergers in the measurements of the effective spin of black hole binaries. (Antonini,
Gieles, & Gualandris, 2019; Arca-Sedda et al., 2021; Coleman Miller & Hamilton, 2002; Fish-
bach, Holz, & Farr, 2017; Fragione, Loeb, & Rasio, 2020; Gerosa & Berti, 2017; Mapelli et al.,
2022, 2021; Rizzuto et al., 2022; Rodriguez et al., 2019; Sedda, Mapelli, Benacquista, & Spera,
2021; Sedda, Mapelli, Spera, Benacquista, & Giacobbo, 2020). Direct dynamical encounters can
be efficiently enhanced in the accretion disc of an active galactic nucleus (AGN). In this environ-
ment, the dynamical heating of cusp stars increases the velocity dispersion of the nuclear cluster
objects (NCOs). This phenomenon, combined with the gas damping, circularizes the NCOs or-
bits increasing its collision cross-section in favor of the hierarchical merging hypothesis (Bartos,
Kocsis, Haiman, & Márka, 2017; McKernan, Ford, Lyra, & Perets, 2012; McKernan et al., 2018;
Stone, Metzger, & Haiman, 2017; Tagawa, Haiman, & Kocsis, 2020; Tagawa et al., 2021; Yang et
al., 2019).

Figure 1.2
Mass of the primary black hole (m1) vs mass of the secondary black hole (m2) of merging
binary black holes.

Note. Filled contours (with grey color map): isolated binaries; orange circles: binary black holes which
form from exchanged binaries in SC simulations; blue circles: merging binary black holes which form from
original binaries in SC simulations; red stars with error bars: LIGO–Virgo detections of black hole merg-
ers.∗

∗Taken from: (Di Carlo et al., 2019)
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Finally, not only direct encounters of formed black holes can populate the PI mass gap. The
collision between two massive stars in a young stellar cluster (SC) can lead to the generation of a
remnant star capable to skip the PI region during its evolution, directly collapsing into a black hole
with a mass of more than 60 M⊙ (see figure 1.3) (Di Carlo et al., 2019; Di Carlo, Mapelli, Bouf-
fanais, et al., 2020; Di Carlo, Mapelli, Giacobbo, et al., 2020). Simulations that combine direct
N-BODY calculations with population synthesis codes have shown that the presence of close en-
counters and dynamical exchanges triggers the formation and the merger of massive binary black
holes in young SC (see figure 1.2). Stellar mergers are facilitated by the perturbation of a binary
star, affecting its orbital properties and increasing the probability of a collision. Some massive
stars even undergo runaway collisions, where they can go through multiple mergers over a short
amount of time. This formation channel is strongly affected by metallicity, where metal-rich SC
have a dramatic suppression on the mass of massive stars due to the presence of stellar winds (Bal-
lone et al., 2023; Banerjee, 2022; Di Carlo et al., 2019; Di Carlo, Mapelli, Bouffanais, et al., 2020;
Di Carlo, Mapelli, Giacobbo, et al., 2020; Kremer et al., 2020; Rastello et al., 2021; Rizzuto et al.,
2021; Spera et al., 2019).

Figure 1.3
Simulated stellar collision scenario in a young stellar cluster, for the formation of a
massive binary back hole merger.

Note. This figure corresponds to the evolution of the most massive binary black hole merger in the set of
simulations produced using the direct summation n-body code nbody 6 ++ gpu coupled with the pop-
ulation synthesis code mobse described in Di Carlo, Mapelli, Giacobbo, et al. (2020). Blue stars represent
main sequence stars (with label MS); red stars with a blue core represent core helium-burning stars (label
cHeB); black circles represent black holes (label BH). The mass of each object is shown next to them. The
time axis and the size of the objects are not to scale. The primary BH with M1 = 88.3M⊙ lies in the pair-
instability mass gap. The merging Binary black holes form because of dynamical interactions.∗

∗Taken from: (Di Carlo, Mapelli, Giacobbo, et al., 2020)
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1.3 Stellar collisions

Not all collisions of massive stars inside SC can lead to the generation of a black hole in the PI
mass gap. Very special characteristics at the core of the remnant star are needed to prevent the
efficient generation of electron-positron pairs. Some authors have proven that the production of
an exotic star from the collision of a Core Helium Burning star (CHeB) (∼ 58M⊙) and a massive
Main Sequence (MS) (∼ 42M⊙) can directly collapse into a black hole in the forbidden mass range
(Ballone et al., 2023; Costa et al., 2022; Di Carlo et al., 2019; Di Carlo, Mapelli, Bouffanais, et al.,
2020; Di Carlo, Mapelli, Giacobbo, et al., 2020; Renzo et al., 2020). This scenario is extremely
sensible to substantial modifications of the nucleus of the remnant and the density and chemical
composition of the envelope after the impact, facing several challenges.

The first challenge is to retain sufficient mass during the stellar encounter. The envelope of
very massive stars is loosely bound and can be easily stripped by violent collisional environments,
dramatically increasing the mass-loss rate during the merger. Radiation transport can also affect
the mass budget in the case of very luminous stars (Renzo et al., 2020). The next challenge is to
maintain the core mass below the PI regime. The thermodynamical properties of a stellar collision
between stars at similar evolutionary stages would lead to the merger of both stellar cores (Gaburov
et al., 2008; Glebbeek et al., 2013; J. C. Lombardi Jr et al., 2002). This phenomenon, combined
with the rotational mixing produced by the angular momentum transference during the dynamical
encounter (Maeder & Meynet, 2000), pushes the remnant core mass into the PI region.

The subsequent evolution of the post-merger star is also crucial to ensure this black hole for-
mation channel. The large mass loss due to line-driven wind needs to be suppressed by surface
magnetic fields (Belczynski et al., 2020) or prevented by a low metallicity envelope (Farrell et al.,
2021). A massive remnant with high angular momentum can experience centrifugally driven mass
loss (Heger, Langer, & Woosley, 2000; Langer, 1998; Zhao & Fuller, 2020), and merger products
are suitable environments to produce luminous blue variable eruptions (Aghakhanloo, Murphy,
Smith, & Hložek, 2017; Justham, Podsiadlowski, & Vink, 2014) and to experience eruptive mass
loss (Jiang et al., 2018).

At the end of the stellar evolution, and during black hole formation, the remnant star will
experience more mass loss due to neutrino emission and the emergence of unbound layers after
propagating shocks (Di Carlo, Mapelli, Giacobbo, et al., 2020; Fernández, Quataert, Kashiyama,
& Coughlin, 2018; Lovegrove & Woosley, 2013; Nadezhin, 1980). Finally, if all of these chal-
lenges are overcome and a black hole is formed in the PI mass gap, it needs to be dynamically
coupled with a companion, merge and emit a GW capable of being detected using the LIGO-Virgo
interferometers. This process is favored by the large mass of the black holes involved in this hy-
pothesis Di Carlo et al. (2019); Di Carlo, Mapelli, Bouffanais, et al. (2020); Di Carlo, Mapelli,
Giacobbo, et al. (2020); Kremer et al. (2020); Spera et al. (2019).

The stellar collision formation channel has been studied following two simulation paths. The
first studies computed the stellar structures before and after the merger using the stellar evolution
code MESA (Paxton et al., 2010, 2019). In this methodology the direct collision process is never
simulated, instead of that the envelope of the primary star (CHeB or Terminal Age Main Sequence
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(TAMS) of ∼ 58M⊙) is enriched by the homogeneous addition of mass from the secondary star
(MS of ∼ 42M⊙), and the nucleus of the most evolved star is assumed to be the core of the rem-
nant (see figure 1.4) (Di Carlo et al., 2019; Renzo et al., 2020). This assumption is supported
by the buoyancy effect responsible for the redistribution of fluids out of equilibrium, based on
the thermodynamical properties of the stellar gas involved in this type of collision (this principle
and its operation are described in detail in the section 2.3) (Gaburov et al., 2008; Glebbeek et al.,
2013). The subsequent evolution determined by MESA states that the exotic merger product tends
to be helium-rich and spends most of its remaining lifetime within regions of instabilities in the
Hertzsprung–Russell (HR) diagram. The mass loss estimations ensure that this star will retain
enough mass to generate a black hole in the PI regime after core-collapse (CC), concluding that
this scenario will be able to overcome some of the previously described challenges (Renzo et al.,
2020). However, this methodology does not account for some key parameters like the mass loss at
the time of the merger, the resulting core structure without the thermodynamic assumption, and the
mass loss at CC, making it difficult to confirm the viability of this formation channel by following
these models (Ballone et al., 2023; Costa et al., 2022; Renzo et al., 2020).

Figure 1.4
mesa hydrogen and helium profiles of two pre-merger stars and their merger products.

Note. The pre-collision stars are the top and middle panels, and the merger products are the bottom
panel. In the bottom panel, solid lines indicate the envelope composition for the mixed model where both
stars fully mix at merger time. The dashed lines indicate the envelope composition for the primordial
model where the remnant layers are built assuming that the lowest entropy ones sink to the bottom. Both
models have by construction the same core structure of the most massive star pre-merger (thicker lines).
The least massive Star 2 is too young to have a well-defined helium core.∗

∗Taken from: (Renzo et al., 2020)



HYDRODYNAMICAL SIMULATIONS OF MASSIVE STARS COLLISIONS 19

The only way to account for the precise mass loss at the collision, and to determine the actual
stellar structure in the post-merger star, is to perform a 3D hydrodynamical simulation of the direct
encounter. This is the second way to study the stellar collision scenario using simulations. The
idea is to mix stellar evolutionary codes like PARSEC (Bressan et al., 2012; Costa, Girardi, Bressan,
Chen, et al., 2019; Costa, Girardi, Bressan, Marigo, et al., 2019) and MESA, with smoothed-particle
hydrodynamics codes suited for the simulation of star collisions, like STARSMASHER (Gaburov,
Lombardi, & Zwart, 2010). Using this methodology the computation of the stellar structures before
and after the collision is still performed by stellar codes, but in the middle STARSMASHER will
receive the 1D profiles of the primary and secondary stars, will transform them into 3D stars that
will collide following the orbital parameters of stars in young SC (see figure 1.5), and will form
the remnant star for which its subsequent evolution will be computed again by stellar evolutionary
codes (Ballone et al., 2023; Costa et al., 2022).

Figure 1.5
splash visualization of a 3D hydrodynamical collision of two massive stars.

Note. Column mass density maps for one hydrodynamical simulation, at the beginning (left-hand panel),
at the time of the collision (central panel), and at the end of the simulation (i.e. after 10 days of evolu-
tion; right-hand panel). Initially, the two stars are at a distance of 110R⊙. As the two stars move on their
radial orbit, the secondary enters the much larger envelope of the primary, forming a long cometary tail,
and gets disrupted when reaching the inner parts of the CHeB star, after one day of evolution. At the end
of the simulation, the stellar remnant relaxes to a much larger envelope, generated by the inflation of the
outer layers of the primary star.∗

The hybrid model described in the previous paragraph can lead to more precise constraints on
the needed characteristics for the two massive stars involved in the formation of a black hole in
the PI mass gap. Some authors found that a head-on collision can remove up to 12% of the initial
mass. Hydrodynamical simulations also showed that the MS star can mix with the core of the
primary star, changing the inner chemical composition of the remnant, contrary to the expected
thermodynamical recomposition of the gas (Ballone et al., 2023). In this specific scenario, the
exotic post-collision star evolved through all the stellar burning phases until CC. Before CC, the
merger product was a blue supergiant star with a total mass loss of ∼ 1M⊙ due to stellar winds
and neutrino emission (Costa et al., 2022). The final black hole mass founded by Ballone et al.
(2023) and Costa et al. (2022) is ∼ 87M⊙, this example confirms that the collision scenario can

∗Taken from: (Ballone et al., 2023)
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populate the PI regime provided that the sum of the initial mass remains within the mass gap after
dynamical losses. Although hydrodynamical simulations can quantify in greater detail the effects
of the collision between two massive stars, some key parameters within this scenario have not been
explored yet. This is a consequence of the high computational cost of this type of simulation.

1.4 Objective

The goal of this master thesis is to follow the hybrid methodology, proposed by Ballone et al.
(2023) and Costa et al. (2022), to explore other types of stellar collisions. The idea is to vary the
evolutionary stages of both stars before the encounter and the orbital parameters of the collision,
identifying the influence they have on the post-coalescing stellar structure. Finally, the parameter
space of the stellar collisions formation channel is expected to be explored in more detail through-
out this thesis thanks to the generation and analysis of a set of stellar profiles and hydrodynamical
collisions, concluding with the necessary characteristics to populate the PI mass gap with black
holes generated through the encounter of massive stars in young SC.
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2. Hydrodynamical simulations and entropy criteria

Stellar collisions are an extremely complex process, whose time scale and spatial resolution are
so small that direct observations of such events on the sky are not possible today. This means
that the only possibility to explore and analyze their dynamics is by making use of computa-
tional simulations. In particular, hydrodynamical simulations of stellar collisions allow detailed
three-dimensional tracking of the dynamics of the particles that make up the stars involved, which
allows us to determine the final characteristics of the remnant and how they vary as the collisional
parameters change.

Despite its enormous advantages, the hydrodynamical simulation process of stellar collisions
has a high computational cost, a fact that complicates an efficient exploration of the parame-
ter space for this process and limits its study. For this reason, semi-analytical approaches have
emerged in the literature to reduce the cost of hydrodynamical simulations by assuming that the
collision between the two stars meets a series of requirements. One of these approaches proposes
to regroup the particles that make up each star as their entropy increases, managing to build the
remnant star from the two initial ones without the need to make a detailed follow-up of the entire
collision and thus drastically reducing the time employed.

This chapter presents the population of stellar collision simulations produced using the STARS-
MASHER hydrodynamical simulation code, generated from some of the profiles obtained with PAR-
SEC and MESA stellar evolution codes. The range of parameters explored and the reason for each
of the values selected to produce the sample is also described. Finally, the entropy ordering process
is explained in detail as an alternative to the hydrodynamical simulation.

2.1 PARSEC and MESA: stellar profiles

PARSEC and MESA are stellar evolutionary codes, that compute the evolutionary tracks for stars
by solving the coupled stellar evolution equations using advanced numerical techniques. These
two codes are among the most widely used by the astrophysical community and are therefore very
well-tested and properly documented. Each code is different from the others, not only in the micro
and macro physics implemented in their routines but also in their computational structure.
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2.1.1 PARSEC: the PAdova and TRieste Stellar Evolution Code

Micro and macro-physics

PARSEC is the result of a thorough revision and update of previous codes used at the University
of Padova (Bertelli, Bressan, Chiosi, Fagotto, & Nasi, 1994; Bertelli, Girardi, Marigo, & Nasi,
2008; Bertelli, Nasi, Girardi, & Marigo, 2009; Bressan, Fagotto, Bertelli, & Chiosi, 1993; Girardi,
Bressan, Bertelli, & Chiosi, 2000; Marigo, Girardi, Chiosi, & Wood, 2001). Among the physical
models incorporated in this code, the following stand out (Bressan et al., 2012; Costa, Girardi,
Bressan, Chen, et al., 2019; Costa, Girardi, Bressan, Marigo, et al., 2019). The calculation of
the pre-main sequence phase evolution. The detailed description of the absorption properties of
matter in the gas using static tables of Rosseland mean opacities κR(ρ, T ) in different temperature
regimes:

• Low-temperature regime oppacities (3.2 ≤ log(T/K) ≤ 4.1) are computed using the ÆSO-
PUS tool (Marigo & Aringer, 2009).

• High-temperature regime opacities (4.2 ≤ log(T/K) ≤ 8.7) are provided by the Opacity
Project At Livermore (OPAL) team (Iglesias & Rogers, 1996).

• Middle-temperature regime opacities (4.0 < log(T/K) < 4.1) are produced by linear inter-
polation between the ones derived from OPAL and ÆSOPUS.

The computation of the Equation of State (EOS) by making use of the FREEEOS∗ Fortran library
and by the interpolation of pre-computing tables. This calculation is performed by accounting for
H, He, C, N, O, Ne, Na, Mg, Al, Si, P, S, Cl, Ar, Ca, Ti, Cr, Mn, Fe, and Ni. The implementation of
a nuclear network that consists of the p–p chains, the CNO tri-cycle, the Ne–Na and Mg–Al chains,
and the most important α-capture reactions, solving for the abundance of 30 chemical species. En-
ergy losses by electron neutrinos are included from Munakata, Kohyama, and Itoh (1985) and Itoh
and Kohyama (1983), and for plasma neutrinos by the fitting formulae provided by Haft, Raffelt,
and Weiss (1993).

The complex modeling of convection is implemented following the Schwarzschild criterion,
accounting for overshoot from the convective core, overshoot in the convective envelope, breath-
ing pulses, temperature gradient in the convective region, and finally the presence of diffusive
convection, where the elements in the turbulent regions are mixed by solving a system of diffu-
sion equations coupled with the nuclear reaction rates for each chemical element (Costa, Girardi,
Bressan, Marigo, et al., 2019). The insertion of rotation is coded considering the departure from
spherical geometry, modification of the stellar structure equations, and the transport of angular
momentum (Costa, Girardi, Bressan, Chen, et al., 2019).

Prescriptions and simulated catalog

In this study, we used stellar tracks generated with version V2.0 of PARSEC, in which all the
aforementioned are available. As explained in chapter 1, the first step in the simulation chain of

∗Available at: http://freeeos.sourceforge.net/

http://freeeos.sourceforge.net/
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massive star collisions is the generation of the 1D profiles of the colliding stars using the stellar
evolution codes. In our case, we generated a set of four stars with PARSEC. The first two stars
have a mass of 41.9 M⊙ (∼ 42 M⊙) and they only differ in the evolutionary stage at which we
stopped the simulation. Both of them were still in the MS but the first one was stopped at an age
of 2 Myr and the second was evolved +2 Myr (4 Myr in total). The latter two stars also have the
same mass, in this case, 57.6 M⊙ (∼ 58 M⊙), and again the difference is only the final stage, for
the first one, the simulation was terminated at the TAMS, meanwhile the second one reaches the
CHeB phase (see figure 2.1).

Figure 2.1
parsec hydrogen and helium profiles of four pre-merger stars.

Note. The ∼ 42 M⊙ and ∼ 58 M⊙ pre-collision stars are the top and bottom panel respectively. In the
top panel, from left to right column, the profiles are at 2 Myr Main Sequence (MS) and 4 Myr Main Se-
quence (MS + 2 Myr). In the bottom panel, from left to right column, the profiles are at Terminal Age
Main Sequence (TAMS) and Core Helium Burning (CHeB). Solid red lines indicate the mass fraction of
hydrogen along the radius for each star. The dashed blue lines indicate the mass fraction of helium along
the radius for each star. All models have by construction the same physics on parsec. The main differ-
ence between them is the core extension and composition, as well as the increase in the final radius with
the increasing age, as expected from different evolutionary stages for stars of similar mass.

The prescriptions used in the code for the four stars were the same and they are fully described
in Costa et al. (2021) and Costa et al. (2022). The stars were modeled as non-rotating, assuming
the solar composition described in Caffau, Ludwig, Steffen, Freytag, and Bonifacio (2011), with
an initial metallicity of Z = 0.002 and a helium fraction of Y = 0.249 (Bressan et al., 2012).
The Schwarzschild criterion defined the convectively unstable borders (Strittmatter, n.d.) and the
diffusion coefficients within unstable regions were computed using the mixing length theory for
αMLT = 1.74. The overshooting region was described using the penetrative overshooting scheme
presented in Maeder (1975) and Bressan, Chiosi, and Bertelli (1981) with an overshooting param-
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eter λov = 0.4 (Costa, Girardi, Bressan, Marigo, et al., 2019). For the opacities the OPAL and
ÆSOPUS tools were used in the high and low-temperature regimes respectively, and the conduc-
tive opacities were included following Itoh, Uchida, Sakamoto, Kohyama, and Nozawa (2008).
The energy loss by electron and plasma neutrinos was accounted for using the prescriptions listed
above, and two different regimes were settled for the EOS depending on the central temperature. If
the condition Log(T/K) < 8.5 was fulfilled, the EOS was computed using the standard procedure
(interpolation of tables from FREEEOS), but if Log(T/K) > 8.5 then the EOS was computed using
the code presented in F. Timmes and Arnett (1999) to account for the pair creation process. The
reaction rates and the Q-values, needed for the calculation of the nuclear reaction network, were
taken from the JINA reaclib database (Cyburt et al., 2010). Finally, the mass-loss by stellar winds
was modeled as described in Chen et al. (2015).

2.1.2 MESA: Modules for Experiments in Stellar Astrophysics

Micro and macro-physics

In addition to the models produced using PARSEC, we also generated a set of 1D stellar profiles
using MESA. This tool is a suite of open-source, robust, efficient, thread-safe libraries for a wide
range of applications in computational stellar astrophysics (Paxton et al., 2010). Contrary to the
structure of PARSEC, MESA is organized in modules that are constructed as a separate Fortran 95
library, allowing them to be used fully independently from each other and facilitating their inde-
pendent development. MESA star is the module responsible for the generation and evolution of
the stellar profiles solving the fully coupled structure and composition equations simultaneously,
by combining many of the numerical and physics modules (Paxton et al., 2010).

The micro and macrophysics models implemented in MESA star are very wide-ranging and
are in constant evolution and upgrading. They can go from the implementation of giant planet
simulations, asteroseismology and the evolution of white dwarfs (Paxton et al., 2013), to the cre-
ation of modules like MESA binary, able to simulate binary systems accounting for the change
of orbital angular momentum, the angular momentum loss by gravitational waves emission, the
spin–orbit coupling, the magnetic braking mechanism, etc. (Paxton et al., 2015). They can model
the large amplitude, self-excited, nonlinear pulsations that stars develop when they cross instability
domains in the Hertzsprung-Russell (HR) diagram, using the Radial Stellar Pulsations (RSP) func-
tionality (Paxton et al., 2019), and they can improve the implemented numerical methods by the
appearance of modules like auto_diff, that allows the automatic differentiation in MESA (Jermyn
et al., 2023).

For the simulations of the stellar profiles that are interesting for this study, the physical models
that stand out are the following. The calculation of the EOS is performed by the eos module using
pre-processed tables of ρ-T , based on the 2005 update of the OPAL EOS tables (Rogers & Nay-
fonov, 2002). The lower temperatures and densities are modeled using the SCVH tables (Saumon,
Chabrier, & van Horn, 1995), and the overlapping region is built by ensuring a smooth transition
between those two regimes. Outside the region covered by the previously described tables, espe-
cially in the high temperature and density zone proper of the electron-positron production process,
the HELM (F. X. Timmes & Swesty, 2000) and PC (Potekhin, 2010) EOSs are employed. It should
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be noted that in addition to this, other EOS treatments can be easily implemented in MESA, such
as tables from FREEEOS, by using the other_eos module (Paxton et al., 2010). The generation of
the opacity tables is in charge of the pre-processor make_kap inside the kap module, combining
the radiative opacities and the electron conduction opacities from different approaches:

• Radiative opacities are included from Ferguson et al. (2005) for 2.7 ≤ Log(T ) ≤ 4.5 and
OPAL (Iglesias & Rogers, 1996) for 3.75 ≤ Log(T ) ≤ 8.7. The low-temperature opacities
include the effects of molecules and grains (Paxton et al., 2010).

• Electron conduction opacities were modeled from Cassisi, Potekhin, Pietrinferni, Catelan,
and Salaris (2007) in the −6 ≤ Log(ρ) ≤ 9.75 and 3 ≤ Log(T ) ≤ 9 regime. Outside this
zone the Iben Jr (1975) fit to the Hubbard and Lampe (1969) electron conduction opacity
is used for non-degenerate cases, and the Yakovlev and Urpin (1980) approach is used for
degenerate cases (Paxton et al., 2010).

The detailed modeling of the thermonuclear and weak reactions, as part of the implementation
of the nuclear network, accounts for the inclusion of more than 300 nuclear reaction rates from
Caughlan and Fowler (1988) and Angulo et al. (1999) in the rates module. Lepton captures and
β-decay rates for the late stages of stellar evolution are computed by the weaklib module, tak-
ing the tables from Fuller, Fowler, and Newman (1985), Oda, Hino, Muto, Takahara, and Sato
(1994) and Langanke and Martınez-Pinedo (2000). Electron screening factors for thermonuclear
reactions are included by the screen module using two methods: one based on Dewitt, Graboske,
and Cooper (1973) and Graboske, Dewitt, Grossman, and Cooper (1973), and the second one
combines Graboske et al. (1973), Alastuey and Jancovici (1978) and Itoh, Totsuji, Ichimaru, and
Dewitt (1979). Energy-loss rates by neutrinos emission processes like plasmon decay, pair annihi-
lation, bremsstrahlung, recombination, and photo-neutrinos are considered in the neu module by
the implementation of a routine∗ derived from the fitting showed in Itoh, Hayashi, Nishikawa, and
Kohyama (1996). Nuclear reaction networks can be included following different paths. The net
module routine allows computing a basic network of eight isotopes (1H, 3He, 4He, 12C, 14N, 16O,
20Ne and 24Mg), or extended networks accounting for hot CNO reactions, α-capture chains, (α,p)
+ (p,γ) reactions, and heavy-ion reactions (F. Timmes & Arnett, 1999). MESA also includes the
possibility of creating a new network by listing the desired isotopes and reactions from a table of
350 reactions stored in a data file (Paxton et al., 2010). On top of that, for the case of large nuclear
networks, MESA use the specialized jina module, based on the netjina package and the JINA
Reaclib database (Amthor et al., 2006; Rauscher & Thielemann, 2000), combined with weaklib
and screen modules.

The treatment of convection follows the implementation of the standard mixing length theory
(MLT) (Cox & Giuli, 1968) in the module mlt. This module determines the diffusion coefficients
by treating the convective mixing of elements as a diffusive process (Paxton et al., 2010). Apart
from the standard model, mlt also includes the modified MLT proposed by Henyey, Vardya, and
Bodenheimer (1965), where the convective efficiency varies with the opaqueness of the convective
element, contrary to the assumptions of high optical depths and no radiative losses of the standard
model (Paxton et al., 2010). The correct positioning of convective boundaries inside the simulated

∗cococubed.asu.edu/code_pages/codes.shtml

cococubed.asu.edu/code_pages/codes.shtml
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star has improved thanks to the implementation of the MESA predictive mixing scheme described
in Paxton et al. (2018). Hydrodynamical mixing instabilities at convective boundaries are set by the
overshoot mixing diffusion coefficient computed using a parametric model (Herwig, 2000). The
insertion of particle diffusion and gravitational settling is accounted for in the diffusion module,
by solving Burger’s equations as presented in Thoul, Bahcall, and Loeb (1993). The transport of
material is computed as in Iben Jr and MacDonald (1985), and radiative levitation is neglected
(Paxton et al., 2010).

Prescriptions and simulated catalog

For the development of this thesis, we used the MESA code version 12778, which includes all the
features described above. The prescriptions for the generation of all the MESA stellar profiles ana-
lyzed in this study are based on the configurations proposed in Renzo et al. (2020) and Costa et al.
(2022), two of the major references in the study of PI mass gap population via massive stellar col-
lisions. The used EOS was a mixture between all possible tables encoded in eos (OPAL, SCVH,
PTEH, HELM, and PC). The predominant radiative opacities were the ones for high-temperature
(OPAL) and also some data from Ferguson et al. (2005) was used in the low-temperature scenario.
The standard electron conduction opacities approach was used (Cassisi et al., 2007). For the nu-
clear reaction rates, there was a blend between NACRE (Angulo et al., 1999) and JINA Reaclib
(Cyburt et al., 2010), including all the tables stored in the weaklib module. The screening process
was taken from Chugunov, Dewitt, and Yakovlev (2007) and thermal neutrino loss rates came from
the previously described routine of the neu module. The nuclear reaction network was computed
using the basic α-chain reaction of eight isotopes detailed in previous paragraphs.

In terms of the convection treatment, we used the Ledoux criterion to define the convective
borders (Ledoux, 1947), with the diffusion coefficient αMLT = 2.0 in the MLT framework. The ar-
tificial enhancement of the convective flux, thanks to MLT++, was also used (Paxton et al., 2015).
Overshooting and thermohaline mixing were included using the schemes of Brott et al. (2011) and
Farmer et al. (2016) respectively. All profiles were produced using a metallicity Z = 0.0002 (Costa
et al., 2022; Renzo et al., 2020). Stellar winds were included using the algorithms from Vink, de
Koter, and Lamers (2001) with a correction on the solar metallicity (Z⊙ = 0.019) recommended
by Choi et al. (2016). This correction is needed to diminish the huge mass loss (up to 5 M⊙) at
the Red Super Giant (RSG) phase that is produced by the standard prescription of MESA. Follow-
ing this path the stellar properties of MESA and PARSEC are consistent and comparable, however
is important to clarify that there is no clear consensus on which configuration is the correct one
because RSG winds are still poorly understood Choi et al. (2016); Mauron and Josselin (2011).
This version of the code does not include the Eddington factor and also implements a correction
on the α coefficients used for the computation of Wolf-Rayet (WR) winds presented in Renzo et
al. (2020), suppressing the artificial enhancing of mass loss during that phase.
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Figure 2.2
mesa hydrogen, helium, and carbon profiles of some of the pre-merger stars, at different
evolutionary stages.

Note. From top to bottom panels: pre-collision stars of 58 M⊙, 65 M⊙, 75 M⊙ and 85 M⊙ respectively.
From left to right columns: pre-collision stars profiles at Zero Age Main Sequence (ZAMS), Terminal Age
Main Sequence (TAMS), Core Helium Burning (CHeB), and Core Carbon Burning (CCB) respectively.
Solid red lines indicate the mass fraction of hydrogen along the radius for each star. The dashed blue
lines indicate the mass fraction of helium along the radius for each star. The dash-dotted black lines indi-
cate the mass fraction of carbon along the radius for each star. All models have by construction the same
physics on mesa star. The main difference between them is the core extension and composition, as well
as the increase in the final radius with the increasing age, as expected from different evolutionary stages
for stars of similar mass.

The MESA stellar profiles generated using this configuration span a broader range of masses and
evolutionary states than the ones previously explored with PARSEC. The mass distribution ranges
from 40 to 90 M⊙, simulating one star every 5 M⊙, except for the cases corresponding to 42 and
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58 M⊙ which were generated to contrast the results presented in Renzo et al. (2020) and Costa et
al. (2022), as well as to compare them directly with the PARSEC profiles. Each of these simulations
produced profiles in up to four different evolutionary states: Zero Age Main Sequence (ZAMS),
TAMS, CHeB, and Core Carbon Burning (CCB) (see figure 2.2). The stopping conditions that
defined each of the phases are Lnuc/L > 0.99 for ZAMS, the concentration of 1H < 0.0001
inside the core for TAMS, the concentration of 4He < 0.0001 inside the core for CHeB and the
concentration of 12C < 0.0001 inside the core for CCB. The evolutionary stages selected for the
generation of these profiles are determined to coincide with the analyses and results of previous
studies on the problem (Ballone et al., 2023; Costa et al., 2022; Di Carlo, Mapelli, Bouffanais, et
al., 2020; Renzo et al., 2020). Depending on the convergence, some stars generated fewer profiles
because they did not reach the most advanced evolutionary stages. Combining all these factors, a
total of 39 1D MESA stellar profiles were generated that can be used as the initial conditions for
hydrodynamical simulations of massive star collisions.

2.2 STARSMASHER: collision simulations

The second step in the massive stellar collision simulation chain is to transform the 1D stellar
profiles into a 3D hydrodynamical distribution of particles that will model the input stars. After
that process the direct encounter will be computed, tracking the changes in the hydrodynamical
properties of the full set of particles, and finally producing the 3D remnant star to be analyzed.
STARSMASHER∗ is a Smoothed Particle Hydrodynamics (SPH) code especially suited for this
purpose (Gaburov, Lombardi, & Zwart, 2010). Originally named as STARCRASH (Rasio, 1991),
this code has been maintained and developed by several authors until arising to its actual config-
uration (Faber & Rasio, 2000; Gaburov, Bédorf, & Zwart, 2010; Gaburov, Lombardi, & Zwart,
2010; J. Lombardi Jr et al., 2006; J. C. Lombardi Jr, Sills, Rasio, & Shapiro, 1999).

2.2.1 SPH astrophysical hydrodynamics scheme

SPH was firstly proposed by Lucy (1977) and Gingold and Monaghan (1977) to be applied into the
calculation of dynamical fission instabilities in rapidly rotating stars. During the following years,
it was developed in-depth and applied to multiple astrophysical problems, until it became one of
the most widely used schemes in computational physics (Benz, 1990; Hernquist & Katz, 1989;
Monaghan, 1992, 2005). Its range of applicability scales to all processes in the Universe that have
been shaped by fluid dynamical processes, from planetary formation, through stellar dynamics and
galaxy evolution (Rosswog, 2009). SPH is a Lagrangian method, meaning that is purely mesh-
free. Here the fluid is represented by a finite number (i) of particles (fluid elements), and all the
hydrodynamical properties, and their derivatives, are evaluated in a coordinate system attached to
them. The ’size’ of those particles is determined by the smoothing length (hi), a purely numerical
quantity that settles the local spatial resolution and is involved, directly or indirectly, in the com-
putation of all the properties: the position (ri), velocity (vi), acceleration (ai), density (ρi), mass
(mi), specific internal energy (ui), etc. (Gaburov, Lombardi, & Zwart, 2010).

∗https://github.com/jalombar/starsmasher

https://github.com/jalombar/starsmasher
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Smoothing kernel convolution process

There are two main ways to obtain the hydrodynamics equations for fluid elements. The first op-
tion is to discretize the Lagrangian form of the Euler equations, generating an equal mass particle
distribution model (J. Lombardi Jr et al., 2006). The second path is to derive the SPH equa-
tions from the variational principle, producing a non-equal mass approach (Gaburov, Lombardi, &
Zwart, 2010). The current version of STARSMASHER allows both treatments and depending on the
needed simulation one method can stand over the other. The equal mass particles scenario ensures
the conservation of energy, linear and angular momentum, and also prevents the large fluctuations
from the interaction between light and massive particles (Rosswog, 2009). However, the case of
non-equal mass particles allows to resolve both, the core and the envelope of the parent stars, be-
coming the perfect methodology for generating massive star collision simulations (Ballone et al.,
2023; Gaburov, Lombardi, & Zwart, 2010). It is important to note that this discretization process
also allows the excellent preservation of all particle properties, a fact that explains much of the
SPH’s success (Rosswog, 2009).

In the variational derivation that is coded inside STARSMASHER, the quantity that is roughly
constant for all particles is the number of neighbors (Ni). This is because the mixing during the
collision will produce a lot of numerical resolution problems if the usual constraint between density
and smoothing length (hi = f(ρi, Ci)) is preserved (Gaburov, Lombardi, & Zwart, 2010). Relaxing
the integer condition on Ni, the code weights each neighbor with a function G(rij/hi) that depends
on the separation between particles (rij) (Gaburov, Lombardi, & Zwart, 2010). Following that path,
the number of neighbors for a given particle i is determined by

Ni =
∑

j

G (|ri − rj| , hi) ≡
∑

j

Gij (hi) . (2.1)

The definition of Gij(hi) was founded empirically, ensuring that the function provides satis-
factory results:

G(x, h) ≡ V (4h − 4|x − h|, h), (2.2)
where 0 ≤ x < 2h, otherwise it is equal to zero, and

V (x, h) ≡ 4π
∫ x

0
x2W (x, h)dx. (2.3)

Here, W (x, h) is an SPH smoothing kernel with a compact support of 2h (Gaburov, Lombardi,
& Zwart, 2010). In this scheme, derivatives are calculated via a kernel approximation without the
need for finite differences. This trick allows to transform the partial differential equations of La-
grangian fluid dynamics into ordinary differential equations, ensuring conservation by construction
(Rosswog, 2009). This approach allows to write any function f(r) as

f̃h(r) =
∫

f (r′) W (r − r′, h) d3r′, (2.4)

where W (r − r′, h) is the aforementioned smoothing kernel (or window function) and the
smoothing length determines its width (see figure 2.3). In the limit of an infinitely small smoothing
region, the original function must be recovered, therefore the kernel fulfill
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lim
h→0

f̃h(r) = f(r) and
∫

W (r − r′, h) d3r′ = 1, (2.5)

including also the δ-distribution property in the limit of vanishing smoothing length (Rosswog,
2009).

Equation 2.4 can be rewritten in terms of the mass density ρ

f̃h(r) =
∫ f (r′)

ρ (r′) W (r − r′, h) ρ (r′) d3r′, (2.6)

and replacing the integral with a sum over a set of interpolation points (particles)

f(r) =
∑

b

mb

ρb

fbW (r − rb, h) , (2.7)

where the mass mb comes from the ρ (r′) d3r′ factor. Replacing fb in the previous formula we
can arrive to

ρ(r) =
∑

b

mbW (r − rb, h) . (2.8)

This density estimation by summing up kernel-weighted masses in the neighborhood, shows
explicitly the discretization process of the SPH scheme (Rosswog, 2009).

Figure 2.3
Schematic view of the SPH kernel convolution.

Note. The blue dots represent the fluid elements in the SPH scheme. W (ri − rj, h) is the smoothing ker-
nel, with h the smoothing length. The s · h line is the visualization of the actual ’size’ of each particle
thanks to the convolution process.∗

∗Taken from Jlcercos - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php
?curid=70225405

https://commons.wikimedia.org/w/index.php?curid=70225405
https://commons.wikimedia.org/w/index.php?curid=70225405
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In the implementation used for this study, the settle kernel in STARSMASHER was the cubic
spline proposed by Monaghan and Lattanzio (1985):

W (r, h) = 1
πh3


1 − 3

2

(
r
h

)2
+ 3

4

(
r
h

)3
, 0 ≤ r

h
< 1,

1
4

(
2 − r

h

)3
, 1 ≤ r

h
< 2,

0, r
h

≥ 2.

(2.9)

This kernel is spherically symmetric, allowing the exact conservation of linear and angular
momentum in the computation of pressure forces, and also fulfilling the needed conditions for
the computation of the gravitational force. It has continuous first and second derivatives, and the
interpolation errors do not exceed O(h2) (Monaghan & Lattanzio, 1985).

Variational formulation

The SPH discretize Lagrangian coded in this version of STARSMASHER is

L = 1
2
∑

j

mjv
2
j −

∑
j

mjuj − 1
2
∑

j

mjϕj. (2.10)

Where, mj is the mass of SPH particle j , vj and uj its velocity and specific internal energy,
respectively, and ϕj is its gravitational potential, defined as

ϕj =
∑

k

mkg (|rj − rk| , hj) ≡
∑

k

mkgjk (hj) , (2.11)

being g(x, h) the gravitational potential between two particles of unit mass (Gaburov, Lom-
bardi, & Zwart, 2010). Solving the Euler-Lagrange equation for 2.10 the resulting equations of
motion are

miv̇i = −
∑

j

mj

(
∂u

∂ρ

)
s,j

dρj

dri

− 1
2
∑

j

mj
dϕj

dri

. (2.12)

The first term in 2.12 corresponds to the hydrodynamical force (miah,i) and the second term is
the gravitational force (miag,i). The partial derivative (∂u/∂ρ)s is evaluated at constant entropy.

Rewriting equation 2.8 we have a direct expression for the density

ρj =
∑

k

mkW (|rj − rk| , hj) ≡
∑

k

mkWjk (hj) , (2.13)

and differentiating it with respect to the position we can obtain the density gradient

dρj

dri

=
∑

k

mk∇iWik (hi) δij + mi∇iWij (hj) +
∑

k

mk
∂Wjk (hj)

∂hj

dhj

dri

. (2.14)

Deriving the expression 2.1 we obtain

χj
dhj

dri

= −
∑

k

∇iGjk (hi) δij − ∇iGij (hj) , (2.15)
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where

χj ≡
∑

k

∂Gjk (hj)
∂hj

. (2.16)

Combining these equations the acceleration due to pressure forces can be defined as

ah,i = −
∑

j

mj
Pi

ρ2
i

[
∇iWij (hi) − ωi

χimj

∇iGij (hi)
]

−
∑

j

mj
Pj

ρ2
j

[
∇iWij (hj) − ωj

χjmi

∇iGij (hj)
]

,

(2.17)

while gravitational acceleration has the form of

ag,i = −1
2
∑

j

mj [∇igij (hi) + ∇igij (hj)] + 1
2
∑

j

mj
Ψi

χimj

∇iGij (hi)

+ 1
2
∑

j

mj
Ψj

χjmi

∇iGij (hj) .

(2.18)

Defining two new quantities:

ωj ≡
∑

k

mk
∂Wjk (hj)

∂hj

(2.19)

and

Ψi ≡
∑

k

mk
∂gik (hi)

∂hi

. (2.20)

The gravitational forces between particles are computed using direct summation on NVIDIA
GPUs (Gaburov, Lombardi, & Zwart, 2010). This direct summation methodology, instead of a
tree-based algorithm for gravity, increases the accuracy of the gravity calculations, particularly in
terms of energy and angular momentum conservation (Ballone et al., 2023; Gaburov, Bédorf, &
Zwart, 2010).

Equation of state

The prescriptions for the EOS remained fixed and followed the implementation of J. Lombardi Jr
et al. (2006), modeling the star as an ideal gas with the inclusion of radiation pressure support

Pi = ρikTi

µi

+ 1
3aT 4

i , (2.21)

where µi is the mean molecular mass of each particle, k is the Boltzmann constant and a is the
radiation constant. For the temperature Ti, the code solves the quartic equation

ui = 3
2

kTi

µi

+ aT 4
i

ρi

, (2.22)
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by making use of the analytic solution presented in, for example, Thiele (1991). Knowing
the temperature the pressure is obtained straightforwardly from 2.21, and the total entropy in the
system (S) can be computed by

S =
∑

i

mi

[
3k

2µi

ln
(

3
2

kTi

µi

ρ
−2/3
i

)
+ 4aT 3

i

3ρi

]
. (2.23)

The rate of change of the internal energy is calculated following the approach presented in
Monaghan (2002). The equation 2.8 is derived with respect to the time, and by making a couple of
simple replacements you can get to

dui

dt
= Pi

ρ2
i

∑
j

mj (vi − vj) ·
[
∇iWij (hi) − ωi

χimj

∇iGij (hi)
]

, (2.24)

which guarantees the conservation of total energy and entropy in the absence of shocks (Gaburov,
Lombardi, & Zwart, 2010).

Artificial viscosity

The absence of shocks in fluid dynamics is a very strong assumption (Rosswog, 2009), especially
when simulating violent environments like stellar collisions, as in the case of STARSMASHER.
Because of that, the SPH scheme needs to consider in its equations the treatment and propagation
of shock waves along the fluid elements. Generally speaking, there are two numerical strategies
to account for that: the first possibility is to use the analytical solution of a Riemann problem be-
tween two adjacent particles, and the second option is to add pseudo-microscopic terms that create
entropy at the shock front, just as physical viscosity would do, but on a numerically resolvable
scale (Rosswog, 2009). The second path is known as Artificial Viscosity (AV) and is the adopted
strategy inside STARSMASHER.

The goal of AV is to introduce dissipative terms into the equations, giving the shocks a thick-
ness comparable to the spacing of the particles. After that, the solution of the differential equations
will be computed just as though there were no shocks at all (VonNeumann & Richtmyer, 1950).
AV often does not seek to mimic physical viscosity, but only to translate its effects from a smaller
interaction scale to a resolvable one (Rosswog, 2009). However, such treatment must meet a series
of requirements so that it does not introduce unphysical artifacts (Caramana, Shashkov, & Whalen,
1998). It should be always dissipative, absent in rigid and differential rotation, absent in uniform
compression, it should go smoothly to zero as the compression vanishes and it should be absent
for expansion. Finally, and most importantly, it must be implemented to ensure the conservation
of energy, momentum, and angular momentum (Rosswog, 2009).

In this version of STARSMASHER the AV is coded following a mixed approach between Balsara
(1995) and Monaghan (1997). In both cases, an artificial viscous term (Πij) is defined and included
in the equation 2.24. The hybrid term is

Πij =
(

Pi

ρ2
i

+ Pj

ρ2
j

)(
−αµij + βµ2

ij

)
, (2.25)
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where

µij = (vi − vj) (ri − rj)
|ri − rj|

fi + fj

ci + cj

, (2.26)

for (vi − vj)(ri − rj) < 0; otherwise µij = 0. Here α = 1, β = 2, ci is the sound speed at
particle i and fi is the form function for particle i defined by

fi = |∇ · v|i
|∇ · v|i + |∇ × v|i + η′ci/hi

, (2.27)

with

(∇ · v)i = 1
ρi

∑
j

mj (vj − vi) · ∇iWij (hi) , (2.28)

and

(∇ × v)i = 1
ρi

∑
j

mj (vi − vj) × ∇iWij (hi) . (2.29)

The factor η′ = 10−5 prevent numerical divergences (J. Lombardi Jr et al., 2006). The final
form for the variation of the specific internal energy accounting for shocks is

dui

dt
=
∑

j

mj

(
Pi

ρ2
i

+ 1
2Πij

)
(vi − vj) ·

[
∇iWij (hi) − ωi

χimj

∇iGij (hi)
]

. (2.30)

Time stepping

The integration process of the ordinary differential equations in the SPH methodology needs to
find a reasonable compromise between accuracy and efficiency. Usually, computational resources
should be used in the calculation of a larger number of particles to increase the resolution of the
simulations, rather than in a higher-order integration scheme. Due to the fact that the evaluation
of derivatives is a very expensive numerical operation, in particular for self-gravitating fluids, the
idea is to minimize the number of force evaluations per time step, giving preference to low-order
integrators (Rosswog, 2009). This version of STARSMASHER follows the symplectic integrator,
with shared symmetrized time-steps, described in Springel (2005). The idea is to apply a modified
leapfrog scheme where the shared time step is

∆t = Mini

[(
∆t−1

1,i + ∆t−1
2,i

)−1
]

, (2.31)

and for each SPH particle i

∆t1,i = CN,1
hi

Max [Maxj (κij) , Maxj (κji)]
, (2.32)

defining

κij ≡
[(

pi

ρ2
i

+ 1
2Πij

)
ρi

]1/2

, (2.33)
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and

∆t2,i = CN,2
ui

| dui/dt|
. (2.34)

Here CN,1 goes from 0.2 to 0.3, and CN,2 = 0.05. The Maxj function in equation 2.32 refers
to the maximum of the value of its expression for all particles j that are neighbors with i. The
denominator of equation 2.32 is an approximate upper limit to the signal propagation speed near
particle i. The incorporation of ∆t2 enables us to treat shocks without drastically decreasing the
time-step during intervals in which the flow is subsonic (Gaburov, Lombardi, & Zwart, 2010).

Code units

The numerical results from STARSMASHER are calculated following a unit system where G =
M⊙ = R⊙ = 1, with G the Newtonian gravitational constant, and M⊙ and R⊙ the mass and radius
of the Sun respectively (Gaburov, Lombardi, & Zwart, 2010). The units of time, velocity, and
energy are

tu =
(

R3
⊙

GM⊙

)1/2

= 1594 s, (2.35)

vu =
(

GM⊙

R⊙

)1/2

= 437 km s−1, (2.36)

Eu = GM2
⊙

R⊙
= 3.79 × 1048erg. (2.37)

2.2.2 STARSMASHER prescriptions

As explained at the beginning of this chapter, STARSMASHER simulates stellar collisions in two
steps. The first one is the transformation of the 1D profiles coming from stellar evolution codes
into a 3D particle distribution following the SPH scheme. This particle distribution undergoes a
relaxation routine until a stable star is obtained, which will be used as input for the next step: the
simulation of the direct encounter.

Relaxation routine

The description and default values of the input parameters used in this study are shown in tables
2.1 and 2.2 respectively. The execution of the relaxation routines was performed for the entire
set of PARSEC stellar profiles described in the subsection 2.1.1, and only for two MESA profiles
selected from the set introduced in the subsection 2.1.2.

The CHeB and TAMS stars of 58 M⊙ generated with PARSEC, in addition to the TAMS star of
60 M⊙ from MESA, were simulated using a total amount of 799020 SPH particles. This particular
number was set in order to ensure conversion of the numerical methods, while guaranteeing the
spatial resolution needed to describe very massive stars.
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Table 2.1
Description of the main parameters encoded in StarSmasher for the single star
relaxation routine.

Name Description
tf Desired final time to stop simulation

dtout How often an output file should be dumped
n Desired number of particles

nnopt Controls neighbor number
nav Artificial viscosity flag

alpha AV coefficient for µ term
beta AV coefficient for µ2 term
ngr Gravity flag

nrelax Relaxation flag
trelax Timescale for artificial drag force

equalmass Particle mass is proportional to ρ1−equalmass

treloff Time to switch from relaxation to dynamical calculation
tresplintmuoff Time to stop resplinting the mean molecular weight

nitpot Iterations to evaluate the potential energy
nintvar Integration flag

ngravprocs Number of gravity processors
qthreads Number of GPU threads per particle

runit Number of cm in the unit of length
munit Number of g in unit of mass
ppn Number of CPU cores per node

profilefile 1D stellar profile input file name
stellarevolutioncodetype Code used for the generation of the input file

Note. Columns from left to right: parameter name and its general description in single star relaxation
simulations.

For lighter stars in their initial evolutionary stage, the amount of needed SPH particles is re-
duced. That is the case of the MS and MS + 2 Myr PARSEC profiles of 42 M⊙, and the ZAMS star
of 40 M⊙ from MESA. The relaxation routine for this set of stellar profiles was run using a total
amount of 90000 particles.

Thanks to the STARSMASHER methodology of ensuring a constant and uniform number den-
sity distribution of particles, the determination of the number of fluid elements in the simulation
automatically set their masses. Due to the fact that the mass density of stars spans several orders
of magnitude from their center to their atmospheres, particles with different masses can spatially
sample each layer of the star in a spatially uniform way (Ballone et al., 2023). The big difference
in resolution for the ∼ 40 and ∼ 60 M⊙ set of simulations described above, is forced by the much
wider dynamical range of mass density spanned by the heaviest and most evolved stars, in addition
to their much larger radius. Finally, in terms of mass, the resolution of SPH particles ranges from
∼ 2 ·10−11 to ∼ 7.6 M⊙ and from ∼ 4 ·10−7 to 1.4 ·10−2 M⊙ for the CHeB/TAMS and MS/ZAMS
stars, respectively.
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Table 2.2
Default values of the main parameters encoded in StarSmasher for the single star
relaxation routine.

Name Default value
tf 200

dtout 1
n 90000 or 799020

nnopt 23 equivalent to ∼ 40 neighbors
nav 3 to get a hybrid Balsara-Monaghan

alpha 1
beta 2
ngr 3

nrelax 1 for relaxation of single star
trelax 1030

equalmass 0 for constant number density
treloff 1

tresplintmuoff 0
nitpot 1
nintvar 2 integration for internal energy

ngravprocs −1
qthreads 0 to guess the best number of threads without timing

runit 6.9599 · 1010

munit 1.9891 · 1033

ppn 4
profilefile star_parsec or star_mesa

stellarevolutioncodetype 0 for twin and 1 for parsec or mesa
Note. Columns from left to right: parameter name and its default values in single star relaxation simula-
tions.

Collision routine

The prescriptions for the collision simulations analyzed in this thesis are described in detail in the
tables 2.3 and 2.4. Contrary to the relaxation routine, the inputs of the collisional scenario are
not 1D stellar profiles but stars modeled with SPH. For the case of this study, all the previously
described relaxed stars were used in the simulation of one or several stellar collisions.

In this type of calculations STARSMASHER allows not only the inclusion of numerical variables
but also the incorporation of dynamical parameters, that determine the trajectories to be followed
by the bodies involved in the direct encounters. Examples of such parameters are: sep0 (dinit),
bimpact (b) and vinf (v∞). Its variations allow us to explore a wide range of possibilities without
the need to obtain new star profiles and by performing the relaxation routines only once. It is
important to highlight that all physical values tabulated in 2.2 and 2.4 follow the STARSMASHER

system of units presented in equations 2.35, 2.36 and 2.37.
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Table 2.3
Description of the main parameters encoded in StarSmasher for the collisional routine.

Name Description
tf Desired final time to stop simulation

dtout How often an output file should be dumped
nrelax Relaxation flag
sep0 Initial separation of two stars in a collision calculation

bimpact Impact parameter for collisions (actually is the periastron separation)
vinf Velocity at infinity for the colliding stars

ngravprocs Number of gravity processors
ppn Number of CPU cores per node

Note. Columns from left to right: parameter name and its general description in collision simulations.

Table 2.4
Default values of the main parameters encoded in StarSmasher for the collisional routine.

Name Default value
tf 3000

dtout 0.5
nrelax 0 for dynamical calculation
sep0 109.36

bimpact 0
vinf 0.0005243

ngravprocs 2
ppn 16

Note. Columns from left to right: parameter name and its default values in collision simulations.

2.2.3 Simulation population

The entire set of STARSMASHER simulations produced for the development of this thesis, ac-
counting for the relaxation and collision routines, are 18. All of them were analyzed in detail to
corroborate that they fulfill the indispensable characteristics within the modeling of massive stars
in the framework of the SPH scheme, including the fact that the physical hydrodynamical models
were solved numerically in a congruent and satisfactory manner. Each simulation, and its time
course, was monitored using SPLASH∗, a public software for the visualization of smoothed particle
hydrodynamics data.

Relaxed stars

The total amount of singularly relaxed stars is 7. The visualization of the final snapshot of each
routine, together with the radial profiles of the main thermodynamical quantities can be seen in
figures 2.4, 2.5, 2.6 and 2.7.

∗https://splash-viz.readthedocs.io/en/latest/index.html#

https://splash-viz.readthedocs.io/en/latest/index.html#
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Figure 2.4
StarSmasher relaxation simulation for the MS + 2 Myr parsec profile of 42 M⊙.

Note. Top panel: 2D logarithmic density map for the last output file (out0300.sph) of the StarSmasher
relaxation routine. The x and y axis range from −5 to 5 R⊙, with the densest particle in the simulation
as the origin. This image was generated using splash. Middle panel from left to right: density profile in
g/cm3 and pressure profile in dyn/cm2 along the stellar radius in R⊙. Bottom panel from left to right:
temperature profile in K and cumulative mass profile in M⊙ along the stellar radius. The red solid lines
represent the SPH profile obtained after interpolating the average values obtained in the radial binning of
all the particles in the simulation. The dashed black lines represent the input stellar profile MS + 2 Myr
produced by parsec and described in section 2.1.1.



HYDRODYNAMICAL SIMULATIONS OF MASSIVE STARS COLLISIONS 40

Figure 2.5
StarSmasher relaxation simulation for the CHeB parsec profile of 58 M⊙.

Note. Top panel: 2D logarithmic density map for the last output file (out0300.sph) of the StarSmasher

relaxation routine. The x and y axis range from −10 to 10 R⊙, with the densest particle in the simulation
as the origin. This image was generated using splash. Middle panel from left to right: density profile in
g/cm3 and pressure profile in dyn/cm2 along the stellar radius in R⊙. Bottom panel from left to right:
temperature profile in K and cumulative mass profile in M⊙ along the stellar radius. The red solid lines
represent the SPH profile obtained after interpolating the average values obtained in the radial binning
of all the particles in the simulation. The dashed black lines represent the input stellar profile CHeB pro-
duced by parsec and described in section 2.1.1.
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Figure 2.6
StarSmasher relaxation simulation for the ZAMS mesa profile of 40 M⊙.

Note. Top panel: 2D logarithmic density map for the last output file (out0200.sph) of the StarSmasher
relaxation routine. The x and y axis range from −5 to 5 R⊙, with the densest particle in the simulation
as the origin. This image was generated using splash. Middle panel from left to right: density profile in
g/cm3 and pressure profile in dyn/cm2 along the stellar radius in R⊙. Bottom panel from left to right:
temperature profile in K and cumulative mass profile in M⊙ along the stellar radius. The red solid lines
represent the SPH profile obtained after interpolating the average values obtained in the radial binning of
all the particles in the simulation. The dashed black lines represent the input stellar profile ZAMS pro-
duced by mesa and described in section 2.1.2.
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Figure 2.7
StarSmasher relaxation simulation for the TAMS mesa profile of 60 M⊙.

Note. Top panel: 2D logarithmic density map for the last output file (out0300.sph) of the StarSmasher

relaxation routine. The x and y axis range from −10 to 10 R⊙, with the densest particle in the simulation
as the origin. This image was generated using splash. Middle panel from left to right: density profile in
g/cm3 and pressure profile in dyn/cm2 along the stellar radius in R⊙. Bottom panel from left to right:
temperature profile in K and cumulative mass profile in M⊙ along the stellar radius. The red solid lines
represent the SPH profile obtained after interpolating the average values obtained in the radial binning of
all the particles in the simulation. The dashed black lines represent the input stellar profile TAMS pro-
duced by mesa and described in section 2.1.2.
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All relaxed stars were simulated for a total amount of time equivalent to 5.53 days, ensuring the
hydrodynamical equilibrium by the end of the routine. The direct comparison of the radial profiles
derived from STARSMASHER and the initial profiles obtained from MESA and PARSEC, allows us
to conclude that the 3D distribution of SPH particles preserves the properties expected for each
star, especially in the inner region. The perfect correlation, in both types of simulations, of the
density (ρ) and the cumulative mass profiles for almost all the layers of the stars, demonstrates that
the particle construction methodology within the SPH system has been successfully implemented
at STARSMASHER. The radial profiles can differ between the hydrodynamical treatment and the
stellar evolution codes at the outer layers. This can be explained as a combination of two factors:
the reduced resolution of the SPH scheme in the low-density region, inducing some numerical
errors, and the simplified EOS implemented in STARSMAHSER with respect to MESA and PARSEC,
especially for the case of the pressure (P ) and the temperature (T ) (see section 2.2.1). Finally, it is
important to clarify that the visualization of the 3 missing relaxed stars is attached in the appendices
of this document (see figures 4.1, 4.2 and 4.3).

Collisions

A total of 11 different collision configurations were analyzed for the development of this project.
The SPLASH visualization of each of them can be seen in figures from 2.8 to 2.18.

Figure 2.8
Renzo et al. (2020): StarSmasher collision simulation between the MS and TAMS
parsec profiles of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 10 km/s and b = 0 R⊙. The total simulated time was 14.82 days.
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Figure 2.9
60 TAMS vs 40 ZAMS: StarSmasher collision simulation between the ZAMS and
TAMS mesa profiles of 40 M⊙ and 60 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 10 km/s and b = 0 R⊙. The total simulated time was 9.22 days.

Figure 2.10
Half Resolution: StarSmasher collision simulation between the MS and CHeB low
resolution parsec profiles of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 10 km/s and b = 0 R⊙. The total simulated time was 13.54 days.
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Figure 2.11
+ 2 Myr: StarSmasher collision simulation between the MS + 2Myr and CHeB
parsec profiles of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 10 km/s and b = 0 R⊙. The total simulated time was 4.41 days.

Figure 2.12
v∞ = 10 km/s: StarSmasher collision simulation between the MS and CHeB parsec
profiles of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 10 km/s and b = 0 R⊙. The total simulated time was 11.69 days.
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Figure 2.13
v∞ = 100 km/s: StarSmasher collision simulation between the MS and CHeB parsec
profiles of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 100 km/s and b = 0 R⊙. The total simulated time was 2.29 days.

Figure 2.14
v∞ = 500 km/s: StarSmasher collision simulation between the MS and CHeB parsec
profiles of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 500 km/s and b = 0 R⊙. The total simulated time was 11.52 days.
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Figure 2.15
b = 0.1 R⊙: StarSmasher collision simulation between the MS and CHeB parsec
profiles of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 10 km/s and b = 0.1 R⊙. The total simulated time was 8.45 days.

Figure 2.16
b = 1 R⊙: StarSmasher collision simulation between the MS and CHeB parsec profiles
of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 10 km/s and b = 1 R⊙. The total simulated time was 8.14 days.
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Figure 2.17
b = 3 R⊙: StarSmasher collision simulation between the MS and CHeB parsec profiles
of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 10 km/s and b = 3 R⊙. The total simulated time was 12.38 days.

Figure 2.18
b = 10 R⊙: StarSmasher collision simulation between the MS and CHeB parsec
profiles of 42 M⊙ and 58 M⊙ respectively.

Note. 2D logarithmic density map for the first output file (out0001.sph) of the StarSmasher collisional
routine. The x and y axis range from −100 R⊙ to 100 R⊙, with the center of mass as the origin. In this
configuration dinit = 110 R⊙, v∞ = 10 km/s and b = 10 R⊙. The total simulated time was 4.33 days.
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The methodology employed to determine the characteristics of each collision corresponds to
replicating previous studies that analyzed the massive star’s encounters for the generation of black
holes in the PI mass gap, adding further exploration of the collisional parameters like never be-
fore. Traditionally, hydrodynamical simulations of star collisions were restricted to mass ranges
below 40 M⊙, and their remnants were analyzed in the context of the generation of Blue stragglers
(Costa et al., 2022; Lombardi, Rasio, & Shapiro, 1995). On the other hand, the usual approach to
exploring the direct dynamical encounter formation channel is the stellar evolution simulation of
the product of these collisions. The remnant is constructed from the homogeneous and controlled
addition of mass of the secondary star (ZAMS or MS) into the envelope of the primary star (TAMS
or CHeB) imposing that the core of the primary remains unchanged (Ballone et al., 2023; Di Carlo,
Mapelli, Giacobbo, et al., 2020; Renzo et al., 2020). This approach assumes naively that no mass
is lost during the merger process and the effects of rotation are not included (Renzo et al., 2020).
In short, the collisions of massive stars have not been simulated in detail until now, let alone or in
the context of PI black hole production.

Each STARSMASHER simulation was assigned a name throughout the development of this the-
sis (in bold at the beginning of each of visualization) depending on their initial parameters. Renzo
et al. (2020) is set to mimic the scenario proposed in Renzo et al. (2020), where a primary TAMS
star of 58 M⊙ collides with a secondary MS star of 42 M⊙ in a radial orbit (b = 0) and with a
velocity that corresponds to the dispersion velocity of stars in young stellar clusters (v∞ = 10
km/s) (see figure 2.8). v∞ = 10 km/s, mimic the characteristics explained in Di Carlo, Mapelli,
Giacobbo, et al. (2020) and also used in Ballone et al. (2023), where the primary star is a CHeB
of 58 M⊙ and the secondary star is a 42 M⊙ MS, both of them colliding with the same orbital
parameters as for the Renzo case (see figure 2.12). All the other configurations are variations on a
maximum of two parameters with respect to these baseline cases.

60 TAMS vs 40 ZAMS only change the Renzo inputs by increasing the mass of the primary
TAMS to 60 M⊙ and by replacing the secondary for a ZAMS star of 40 M⊙ (see figure 2.9). Half
Resolution use a CHeB primary modeled with half of the SPH particles, while all the other values
used in v∞ = 10 km/s remain unchanged (see figure 2.10). + 2 Myr keeps the same configuration
as for v∞ = 10 km/s and just replace the secondary for a MS + 2 Myr star of the same mass
(see figure 2.11). v∞ = 100 km/s and v∞ = 500 km/s follow the exact same configuration as
v∞ = 10 km/s just by increasing the velocity at infinity to 100 km/s and 500 km/s respectively
(see figures 2.13 and 2.14). b = 0.1 R⊙, b = 1 R⊙, b = 3 R⊙ and b = 10 R⊙ explore the non-
radial collisional scenario by keeping the same parameters as in v∞ = 10 km/s but changing the
impact parameter to 0.1, 1, 3 and 10 R⊙ correspondingly to their names (see figures 2.15, 2.16,
2.17 and 2.18). Finally, all collisions were scheduled to occur after 1 day and the initial separation
was fixed for all cases as dinit = 110 R⊙.

In terms of computational costs, each of the collision simulations lasted between 3 and 4 weeks
to be completed depending on the available computational resources. The computations performed
in this study were set to use 8 CPUs, with 16 tasks per node, and 2 GPUs from the DemoBlack
server of the Astronomy and Physics department of the University of Padova.
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2.3 Entropy sorting

Hydrodynamical simulations are the perfect tool to explore any type of collision between stars. The
numerical solution of Euler’s equations coupled with the proper treatment of radiation, magnetic
fields, EOS, rotation, viscosity, etc. (as described in section 2.2.1), is the only way to determine the
precise characteristic of the remnant object after the direct encounter. However, as mentioned in
the last paragraph of the previous subsection, the SPH simulations are very expensive in terms of
computational resources. The more physical processes are included in the hydrodynamical model-
ing of stars, the more time is needed to calculate each of the particle properties and the convergence
of the numerical integration of the equations can be dramatically affected. Due to this major dis-
advantage, complementary methodologies have been developed to explore the consequences of
stellar collisions without the need for direct calculation of the hydrodynamical equations.

The entropy sorting algorithm is a frequently used approximation in the literature to derive the
structure of stars formed after gentle mergers (Ballone et al., 2023; Gaburov et al., 2008; Glebbeek
et al., 2013; Lombardi et al., 1995). The central concept behind this method is Archimedes’s prin-
ciple, by which any fluid will redistribute itself, after being taken out of its equilibrium, following
the density differences: a fluid element with a greater density than its environment will accelerate
downward, while one with a smaller density will be buoyed upward (Gaburov et al., 2008). The
hydrostatic equilibrium will be reached again once the density of each fluid element is equal to the
density of its environment. In the collisional scenario, the gas inside both stars is at hydrostatic
equilibrium until they crash together, after that moment the density of each fluid element will be
continuously adjusted in such a way that pressure equilibrium with the environment is achieved.
This means that the buoyancy of each gas parcel will be determined by the relation between its
pressure and its density, i.e. by its EOS.

For the case of an ideal gas the buoyancy, also known as the entropic variable (A), is determined
by

A = P

ρΓ , (2.38)

where Γ is the adiabatic index. By construction, A depends directly upon entropy and composi-
tion, and it remains constant for each fluid element in the absence of heating and mixing (Gaburov
et al., 2008). Equation 2.38 has been successfully used to describe the underlying hydrodynamics
of radial collisions among low-mass MS stars (Lombardi et al., 1995; Lombardi, Thrall, Deneva,
Fleming, & Grabowski, 2003; J. C. Lombardi Jr et al., 2002) since those stars are well described
by a monatomic ideal gas EOS, where Γ = 5/3. In that situation ρ = (P/A)3/5, meaning that gas
elements with lower A will have greater ρ at constant P . Consequently, fluid elements with smaller
values of A sink to the bottom of a potential well, and the A profile of a star in stable hydrostatic
equilibrium increases radially outwards (Gaburov et al., 2008).

Contrary to the low-mass scenario, fluid in high-mass MS stars is described by a mixture of
monatomic ideal gas and radiation in thermal equilibrium, as implemented in STARSMASHER. In
such cases, the total pressure is computed using equation 2.21, and the specific entropy is
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where k is the Boltzmann constant, µ the mean molecular mass, s0 depends only on composi-
tion and β = Pgas/Ptot with Ptot = Pgas + Prad (Clayton, 1983). Equation 2.39 defines buoyancy
as

A = Ptot

ρ5/3 e
8(1−β)

β , (2.40)

and manipulating expressions 2.39 and 2.40 the expression for density can be establish as

ρ = 3k4

A3µ4a

1 − β

β
e
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β , (2.41)

where a is the radiation constant. The relationship shown in equation 2.41 proves that for the
high-mass collisional scenario, conserving the adiabatic and no mixing approximation, one ex-
pects the different fluid elements of the two stars to rearrange into hydrostatic equilibrium, with A
monotonically increasing outwards (Ballone et al., 2023).

Using the theoretical framework described here the remnant star after the collision of two
massive stars can be reconstructed, without the need for the full hydrodynamical simulation, by
applying the following entropy sorting algorithm:

1. Run the relaxation routine of STARSMASHER for the two parent stars to transform their 1D
stellar evolution profiles into a 3D distribution of SPH particles.

2. Compute the entropic variable A, using equation 2.40, for the whole set of particles that
compound both stars.

3. Generate the new star by sorting the particles of the initial colliding stars in a way such that
A increases monotonically.

Is crucial to remember that this treatment is framed within the assumptions of a gentle merger,
where the propagation of shocks is not allowed, as well as the mixing of the particles derived
from the rotation induced after the impact (Gaburov et al., 2008). These conditions are unrealistic
in the case of stellar collisions and therefore the results obtained from this algorithm should be
analyzed with caution and always compared with full hydrodynamic simulations when available.
However, previous studies have shown that this methodology allows a very good reconstruction
of stellar remnants at a much lower computational cost, facilitating the exploration of the param-
eter space (Ballone et al., 2023; Gaburov et al., 2008; Glebbeek et al., 2013; Lombardi et al., 1995).

In the development of this thesis, we decided to implement this algorithm to contrast its results
with a large set of hydrodynamical simulations of stellar collisions, seeking to establish some
correlation that allows its implementation on a large scale intending to reduce the time spent on
the generation of candidate remnants for the formation of black holes in the PI mass gap.
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3. Results

Due to the conditions expected in the core at the end of the life of massive stars, the traditional
theory of stellar evolution does not contemplate the existence of black holes in the mass range
between 60 and 120 M⊙. This interval, known as the PI mass gap, has been explored thanks to the
detection of GWs, concluding that there are at least two black holes, and many more candidates,
within the unexpected range. This thesis work explores the possibility of black hole formation, in
the PI mass gap, from the collision of two massive stars in the interior of young SC. The results
presented here demonstrate that such a formation channel can generate a massive remnant star,
with the necessary structure and sufficient mass, to collapse into a 60 − 120 M⊙ black hole at the
end of its evolution, alleviating the tension between current GW detections and the classical stellar
evolution theory.

In this last chapter, we present how the amount of mass lost, at each instant, was computed
for the multiple simulations of stellar collisions. The temporal tracking of this quantity allowed us
to establish which stellar remnants reached a dynamical equilibrium after the impact. All of the
STARSMASHER simulations analyzed here formed a stellar remnant whose mass falls within the
range of the PI mass gap, and the largest amount of mass lost after impact was set at ∼ 19.5 %.
The remnants of the collisions were also analyzed to determine their inner dynamics. The mean
values of each velocity component, and their standard deviations, were estimated for each of the
gravitationally bound SPH particles. This procedure leads us to conclude that stellar collisions
with a non-zero impact parameter, will generate stellar remnants that will undergo chemical mix-
ing in their envelopes thanks to angular momentum transfer. This fact can dramatically affect the
subsequent stellar evolution of such post-collision products, even preventing them to collapse into
a black hole.

This chapter ends with a direct comparison between the results obtained from the hydrody-
namic simulations and those derived from the implementation of the entropy sorting algorithm. In
collisions where the evolutionary states of both stars are distinguishable, and therefore the thermo-
dynamic properties in their interiors, the construction of the collisional remnant from the ordering
of the initial SPH particles was shown to be effective. Post-collisional stars generated from radial
buoyancy enhancement share the same structure as those resulting from months-long SPH sim-
ulations. In this thesis, we show how the entropy sorting algorithm can even predict a range of
possibilities for the total mass of the resulting post-collision star, a fact that will greatly facilitate
the exploration of the parameter space for future work on stellar collisions.
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3.1 Cumulative mass profiles and bound mass

To analyze how the characteristics of the remnant star are affected by the change of collisional
parameters, it is first necessary to define which SPH particles compose the post-collisional star
in every simulation. At the beginning of each encounter, the SPH particles are clearly associated
with one of the two relaxed stars, however as time begins to flow, and both stars begin to approach
each other, this clear distinction becomes blurred. What determines whether or not a gas element
is part of a star, in the context of hydrodynamical simulations, is the fact that it is gravitationally
bound to it. For that reason, the criteria we follow is the one presented in Ballone et al. (2023),
where every i-th SPH particle is considered bound to the remnant if its total specific energy (ei) is
negative. Mathematically speaking if, and only if, ei < 0 is fulfilled. In this simplified approach
the computation of ei follows the definition

ei = v2
cm,i + ui − G · Mencl,i

dcm,i

, (3.1)

where G is the gravitational constant, ui is the specific internal energy, vcm,i and dcm,i are the
velocity and distance calculated with respect to the total center of mass, and Mencl,i is the to-
tal mass enclosed within dcm,i. This approach assumes a spherical configuration after the impact
for the calculation of the potential energy. This assumption is not entirely realistic, especially in
areas immediately next to the center of mass and in cases where collisions are non-radial. How-
ever, the accurate calculation of the potential energy of each particle considering the contributions
of all other particles is excessively slow, even including parallelization processes. Our compar-
isons allowed us to conclude that the precise calculation differs from the approximation only up
to dcm,1 = 1.5 R⊙, thereafter both results are identically the same. For that reason, the bound
criterion implemented in this thesis assumes at first that all particles with dcm,i ≤ 1.5 R⊙ are grav-
itationally bound to the remnant star, and then equation 3.1 is applied.

Equation 3.1 is extremely sensible to the determination of the total center of mass (cm). By
construction, STARSMASHER simulations are programmed to reassign the position of each particle
in such a way that the cm remains constant for all snapshots. This is not true for the physical cm of
collisions, since the motion of stars can vary its position in space. For this reason, the total center
of mass used in the calculation of equation 3.1 must be defined following a computational criterion
that fits the SPH scheme. The best alternative is to define the cm of each snapshot as the highest
density point (particle). This definition does not apply to the pre-collision analysis of the two stars
but ensures that the distance to the center of the remnant is stable once the encounter has occurred.
The densest particle within the SPH scheme will represent the central region of the new stellar core.

Following the procedure described in the preceding paragraphs, the bound and unbound mass
profiles, along the stellar radius, can be built for any snapshot (see figures from 3.1 to 3.3). The
results are in agreement with the expected behavior for all the simulations. At the beginning of
the collision (snapshot time: 0 days), only particles modeling the primary star are considered
gravitationally bound, while all the particles forming the secondary star are unbound. This can be
explained because the core of the most massive star is the densest point of the simulation when
the two stars are far from collapsing. The unbound profiles start to grow just when R = 110 R⊙,
matching the initial separation distance of all collisions. When the collision occurs (snapshot time:
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∼ 1 days), the bound and unbound particles (basically the two stars) start to mix and the separation
distance between them is only the radius of the primary star. In the end, all particles that belong
to the remnant star are arranged by increasing radius from the core, and the unbound particles are
located at the outer regions of the simulation.

Figure 3.1
Time evolution of the total, bound, and unbound mass profiles for the Renzo, et al. (2020),
+ 2 Myr and Half Resolution simulations.

Note. Panels from top to bottom: enclosed mass radial profiles for the Renzo, et al (2020), + 2 Myr and
Half Resolution simulations respectively. Columns from left to right: different evolutionary stages of the
simulations starting from the beginning of the StarSmasher run, going to the time when the collision
occurs, and finishing at the end of each collisional routine. The enclosed mass at each radius (Mencl), in
M⊙, is plotted on the y axis, meanwhile the radius from the instantaneous center of mass of the system, in
R⊙, is plotted on the x axis. The solid red lines correspond to the mass profiles for the total distribution
of SPH particles in each snapshot, the dash-dotted blue lines are the enclosed mass profiles of the unbound
particles and the dashed black lines are the bound particle mass profiles at each evolutionary stage. The
classification of bound and unbound particles was made following the criteria explained in section 3.1 us-
ing equation 3.1.
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The total specific energy of the particles ejected from the remnant star increases as a result of
linear momentum transfer upon collision and shock propagation. These two processes are respon-
sible for the increase in the kinetic and internal specific energy of the unbound particles, allowing
them to escape the gravitational attraction of the new star.

Figure 3.2
Time evolution of the total bound, and unbound mass profiles for the b = 0.1 R⊙, b = 1 R⊙
and b = 3 R⊙ simulations.

Note. Panels from top to bottom: enclosed mass radial profiles for the b = 0.1 R⊙, b = 1 R⊙ and b = 3 R⊙
simulations respectively. Columns from left to right: different evolutionary stages of the simulations start-
ing from the beginning of the StarSmasher run, going to the time when the collision occurs, and finish-
ing at the end of each collisional routine. The enclosed mass at each radius (Mencl), in M⊙, is plotted on
the y axis, meanwhile the radius from the instantaneous center of mass of the system, in R⊙, is plotted on
the x axis. The solid red lines correspond to the mass profiles for the total distribution of SPH particles
in each snapshot, the dash-dotted blue lines are the enclosed mass profiles of the unbound particles and
the dashed black lines are the bound particle mass profiles at each evolutionary stage. The classification of
bound and unbound particles was made following the criteria explained in section 3.1 using equation 3.1.
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Figure 3.3
Time evolution of the total bound, and unbound mass profiles for the v∞ = 10 km/s,
v∞ = 100 km/s and v∞ = 500 km/s simulations.

Note. Panels from top to bottom: enclosed mass radial profiles for the v∞ = 10 km/s, v∞ = 100 km/s
and v∞ = 500 km/s simulations respectively. Columns from left to right: different evolutionary stages of
the simulations starting from the beginning of the StarSmasher run, going to the time when the colli-
sion occurs, and finishing at the end of each collisional routine. The enclosed mass at each radius (Mencl),
in M⊙, is plotted on the y axis, meanwhile the radius from the instantaneous center of mass of the system,
in R⊙, is plotted on the x axis. The solid red lines correspond to the mass profiles for the total distribu-
tion of SPH particles in each snapshot, the dash-dotted blue lines are the enclosed mass profiles of the un-
bound particles and the dashed black lines are the bound particle mass profiles at each evolutionary stage.
The classification of bound and unbound particles was made following the criteria explained in section 3.1
using equation 3.1.

After the generation and analysis of the mass profiles, the bound-unbound selection criterion
was applied to compute the percentage of unbound mass (Munb) for each step in the time evolution
of the collisions (see figure 3.4). This quantity remains stable after the collision for most of the
simulations analyzed here, only those configurations where b ̸= 0 present alterations in their Munb
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after the first impact.

Figure 3.4
Time evolution of the unbound mass percentage for all the StarSmasher collision
simulations.

Note. The time evolution for the unbound mass percentage is grouped into three different sets to improve
visibility. Each column from left to right: Renzo, et al (2020), Half Resolution and + 2 Myr, then all the
set of b = 0.1, 1 and 3 R⊙ and finally all simulations computed with velocity changes v∞ = 10, 100 and 500
km/s. The unbound mass at each time step (Munb), in %, is plotted on the y axis, meanwhile the time,
in days, is plotted on the x axis. The solid black lines correspond to the unbound mass profiles for Renzo,
et al (2020), b = 0.1 R⊙ and v∞ = 10 km/s. The solid red lines correspond to the unbound mass profiles
for Half Resolution, b = 1 R⊙ and v∞ = 100 km/s. The solid blue lines correspond to the unbound mass
profiles for + 2 Myr, b = 3 R⊙, and v∞ = 500 km/s. Finally, the crimson-shaded square in each graph
represents the interval of unbound mass ranging from 9.5 % to 14 %, where almost all the simulations are
located at the end of the StarSmasher collisional routine.

For radial collisions (b = 0) we can conclude that the dynamical relaxation process, follow-
ing the direct dynamical encounter, occurs efficiently. Excluding v∞ = 10 km/s, the Munb of
each radial collision simulation remains unchanged after 4 days. The discrepancies in the value
at which this profile stabilizes are associated with the different evolutionary stages of the stars in
each simulation. The Renzo et al. (2020) case, which presents the lowest percentage of mass loss,
is the only one of those analyzed here with a primary star in TAMS; all the others modeled the
most massive star as a CHeB. The increase of + 2 Myr in the evolution of the secondary star also
resulted in a small variation of the final value of Munb. These fluctuations are understood because
each evolutionary stage determines the stellar size. Larger stars have less gravitationally bound
envelopes, and vice versa. This is a key factor in the amount of mass the remnant star can inherit
after the collision.

For b = 0.1, 1 and 3 R⊙ (middle panel of figure 3.4) the percentage of unbound mass is not
constant. b = 0.1 R⊙ and b = 3 R⊙ experience gradual Munb increases over time, with a few
minor disturbances. The b = 1 R⊙ is more dramatic, its percentage of mass lost is almost double
compared to the other simulations, and its increase is not gradual, it occurs in sharp jumps every
few days. These peaks in the Munb profile are associated with successive collisions of the primary
and secondary stellar nuclei. Due to the conservation of angular momentum, the non-radial colli-
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sions may experience a phase, after the first impact, where the cores of the primary stars orbit a
common point without fully merging. During this period, and thanks to the dissipation of energy,
these nuclei can collide more than once until they merge completely. These successive collisions
produce the propagation of shocks along the remnant star, detaching its farthest layers.

The percentage of mass lost at the end of the simulation is what will determine the final mass
of the stellar remnant. Looking at the plot 3.4 we can notice that all simulations, except b = 1
and b = 3, have the last value of their Munb profiles within the range of values from 9.5 % to
13 % (all lines end inside the crimson rectangle). Looking at the table 3.1 this can be seen much
clearer,changes in evolutionary state, numerical resolution, or impact velocity all lead to the same
amount of mass lost within about 3.5 %. Only by changing the impact parameter one can attain
a substantially larger mass loss, greatly affecting the post-collisional dynamics. Low values of b
(b < 0.1 R⊙) do not generate dramatic changes concerning the radial cases, medium values (b ∼ 1
R⊙) generate a final remnant with a high dynamic relaxation time and a percentage of mass lost
that can double the typical cases. Finally, high values of b (b > 3 R⊙) can result in the formation of
a system that never generates a remnant star, but rather an orbiting system with a common envelope.

These hydrodynamical simulations highlight the crucial role of the periastron separation in the
development of massive star collisions, a result whose importance should be highlighted. First of
all, perfectly radial collisions (b = 0) have almost zero probability of occurring in the universe, let
alone in environments like the young SC. Second of all, at the moment all the works that analyze
stellar collisions as a black hole formation channel in the PI mass gap, assume that radial collisions
are the most violent possible scenario, and therefore, those that determine the maximum limit of
mass loss Ballone et al. (2023); Di Carlo, Mapelli, Giacobbo, et al. (2020); Renzo et al. (2020),
which is demonstrably not the case.

Table 3.1
Final percentage of unbound mass, and predicted remnant mass, for each of the simulated
StarSmasher collisions.

Simulation Munb [%] Mremnant [M⊙]
Renzo, et al (2020) 9.73 89.82

Half Resolution 12.52 87.48
+ 2 Myr 11.01 88.54

b = 0.1 R⊙ 12.78 86.78
b = 1 R⊙ 19.30 80.30
b = 3 R⊙ 13.64 86.36

v∞ = 10 km/s 12.66 87.34
v∞ = 100 km/s 11.87 87.69
v∞ = 500 km/s 11.93 87.63

Note. Columns from left to right: simulation name, final unbound mass percentage, and stellar remnant
mass in M⊙.

Despite the possibly large amount of mass lost, looking at the third column of the table 3.1 we
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can conclude that all simulations formed a remnant with a mass within the PI mass gap, and quite
far from its lower limit (60 M⊙). This is a result in favor of the massive star collisions formation
channel, the necessary mass quota is met for all variations explored in this work. Unless the the
post-collisional star suffer a dramatic mass loss (> 20 M⊙) before the gravitational collapse, each
of these collisions could form a black hole within the PI mass gap.

Figure 3.5
Expected semi-analytical mass loss in the stellar collisional scenario Vs computed mass loss
by the StarSmasher simulation scheme.

Note. The unbound mass percentage (Munb in % units) is plotted on the y axis, meanwhile, the x rep-
resents all possible values for the q parameter, defined as the ratio between the mass of the secondary
star and the mass of the primary star involve the collision (q = M2/M1). The solid and dashed black
lines correspond to the expected mass loss after a collision of two stars as a function of q, following the
semi-analytical prescriptions introduced in Glebbeek and Pols (2008) and J. C. Lombardi Jr et al. (2002)
respectively (equations 3.3 and 3.2). The markers represent the unbound mass for the last snapshot in
each StarSmasher simulation, determined by the bound-unbound criteria described in section 3.1. The q
value for all simulations is essentially the same because in all configurations M2 ∼ 42 and M1 ∼ 58.

Finally, it is important to compare these results with other estimates of mass loss in stellar col-
lisions. Due to the lack of experiments with hydrodynamical simulations in this area, some authors
have proposed semi-analytical models that allow the estimation of this quantity from the essential
characteristics of the colliding stars. This is the case of the formula proposed by J. C. Lombardi Jr
et al. (2002), where the Munb can be modeled as

Munb = C1 · q

(1 + q)2 · R1,86 + R2,86

R1,50 + R2,50
, (3.2)
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where q = M2/M1, C1 = 0.157 and Rn,86 and Rn,50 are the radii containing 86 % and 50 %
of the mass of parent star n (1 for the primary and 2 for the secondary). This equation is suited
for radial collisions between low-mass stars and was calibrated using very precise hydrodynamical
simulations. Glebbeek and Pols (2008) proposed a simplified alternative to the equation 3.2, that
also works in the radial low-mass collisional scenario, where

Munb = C2 · q

(1 + q)2 , (3.3)

here C2 = 0.3.

Figure 3.5 shows the comparison of the unbound mass percentages obtained from the STARS-
MASHER simulations and the values predicted by equations 3.2 and 3.3. In this case, all collisions
were set with the same mass values for the primary and secondary star and therefore all have the
same q = 0.72. The simplified Geebleck model fits our results better and predicts a very similar
mass loss in almost all cases, only the b = 1 R⊙ simulation deviates quite far from this paradigm.
This discrepancy is expected since this model does not consider non-radial collisions and it is im-
pressive that it is still close to the simulated values of b = 0.1 R⊙ and b = 3 R⊙. Apart from the
above, equation 3.3 was calibrated for low-mass stars, so its ability to predict values in massive
collisions, as in this case, is something that should be highlighted and that allows the extension
of this formula for any type of encounter regardless of the mass. For our sample of simulations
equation 3.2 does not work properly.

3.2 Rotational evolution of the remnant

The mass of the remnant, although it is one of the essential characteristics that allow it to meet
the requirements to form a black hole in the PI mass gap, should not be the only property to be
analyzed. Many other factors can influence the evolutionary process of the post-collisional star,
preventing its gravitational collapse. For this reason, in this study, we analyze the dynamics of the
SPH particles that model each collisional remnant, intending to identify possible alterations in its
chemical and structural composition.

The reference frame from which all bound SPH particle velocities were computed, was con-
structed from the total angular momentum (L⃗t) of the ensemble. The process consisted of de-
termining the rotation axis of the remnant star using the velocities and positions stored in each
snapshot of the simulations. Then, by applying two rotation transformations on the y-axis and x-
axis respectively (rotation matrixes Rx and Ry), the z-coordinate axis was aligned with L⃗t (see the
scheme inside the gray box in figure 3.6). From this point on, the velocities of each bound particle
were rewritten in a cylindrical coordinate system (V⃗R, V⃗θ and V⃗z) that allows a more intuitive and
direct interpretation of what is happening inside the remnant star (see figure 3.6).

The time evolution of the mean values, considering all SPH bound particles, for the radial (VR),
tangential (Vθ) and vertical (Vz) velocity components was computed for the whole set of STARS-
MASHER simulations (see figure 3.7). The behavior of each of these values, and the description of
the internal dynamics of the post-collisional star, can be grouped into two. The radial collisions
(b = 0), presented in the top and bottom panel of figure 3.7, exhibit a velocity profile where VR
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is the dominant component (solid black lines). The mean values of Vθ and Vz oscillate around 0
km/s (blue and red solid lines respectively), indicating that there is no net rotation or net vertical
motion within the SPH star. The radial translation of the whole set of particles is explained by the
transfer of linear momentum upon collision, and their natural decay in time is explained by the
energy loss processes considered in STARSMASHER.

Figure 3.6
Construction of the coordinate system aligned with the spin axis of the remnant star, and
its subsequent change to a cylindrical coordinate system.

Note. The large orange circle represents the envelope of the remnant star, while the small reddish circle
represents its core. In the framed drawing inside the gray box, the dark blue vector represents the total
angular momentum of the particles that compose the star (L⃗t), while the green vectors demarcate the
directions of the default coordinate axis in StarSmasher (x, y and z). Applying the rotation matrices
on y and x (Rx · Ry·) constructs the primed reference frame (x′, y′ and z′) whose z′ axis is aligned with
L⃗t. This process is represented by the curved black vector. To the right of the gray square is exemplified
the process of changing coordinates from the primed system of velocities (V ′

x, V ′
y and V ′

z ) to the cylindrical
system (V ′

R, V ′
θ and V ′

z ).

The case of non-radial collisions (b ̸= 0), located in the middle panel of the figure 3.7, is much
more interesting. In this type of collision, the predominant component over time is Vθ, exceeding
VR at each instant. Vz continues to oscillate around 0 km/s so that the net vertical motion of the
remnant star is again ruled out. In this case, the net rotation of the particles modeling the post-
collisional star arises due to the transfer of angular momentum upon collision (see figure 3.9).
This is an extremely interesting fact since it can promote chemical mixing within the envelope of
the star, radically changing all its subsequent evolution (Ballone et al., 2023; Costa et al., 2022;
Di Carlo, Mapelli, Giacobbo, et al., 2020; Renzo et al., 2020). In addition, these velocity profiles
present peaks common to all velocity components at certain time instants. This is strong evidence
in favor of the orbital scenario of the nuclei of the parent stars, which derives in collisions after the
first impact and that we saw also appear in the unbound mass profiles. Finally, it is very important
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to emphasize that the mean values of the velocity components presented here are within the range
of the values reported by other authors who have explored the stellar collision scenario using SPH
simulations (Sills, Faber, Lombardi Jr, Rasio, & Warren, 2001).

Figure 3.7
Time evolution of the mean velocity components of all SPH particles involved in the
collision simulations.

Note. In each square the mean velocity (V ) is plotted on the y axis, in km/s units. The x axis is the
equivalent simulated time, in days. At the top panel, from left to right, the visualized collision simulations
are Renzo, et al (2020), Half Resolution, and + 2 Myr. At the medium panel, from left to right: b = 0.1
R⊙, b = 1 R⊙ and b = 3 R⊙. The bottom panel, from left to right: v∞ = 10 km/s, v∞ = 100 km/s and
v∞ = 500 km/s. The black, blue, and red solid lines represent the mean velocities components for all the
SPH particles in each snapshot: radial (VR), tangential (Vθ), and vertical (Vz), respectively.

The time evolution of the standard deviation values for the radial (σR), tangential (σθ) and ver-
tical (σz) velocity components was also computed for the whole set of STARSMASHER simulations
(see figure 3.8). In this case, all the conclusions drawn from the velocity profiles also apply. The
only predominant difference is that the profiles of the standard deviations are not so far apart be-



HYDRODYNAMICAL SIMULATIONS OF MASSIVE STARS COLLISIONS 63

tween components for all configurations. Only the cases b = 1 R⊙ and b = 3 R⊙ exhibit a clear
differentiation of σθ over the others. This is explained due to the high values of Vθ shown by the
particles resulting from the repeated subsequent collisions.

Figure 3.8
Time evolution of the standard deviation for each velocity component of all SPH particles
involved in the collision simulations.

Note. In each square the standard deviation (σ) is plotted on the y axis, in km/s units. The x axis is the
equivalent simulated time, in days. At the top panel, from left to right, the visualized collision simulations
are Renzo, et al (2020), Half Resolution, and + 2 Myr. At the medium panel, from left to right: b = 0.1
R⊙, b = 1 R⊙ and b = 3 R⊙. The bottom panel, from left to right: v∞ = 10 km/s, v∞ = 100 km/s
and v∞ = 500 km/s. The orange, green, and purple solid lines represent the standard deviation for each
velocity component for all the SPH particles in each snapshot: radial (σR), tangential (σθ), and vertical
(σz), respectively.
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Figure 3.9
Comparison of impact instants between a non-radial collision (b = 1 R⊙) and a radial
collision (v∞ = 500 km/s).

Note. 2D logarithmic density map for the direct encounter (out0105.sph) of the b = 1 R⊙ and v = 500
km/s StarSmasher collisional routines. The x and y axis range from −100 R⊙ to 100 R⊙, with the cen-
ter of mass as the origin. It can be clearly distinguished how the particles that are part of the non-radial
collision simulation start to rotate upon impact, while the particles of the radial collision do not exhibit
this behavior.

3.3 Hydrodynamics Vs Entropy

Having completed the dynamical analysis of the particles that make up our set of remnant stars,
we can begin to study in more detail the stellar structure of each post-collisional star. To achieve
this goal, radial profiles of density (ρ), pressure (P ), temperature (T ), cumulative mass, and hy-
drogen and helium fractions were generated from the bound particles of the last snapshot for each
STARSMASHER simulation. The profiles constructed from the SPH particles were in turn directly
compared to the initial radial profiles, generated from the input files of the stellar evolution codes,
of the parent stars of each collision (see figures from 3.10 to 3.18).

The first thing that stands out from the comparison between the initial profiles, and the pro-
file of each collisional remnant, is that the ρ, P , and T after the collision are almost identical to
those of the initial stars. The profiles constructed from the interpolation of the mean values of
these properties for the SPH particles (solid red lines in figures 3.10 to 3.18) follow the behavior
expected from the sum of the two profiles constructed with PARSEC (black and gray dashed lines
in figures 3.10 to 3.18)). The only radical difference is marked in their radial extensions, since
the particles gravitationally bound to the remnant reach much larger radii than the initial ones, as
would be expected from this scenario. This agreement corroborates that the modeling performed
in the relaxation and collision routines by STARSMASHER preserves the main properties of the
stars generated from the stellar evolution codes. This is a fact to note since the treatment of EOS
within the SPH scheme is much more simplified (see section 2.2.1) than in codes such as PAR-
SEC and MESA. The physical assumptions adopted in the hydrodynamical simulations of massive
star collisions work, even under thermodynamically changing conditions (e.g., post-impact shock
propagation).
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Figure 3.10
Radial profiles of the main stellar properties for the remnant star of the Renzo, et al (2020)
collision simulation.

Note. At the top panel, from left to right: density profile (ρ) in g/cm3, and pressure (P ) profile in
dyn/cm2, both of them along the stellar radius in R⊙. At the medium panel, from left to right: temper-
ature profile (T ) in K, and cumulative mass profile in M⊙, both of them along the stellar radius in R⊙.
At the bottom panel, from left to right: hydrogen fraction and helium fraction, along the stellar radius in
R⊙. The red solid lines represent the SPH profile obtained after interpolating the average values obtained
in the radial binning of all the particles in the final snapshot of the simulation. The dashed black lines
represent the input stellar profile for the primary star at TAMS produced by parsec and described in sec-
tion 2.1.1. The dashed gray lines represent the input stellar profile for the secondary star at MS produced
by parsec and described in section 2.1.1. For the density, pressure, and temperature profiles, the colored
dots are the bound SPH particles, ordered by increasing distance to the center of the simulation. They are
colored by their entropic variable (A), in g−2/3s−2cm4, calculated using equation 2.40.
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Figure 3.11
Radial profiles of the main stellar properties for the remnant star of the Half Resolution
collision simulation.

Note. At the top panel, from left to right: density profile (ρ) in g/cm3, and pressure (P ) profile in
dyn/cm2, both of them along the stellar radius in R⊙. At the medium panel, from left to right: temper-
ature profile (T ) in K, and cumulative mass profile in M⊙, both of them along the stellar radius in R⊙.
At the bottom panel, from left to right: hydrogen fraction and helium fraction, along the stellar radius in
R⊙. The red solid lines represent the SPH profile obtained after interpolating the average values obtained
in the radial binning of all the particles in the final snapshot of the simulation. The dashed black lines
represent the input stellar profile for the primary star at CHeB produced by parsec and described in sec-
tion 2.1.1. The dashed gray lines represent the input stellar profile for the secondary star at MS produced
by parsec and described in section 2.1.1. For the density, pressure, and temperature profiles, the colored
dots are the bound SPH particles, ordered by increasing distance to the center of the simulation. They are
colored by their entropic variable (A), in g−2/3s−2cm4, calculated using equation 2.40.
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Figure 3.12
Radial profiles of the main stellar properties for the remnant star of the + 2 Myr collision
simulation.

Note. At the top panel, from left to right: density profile (ρ) in g/cm3, and pressure (P ) profile in
dyn/cm2, both of them along the stellar radius in R⊙. At the medium panel, from left to right: tempera-
ture profile (T ) in K, and cumulative mass profile in M⊙, both of them along the stellar radius in R⊙. At
the bottom panel, from left to right: hydrogen fraction and helium fraction, along the stellar radius in R⊙.
The red solid lines represent the SPH profile obtained after interpolating the average values obtained in
the radial binning of all the particles in the final snapshot of the simulation. The dashed black lines rep-
resent the input stellar profile for the primary star at CHeB produced by parsec and described in section
2.1.1. The dashed gray lines represent the input stellar profile for the secondary star at MS + 2 Myr pro-
duced by parsec and described in section 2.1.1. For the density, pressure, and temperature profiles, the
colored dots are the bound SPH particles, ordered by increasing distance to the center of the simulation.
They are colored by their entropic variable (A), in g−2/3s−2cm4, calculated using equation 2.40.
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Figure 3.13
Radial profiles of the main stellar properties for the remnant star of the b = 0.1 R⊙
collision simulation.

Note. At the top panel, from left to right: density profile (ρ) in g/cm3, and pressure (P ) profile in
dyn/cm2, both of them along the stellar radius in R⊙. At the medium panel, from left to right: temper-
ature profile (T ) in K, and cumulative mass profile in M⊙, both of them along the stellar radius in R⊙.
At the bottom panel, from left to right: hydrogen fraction and helium fraction, along the stellar radius in
R⊙. The red solid lines represent the SPH profile obtained after interpolating the average values obtained
in the radial binning of all the particles in the final snapshot of the simulation. The dashed black lines
represent the input stellar profile for the primary star at CHeB produced by parsec and described in sec-
tion 2.1.1. The dashed gray lines represent the input stellar profile for the secondary star at MS produced
by parsec and described in section 2.1.1. For the density, pressure, and temperature profiles, the colored
dots are the bound SPH particles, ordered by increasing distance to the center of the simulation. They are
colored by their entropic variable (A), in g−2/3s−2cm4, calculated using equation 2.40.
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Figure 3.14
Radial profiles of the main stellar properties for the remnant star of the b = 1 R⊙ collision
simulation.

Note. At the top panel, from left to right: density profile (ρ) in g/cm3, and pressure (P ) profile in
dyn/cm2, both of them along the stellar radius in R⊙. At the medium panel, from left to right: temper-
ature profile (T ) in K, and cumulative mass profile in M⊙, both of them along the stellar radius in R⊙.
At the bottom panel, from left to right: hydrogen fraction and helium fraction, along the stellar radius in
R⊙. The red solid lines represent the SPH profile obtained after interpolating the average values obtained
in the radial binning of all the particles in the final snapshot of the simulation. The dashed black lines
represent the input stellar profile for the primary star at CHeB produced by parsec and described in sec-
tion 2.1.1. The dashed gray lines represent the input stellar profile for the secondary star at MS produced
by parsec and described in section 2.1.1. For the density, pressure, and temperature profiles, the colored
dots are the bound SPH particles, ordered by increasing distance to the center of the simulation. They are
colored by their entropic variable (A), in g−2/3s−2cm4, calculated using equation 2.40.
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Figure 3.15
Radial profiles of the main stellar properties for the remnant star of the b = 3 R⊙ collision
simulation.

Note. At the top panel, from left to right: density profile (ρ) in g/cm3, and pressure (P ) profile in
dyn/cm2, both of them along the stellar radius in R⊙. At the medium panel, from left to right: temper-
ature profile (T ) in K, and cumulative mass profile in M⊙, both of them along the stellar radius in R⊙.
At the bottom panel, from left to right: hydrogen fraction and helium fraction, along the stellar radius in
R⊙. The red solid lines represent the SPH profile obtained after interpolating the average values obtained
in the radial binning of all the particles in the final snapshot of the simulation. The dashed black lines
represent the input stellar profile for the primary star at CHeB produced by parsec and described in sec-
tion 2.1.1. The dashed gray lines represent the input stellar profile for the secondary star at MS produced
by parsec and described in section 2.1.1. For the density, pressure, and temperature profiles, the colored
dots are the bound SPH particles, ordered by increasing distance to the center of the simulation. They are
colored by their entropic variable (A), in g−2/3s−2cm4, calculated using equation 2.40.
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Figure 3.16
Radial profiles of the main stellar properties for the remnant star of the v∞ = 10 km/s
collision simulation.

Note. At the top panel, from left to right: density profile (ρ) in g/cm3, and pressure (P ) profile in
dyn/cm2, both of them along the stellar radius in R⊙. At the medium panel, from left to right: temper-
ature profile (T ) in K, and cumulative mass profile in M⊙, both of them along the stellar radius in R⊙.
At the bottom panel, from left to right: hydrogen fraction and helium fraction, along the stellar radius in
R⊙. The red solid lines represent the SPH profile obtained after interpolating the average values obtained
in the radial binning of all the particles in the final snapshot of the simulation. The dashed black lines
represent the input stellar profile for the primary star at CHeB produced by parsec and described in sec-
tion 2.1.1. The dashed gray lines represent the input stellar profile for the secondary star at MS produced
by parsec and described in section 2.1.1. For the density, pressure, and temperature profiles, the colored
dots are the bound SPH particles, ordered by increasing distance to the center of the simulation. They are
colored by their entropic variable (A), in g−2/3s−2cm4, calculated using equation 2.40.
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Figure 3.17
Radial profiles of the main stellar properties for the remnant star of the v∞ = 100 km/s
collision simulation.

Note. At the top panel, from left to right: density profile (ρ) in g/cm3, and pressure (P ) profile in
dyn/cm2, both of them along the stellar radius in R⊙. At the medium panel, from left to right: temper-
ature profile (T ) in K, and cumulative mass profile in M⊙, both of them along the stellar radius in R⊙.
At the bottom panel, from left to right: hydrogen fraction and helium fraction, along the stellar radius in
R⊙. The red solid lines represent the SPH profile obtained after interpolating the average values obtained
in the radial binning of all the particles in the final snapshot of the simulation. The dashed black lines
represent the input stellar profile for the primary star at CHeB produced by parsec and described in sec-
tion 2.1.1. The dashed gray lines represent the input stellar profile for the secondary star at MS produced
by parsec and described in section 2.1.1. For the density, pressure, and temperature profiles, the colored
dots are the bound SPH particles, ordered by increasing distance to the center of the simulation. They are
colored by their entropic variable (A), in g−2/3s−2cm4, calculated using equation 2.40.
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Figure 3.18
Radial profiles of the main stellar properties for the remnant star of the v∞ = 500 km/s
collision simulation.

Note. At the top panel, from left to right: density profile (ρ) in g/cm3, and pressure (P ) profile in
dyn/cm2, both of them along the stellar radius in R⊙. At the medium panel, from left to right: temper-
ature profile (T ) in K, and cumulative mass profile in M⊙, both of them along the stellar radius in R⊙.
At the bottom panel, from left to right: hydrogen fraction and helium fraction, along the stellar radius in
R⊙. The red solid lines represent the SPH profile obtained after interpolating the average values obtained
in the radial binning of all the particles in the final snapshot of the simulation. The dashed black lines
represent the input stellar profile for the primary star at CHeB produced by parsec and described in sec-
tion 2.1.1. The dashed gray lines represent the input stellar profile for the secondary star at MS produced
by parsec and described in section 2.1.1. For the density, pressure, and temperature profiles, the colored
dots are the bound SPH particles, ordered by increasing distance to the center of the simulation. They are
colored by their entropic variable (A), in g−2/3s−2cm4, calculated using equation 2.40.

Regarding the cumulative mass profiles, and the hydrogen and helium fractions, the compar-
isons of the final SPH profile with the initial stellar profiles allow us to conclude that structurally all
remnants are formed preserving the core of the primary star (TAMS or CHeB), while the envelope
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arises from combining all the mass of the secondary star with the remaining mass of the primary.
In figures 3.10 to 3.18 we can see how the solid red line (SPH profile) follows the same behavior
as the dotted black line (primary star profile) in the first radial values, while later they radically
diverge. This happens in both chemical composition and size. This result has been reported by
other authors in studies very similar to this thesis (Ballone et al., 2023; Costa et al., 2022), and al-
lows corroborating the widely used hypothesis for the construction of remnants using only stellar
evolution codes. In such methodologies, the post-collisional star is built by preserving the primary
star core, while the mass of the secondary star is added to its envelope (Di Carlo, Mapelli, Gia-
cobbo, et al., 2020; Glebbeek et al., 2013; Renzo et al., 2020). It is important to emphasize that this
can be concluded since the parent stars analyzed here, and in all the previously mentioned works,
present a clear differentiation in their evolutionary state at the moment of impact. In cases where
the evolutionary stages are not so distinguishable this behavior can change since the conditions of
both nuclei will be very similar, favoring their mixing.

After the analysis of the stellar structure, we also decided to test the buoyancy principle ex-
plained in section 2.3. Under that theoretical framework, the bound particles forming each stellar
remnant should be rearranged so that their entropic variable A increases from the core to the outer
layers (Gaburov et al., 2008). This is the reason why in the ρ, P and T profiles, in each of fig-
ures 3.10 through 3.18, the SPH particles belonging to the post-collisional star were colored with
respect to the A value in g−2/3s−2cm4 units. As evidenced in each of the above plots, all the hy-
drodynamical simulations performed with STARSMASHER and analyzed in this thesis, follow this
principle. The particles with lower A (violet colors) are located in the initial region of the radial
profiles, while the particles with higher A (yellow colors) are located in the outer regions of the
star. This is a very important result, since it allows us to extend the range of applicability of the
entropy ordering algorithm explained in section 2.3. Now A also allows to distinction of different
layers of post-collisional stars built from massive parent stars outside a gentle collisional environ-
ment.

Finally, and thanks to the previous result, we decided to apply the entropy sorting algorithm for
all collision configurations. The basic idea was to construct the post-collision star from the SPH
files, using the relaxation routines of STARSMASHER, to compare it directly with the last snapshot
of each collision routine. In this way, the differences between a full collisional hydrodynamical
simulation and a semi-analytic approximation could be evidenced. Figure 3.19 shows the entropic
variable profiles, along the cumulative mass coordinate, of each collision configuration. In each
box, we compare their respective STARSMASHER simulation (light reds X’s and filled light blue
circles), with the results of the entropy sorting algorithm for the same parent stars (reds X’s and
empty dark blue circles). Analyzing each simulation we can see that although the precise values of
A differ in the two methodologies (differences in the y-axis), the arrangement of each of the SPH
particles inside the star is almost equivalent in all cases (the markers and colors of each particle
are located at very close values in the x-axis). This is again a very interesting and powerful result
because it allows us to construct the post-collisional stars without the need to run the hydrody-
namical collision routine, greatly reducing the time spent in the construction of these profiles and
thus allowing a broader, more detailed, and faster exploration of the parameter space of massive
stellar collisions. The differences in the y-axis are because the thermodynamic conditions inside
the primary and secondary stars radically differ from those of the remnant star, but the important
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thing here is not to determine A precisely but to be able to identify its differences.

Figure 3.19
Entropic variable profile, along the cumulative mass coordinate, of each StarSmasher
collision simulation remnant star.

Note. In each square the entropic variable (A) (defined in sec 2.3) is plotted on the y axis, in
g−2/3s−2cm4g/cm3 units. The x axis is the cumulative mass, from the center of the remnant star out-
ward, in M⊙ (this quantity is equivalent to the stellar radius). At the top panel, from left to right, the
visualized collision simulations are Renzo, et al (2020), Half Resolution, and + 2 Myr. At the medium
panel, from left to right: b = 0.1 R⊙, b = 1 R⊙ and b = 3 R⊙. The bottom panel, from left to right:
v∞ = 10 km/s, v∞ = 100 km/s and v∞ = 500 km/s. The circle points represent the particles that
originally modeled the primary star of the collision (TAMS or CHeB, depending on the case), while the
X’s represent the particles that modeled the secondary star (MS or MS + 2 Myr, depending the case).
The dark blue nonfilled circles and the big reds X’s correspond to the A values computed from the initial
conditions of the simulations, and they arrange to form the remnant star following the entropic sorting
algorithm described in section 2.3. The light blue filled circles and the small salmon X’s, correspond to
the A values computed from the final snapshot of the SPH simulations. The dotted black line is the total
bound mass of the remnant star formed after the collision, and the light crimson square demarcates the
limits where the entropy profile, built from the sorting algorithm, has its second plateau.
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Apart from the possibility of constructing the structure of the collisional star, in this work, we
identify that the entropy sorting algorithm can predict an expected range of mass loss in the colli-
sion, a key feature that can only be accurately determined today using SPH simulations. Looking
again at figure 3.19 we can notice that the mass loss (vertical dashed black line), determined with
the criterion discussed in section 3.1, is almost always located inside the blurred crimson rectan-
gle, except for the Renzo, et al (2020) case. The lower and upper vertical limits of the rectangle
coincide with the starting and ending points of the second plateau of the A profile determined by
the algorithm. These two points can be precisely located using a mathematical criterion, since their
positions in x (Cumulative mass in M⊙) coincide with the places where the second derivative of
the profile is equal to 0 (they are a point of inflection), and their values can be seen in table 3.2.

Table 3.2
Final percentage of unbound mass, and predicted remnant mass, for each of the simulated
StarSmasher collisions.

Simulation MA,low−limit [M⊙] MA,up−limit [M⊙] Mremnant [M⊙]
Renzo, et al (2020) 58.96 82.06 89.82

Half Resolution 77.39 91.89 87.48
+ 2 Myr 55.78 91.75 88.54

b = 0.1 R⊙ 76.26 91.82 86.78
b = 1 R⊙ 76.26 91.82 80.30
b = 3 R⊙ 76.26 91.82 86.36

v∞ = 10 km/s 76.26 92.73 87.34
v∞ = 100 km/s 76.26 91.82 87.69
v∞ = 500 km/s 76.26 91.82 87.63

Note. Columns from left to right: simulation name, final unbound mass percentage, and stellar remnant
mass in M⊙.

In constructing the entropic profile it can then be proposed that these inflection points be con-
sidered as the values between which the mass lost after the collision (Munb) can fluctuate. This
would allow the post-collision star to be constructed mimicking the structure and mass of a full hy-
drodynamical collision simulation. It is essential to point out that these results are not satisfactory
when the chemical composition of both parent stars is almost equivalent because they are close in
their evolutionary stages, meaning that each set of particles will have similar values for A, as stated
in equation 2.40 (Gaburov et al., 2008). That is why this algorithm does not apply in the Renzo, et
al (2020) scenario.

3.4 Recommendations and perspectives

In general terms, the results obtained in this work are in favor of the hypothesis of the black hole
population in the PI mass gap through stellar collisions of massive stars. Each of the collisional
simulations has generated a stellar remnant with the mass indicated for such a target. However,
to continue building evidence in this sense, it is necessary to propose future work in which all the
stellar remnants analyzed here can evolve to their final state using stellar evolution codes. This
coupling will allow us to compute with certainty the percentage of collisions that function as a
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formation channel, together with their dependence on the collisional parameters varied here.

In addition to the above, this scenario still needs further exploration of the parameter space,
and this thesis allows us to glimpse that the entropy ordering algorithm should be a tool used for
this purpose. However, this methodology should always be accompanied and compared with hy-
drodynamical simulations when these can be generated.

Finally, it has been shown throughout this work that STARSMASHER is a very high-level stel-
lar collision simulation code, which manages to apply the SPH scheme in adverse thermodynamic
conditions, obtaining physical results in a not very long time and with an almost constant conver-
gence rate. However, to revalidate the comparison with the entropy ordering method, it is proposed
that more tests be carried out on its shock propagation treatment, seeking to determine more clearly
if the evolution of the thermodynamic properties along the non-gentle shocks is adequate.
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4. Conclusions

The detection of black holes in the PI mass gap brought with it the challenge of exploring new
formation channels for the generation of such compact objects. This thesis explored the possibil-
ity of forming PI black holes through the collision of massive stars in young SC. To achieve this
goal, a set of 9 hydrodynamical simulations of massive stellar collisions, generated with the SPH
STARSMASHER code, were constructed and analyzed. Such a large set of different settings had
never been analyzed before. This methodology allowed us to describe in detail the dynamical and
structural characteristics of the remnant star, and its dependence on the main collisional parame-
ters, verifying that all configurations of direct dynamical encounters meet the mass requirements
to form the desired black hole.

In addition to the above, the entropy sorting algorithm for the construction of stellar remnants,
proposed by J. C. Lombardi Jr et al. (2002) and Glebbeek and Pols (2008), was applied in all
collisions. Their results were directly compared with the full hydrodynamic simulations verifying
their similarities and limitations, thus extending their range of applicability. The post-collisional
stellar profiles generated from the algorithm allowed the determination of the percentage of mass
lost after the collision, a result enormously useful for the future exploration of the parameter space
of stellar collisions and for the first time proposed in this work. After the joint analysis of both
methodologies, the formation channel through stellar impacts is established as a plausible channel
to explain black holes in the IP, in agreement with previous studies on the same problem (Ballone
et al., 2023; Costa et al., 2022; Di Carlo, Mapelli, Giacobbo, et al., 2020; Renzo et al., 2020). This
allows us to alleviate this tension without the need to introduce substantial changes in the current
theory of stellar evolution.

This thesis confirms that the determination of the center of the remnant is a central point in the
analysis of hydrodynamical simulations of star collisions since it is the starting point from which
all other calculations are derived and permeates all the conclusions that can be drawn from the
analysis. It is always recommended to be very sensitive with the criterion that is finally adopted
for such a definition and it is a point that must be specified in any of these types of studies. The
approximation for specific potential energy made in this study impacts the expected results for
bound-unbound particles at the lower radial boundaries, however, the final impact on the unbound
mass percentage is almost negligible after correction for the central particles. The possibility of
using the precise formula for the calculation of the specific potential energy should be rejected, as
it demands excessive computational resources for this type of analysis.
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Undoubtedly the most important collisional parameter, among the ones explored here, in de-
termining the final characteristics of the remnant star is the impact parameter. Increasing its value
gradually increases the percentage of mass lost in the collision (as it can be seen in Table 3.1) and
for sufficiently high values could produce a remnant that does not fall within the possible candi-
dates for the generation of a black hole in the pair-instability mass gap. In addition to the above,
we were able to show that having a non-radial collision automatically produces a tangential ve-
locity component in the particles that make up the post-coalescence star, triggering a change in
the chemical composition of the star’s envelope and therefore impacting its subsequent evolution,
generating the possibility of them skip the formation of a PI black hole, even if the mass condi-
tions are met. It is important to emphasize that radial collisions should be almost impossible in
the Universe, dynamical heating of stellar clusters prevents almost any collision where b = 0. For
this reason, the fact that this parameter is the moss important value in determining the mass loss is
of major importance and indicates that the assumption made in previous studies, where the upper
limit to that mass loss is set by the radial configuration, should be revised.

The SPH particle entropy sorting methodology, for the generation of stellar collisional rem-
nants, was shown to closely reproduce the results of full hydrodynamic simulations. The buoyancy
principle applied in all the configurations described here makes it possible to recreate the post-
collisional stellar structures and propose a selection criterion for the mass loss within a range.
However, for configurations involving primary and secondary stars at a close evolutionary stage,
this algorithm does not allow a correct reproduction of the full hydrodynamical simulation results.

Finally, addressing the objective of this thesis, all the simulations analyzed here produce a
post-coalescence star with the mass necessary to generate a black hole within the PI mass gap.
This fact strongly favors stellar collisions of massive stars as a viable population channel for such
black holes, since the orbital parameters of the encounters described here are in agreement with
the expected properties of stellar collisions in young star clusters. This mechanism may alleviate
existing tensions following observations of black holes in the PI mass gap.
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Appendix

Figure 4.1
StarSmasher relaxation simulation for the MS parsec profile of 42 M⊙.

Note. Top panel: 2D logarithmic density map for the last output file (out0300.sph) of the StarSmasher
relaxation routine. The x and y axis range from −3 to 3 R⊙, with the densest particle in the simulation
as the origin. This image was generated using splash. Middle panel from left to right: density profile in
g/cm3 and pressure profile in dyn/cm2 along the stellar radius in R⊙. Bottom panel from left to right:
temperature profile in K and cumulative mass profile in M⊙ along the stellar radius. The red solid lines
represents the SPH profile obtained after interpolating the average values obtained in the radial binning of
all the particles in the simulation. The dashed black lines represents the input stellar profile MS produced
by parsec and described in section 2.1.1.
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Figure 4.2
StarSmasher relaxation simulation for the TAMS parsec profile of 58 M⊙.

Note. Top panel: 2D logarithmic density map for the last output file (out0300.sph) of the StarSmasher
relaxation routine. The x and y axis range from −10 to 10 R⊙, with the densest particle in the simulation
as the origin. This image was generated using splash. Middle panel from left to right: density profile in
g/cm3 and pressure profile in dyn/cm2 along the stellar radius in R⊙. Bottom panel from left to right:
temperature profile in K and cumulative mass profile in M⊙ along the stellar radius. The red solid lines
represents the SPH profile obtained after interpolating the average values obtained in the radial binning
of all the particles in the simulation. The dashed black lines represents the input stellar profile TAMS
produced by parsec and described in section 2.1.1.
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Figure 4.3
StarSmasher low resolution relaxation simulation for the CHeB parsec profile of 58 M⊙.

Note. Top panel: 2D logarithmic density map for the last output file (out0300.sph) of the StarSmasher
relaxation routine. The x and y axis range from −10 to 10 R⊙, with the densest particle in the simulation
as the origin. This image was generated using splash. Middle panel from left to right: density profile in
g/cm3 and pressure profile in dyn/cm2 along the stellar radius in R⊙. Bottom panel from left to right:
temperature profile in K and cumulative mass profile in M⊙ along the stellar radius. The red solid lines
represents the SPH profile obtained after interpolating the average values obtained in the radial binning
of all the particles in the simulation. The dashed black lines represents the input stellar profile CHeB pro-
duced by parsec and described in section 2.1.1.
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