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Abstract. During my PhD, I studied the demography of compact-object binaries in dif-
ferent environments through population-synthesis simulations. The main goal is to better
understand the evolutionary pathways of compact-object binaries and their dependence on
the properties of stellar progenitors (e.g. metallicity). First of all, I developed MOBSE (an
acronym for "Massive Objects in Binary Stellar Evolution’), a custom version of the binary
population-synthesis code BSE, that includes the most recent stellar wind models. Then, I
used this tool to explore the impact of metallicity on the formation of merging compact-
object binaries, finding that the progenitor’s metallicity is crucial in determining the mass
of the resulting black hole. I have also studied the critical common-envelope phase and
the effect of supernova kicks on binary demography. From my simulations emerges that
the efficiency of ejecting the common envelope has a strong impact on the formation of
compact-object binaries able to merge within a Hubble time. Moreover, I proposed a new
treatment for the natal kicks in population-synthesis codes that matches the proper motion
of Galactic pulsars and naturally accounts for the differences between the different flavour
of supernova explosions.

Key words. Stars: black holes — Stars: neutron stars — Methods: numerical — Gravitational
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1. Introduction fundamental physics. Other ten GW detections
" were reported by the LVC during the first two
On 14 September 2015, about a hundred o\ ional runs (Abbott et all 2019a): nine

years after the formulation of general relativity 4 4i¢i00 -1 binary black holes (BBHs; /Abbott
by Albert Einstein, the LIGO-Virgo collabora- et al]2019b) and a binary neutron star (BNS)

tion .(LYC) observeq for the very first time a merger (Abbott et al., [2017). The first half
gravitational-wave signal (Abbott et.al., 2016). of the third LIGO-Virgo observing run has
GW150914, the first event, was interpreted resulted in 39 new detections (Abbott et al.l

as the merger of two black holes (BHs) and 2020a), and we expect many more observa-
marks the dawn of a new era for astronomy and ’
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tions in the years to come. These observations
open completely new perspectives on the
study of compact-object binaries (COBs) and
pose a fundamental question: what are the
astrophysical formation channels of merging
COBs?

Some recent studies seem to suggest that
the vast majority of massive stars are born
in binaries (Sana et all 2012; Moe & Di
Stefanol [2017). That makes the evolution of
massive stars in isolated binaried!] one of the
most promising channels to understand the for-
mation of COBs. My Thesis aims to investi-
gate the formation of COBs through the evo-
lution of isolated massive binaries. In partic-
ular, I studied the main evolutionary pathways
of COBs (e.g., common envelope) and their de-
pendence on the properties of progenitor stars
(e.g., stellar metallicity and mass).

The next sections are organised as fol-
lows. In section 2, I introduce MOBSE, the
population-synthesis code I developed and
used for my studies. In section 3, there is
a summary of the setups of my simulations.
Then, I discuss the effect of metallicity (sec-
tion 4), the importance of the common enve-
lope (section 5) and the impact of natal kicks
(section 6) on the formation of merging COBs.
Finally, I present the merger rate density ob-
tained from my simulations section 7, and in
section 8, there is a summary of the work.

2. MOBSE: a new tool

Population-synthesis codes represent a pow-
erful tool for studying the formation and
evolution of massive binaries. Indeed, by
combining single stellar evolution (including
the mechanism of supernova explosion) with
binary-evolution processes (e.g. common en-
velope, tidal interaction, mass transfers), bi-
nary population-synthesis codes enable the
rapid simulation of a large number of bi-
nary systems. That makes binary population-
synthesis codes the perfect means to study,
from a statistical point of view, the properties

! Binaries that are gravitationally bound since
their birth.
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Fig. 1. Mass evolution of a star with Mzams
M, evolved with MOBSE. Different color
represent the mass evolution assuming dif-
ferent values for the metallicity Z €
[0.01,0.05,0.1,0.5,1,1.5] Zs. The squares
identify the mass of the star at the of the car-
bon burning.

of binary populations as well as the rate of oc-
currence of specific astrophysical events (e.g.
merger of COBs).

During my PhD, I developed the code
MOBSE’| ("Massive Objects in Binary Stellar
Evolution’, see |Giacobbo et al. [2018), which
is an upgraded version of the widely used
population-synthesis code BSE (Hurley et al.}
2002). With respect to BSE, MOBSE contains
many novelties mainly related to the evolution
of massive stars. Indeed, MOBSE includes an
up-to-date model for stellar winds. In partic-
ular, MOBSE is one of the few population-
synthesis codes that accounts for the depen-
dence of stellar winds on both metallicity Z
(Vink et al.l 2001; |[Vink & de Koter, 2005)
and the electron-scattering Eddington factoxE]
I'. (Grifener & Hamann, 2008; Grifener et al.|
2011), as described by the following relation
(Chen et al.,|2015):

2 https://mobse-webpage.netlify.app/
about/

3 T, = L./Lgqq, where L, is the stellar luminosity
and Lggyq is its Eddington limit.
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Fig. 2. Mass spectrum of compact objects (M.ry) as a function of the zero age main sequence

mass (Mzawms) for different metallicities (Giacobbo & Mapelli), 2018).

Mo 7P, (1)
with
0.85 if [, <2/3
B={245-24T, if2/3<T, <1
0.05 if T, > 1.

Thanks to this simple formula, it is possible
to account for the fact that stellar winds tend
to become insensitive to metallicity when the
star is close to be radiation pressure dominated.
Figure [T] shows the mass evolution of a star
with a zero-age main sequence (ZAMS) mass
Mzams = 90 Mg, as obtained with MOBSE and
considering six different metallicities (Z €
[0.01,0.05,0.1,0.5,1,1.5] Z,, where we as-
sume Z; = 0.02). At high metallicity (Z >Z)
the star loses more than 3/4 of its initial mass
during its life. In contrast, at low metallicity,
the star retains most of its initial mass. It is
expected that the final stellar mass, just before
the SN, strongly affects the outcome of the SN

explosion (Fryer, [1999; [Mapelli et all 2009;
[Fryer et al., 2012; [Langer, 2012). Therefore,

stellar winds are crucial to study the compact
object because they are the primary cause of
the mass loss of a star.

I included in MOBSE new prescriptions to
describe the outcomes of supernova (SN) ex-
plosions (the rapid and delayed models pre-
sented in [Fryer et al.[2012). Those prescrip-
tions assume that the mass of the resulting
compact object depends on the mass of carbon-
oxygen core and the total final mass pre-SN
explosion. Moreover, MOBSE accounts for
the treatment of pair-instability and pulsational
pair-instability SNe (Spera & Mapelli|2017).

Thanks to MOBSE, I found that the maxi-
mum BH mass can be as high as 65M, signifi-
cantly larger than previously thought (~ 40—50
Mo, Belczynski et al| 2016}
2019). In particular, figure 2] shows the mass
spectrum of compact remnants as a function
of the ZAMS mass of the progenitor stars ob-
tained with MOBSE and assuming different
metallicities. On the one hand, figure [2| shows
that there is a clear dependence on the metallic-
ity for stars with M > 20 Mg, which indicates
the importance of stellar winds. In general, at
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Fig. 3. Distributions of the total mass (m; + m,) of BBHs that form from a population of 103
massive binary stars, simulated with MOBSE. Upper panel: distributions of all simulated BBHs.
Lower panel: distributions of BBHs merging within a Hubble time. Different colours represent
different progenitor metallicities, ranging from Z = 0.0002 to 0.02 (Giacobbo & Mapellil, 2018).

lower metallicity, the mass of the BHs is higher
(Mapelli et al. [Belczynski et all, 2010
[Spera et al.,[2015} [Spera & Mapelli, [2017). On
the other hand, for intermediate stars the mass
of the resulting compact remnant is affected
mostly by the SN engine model rather than pro-
genitor’s metallicity 2012).

Finally, I implemented in MOBSE 1) up-
dated fitting formulas for the core radius
[2014); ii) an extension of the mass
range to include stars up to 150 My; iii) a
different treatment for the Hertzsprung gap
donors (HG).

3. Simulations setup

With MOBSE I simulated large grids of mas-
sive binary stars (~ 10% systems per set of
simulations) to explore the effect of progenitor

metallicity, natal kicks and common envelope
on the formation of COBs. I considered initial
conditions for the binary properties based on
observational constraints. In particular, I sam-
pled the primary masses from a Kroupa ini-
tial mass function while the
masses of the companions are derived from the
mass ratio ¢ = my/m; drawn from the distri-
bution proposed by (2012): F(q) «
g~ %! with ¢ € [0.1 — 1]. To sample the eccen-
tricity e and the orbital period P I adopted the
distributions suggested by |Sana et al.| (2012):
Fe) o e with 0 < e < 1, F(II) o [170°
with [T = log (P/day) € [0.15 — 5.5], for e and
P respectively. Finally, for each set of simu-
lations I considered 12 different metallicities
ranging from Z = 0.0002 to 0.02.
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Fig. 4. Merger efficiency (1) as a function of stellar metallicity (Z). Different colours represent
different values for the common-envelope efficiency a € [0.5 — 5].

4. Effect of metallicity

As discussed in section 2] the mass of BHs is
very sensitive to progenitor’s metallicity: the
lower the metallicity is, the heavier the max-
imum mass of the remnant. As a consequence,
also the total mass of BBHs (i.e. the mass of
the primary plus the mass of the secondary BH,
my + my) is strongly affected by progenitor’s
metallicity. Most importantly, figure [3] shows
that the most massive BBHs in my simula-
tions have a total mass ~ 130 Mg but do not
merge within a Hubble time. In contrast, the
most massive BBH mergers from my simula-
tions have a total mass of ~ 90 Mg. Such dif-
ference between the maximum mass of a BBH
and that of a BBH that merges within a Hubble
time is an effect of mass transfer and com-
mon envelope. Indeed, massive stellar progen-
itor might develop large radii during the super-
giant phase. If the initial separation is rela-

tively small, the massive progenitor stars ei-
ther merge before becoming BHs, or undergo
non-conservative mass transfer episodes lead-
ing strong mass loss and forming two lighter
BHs. In contrast, massive binary stars with
large initial orbital separation (> 10* Ry) do
not undergo mass transfer and can lead to the
formation of very massive BBHs (~ 130 M),
but the final orbital separation is too large for
them to merge.

From these simulations, it is also appar-
ent that the number of mergers depends on
metallicity. I defined the merger efficiency as
the total numbers of mergers that occur within
a Hubble time in a coeval population divided
by the total mass of that population (7 o
Nrmergers/Mior)- FigureE| shows the behaviour of
n as a function of metallicity. From figure []
it is also evident that a population of metal-
poor binaries tends to produce more merging
BBHs and merging BH-neutron star binaries
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Fig. 5. The key stages of the common-envelope evolution of a system composed of an evolved
donor star and compact companion. 1): the evolved star fills its Roche lobe; 2): the companion is
engulfed. The two core spiral in inside the common envelope until 3a) the envelope is ejected or

3b) the two component merge.

(BHNSs) than a metal-rich population. In par-
ticular, for BBHs (BHNSs) the merger effi-
ciency 7 is about four (two) order of magnitude
higher at low metallicity (Z ~ 0.01Z) than at
solar metallicity (Z = 0.02). In contrast, the
merger efficiency of BNSs is only mildly af-
fected by progenitor’s metallicity.

5. Impact of common envelope

In binary systems is not rare that the two stars
exchange material between each other. In par-
ticular, if the binary is sufficiently close, one
of the stellar components might overfill its
Roche lobeE] starting to transfer material to the
companion. When this process, named Roche
lobe overflow, occurs in an unstable way (e.g.
when the stellar radius increases faster than

* The Roche lobe of a star in a binary systems is
the region around the star where orbital material is
gravitationally bound to that star. The limit of that
region is represented by the innermost equipotential
surface that enclose both the components of the sys-
tem.

the Roche lobe) or both the stars simultane-
ously overfill their Roche lobe, the system is
expected to either i) enter a common-envelope
phase, when the donor shows a clear steep den-
sity gradient between the core and the enve-
lope, or ii) merge if there is not a clear distinc-
tion between core and envelope.

Thus, the common-envelope evolution
starts when two cores are embedded by the
same large envelope. Because of the drag gen-
erated by the surrounding envelope, the two
cores start to spiral-in. During this phase, part
of the orbital energy of the cores is trans-
ferred to the envelope and transformed into
kinetic energy that tends to unbind the enve-
lope. If this energy is sufficient to completely
expel the common envelope, then the binary
survives and, the result will be a tighter sys-
tem composed of two naked stellar cores. On
the contrary, if the energy released during the
spiral-in phase is not enough, the two cores
merge during the common-envelope phase.
Figure [ shows a schematic evolution of a
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Fig. 6. Merging BNSs obtain adopting different ogc = 0,7, 15, 26,265 km s~!. Left-hand panel:
number of merging BNSs as a function of progenitor’s metallicity. Right-hand panel: fraction
of merging BNSs in which the first SN is an electron-capture SN as a function of progenitor’s

metallicity.

binary systems passing through a common-
envelope phase and the possible outcomes.

The common envelope is possibly the
most enigmatic binary evolution process. In
MOBSE the treatment of common-envelope
evolution follows the so-called ad—energy for-
malism (Webbinkl, (1984} [Iben & Livio, {1993}
Ivanova et al.,|2013)). The basic idea is that the
energy required to remove the envelope comes
entirely from the dissipation of the orbital en-
ergy of the binary. Therefore, the outcome of a
common-envelope phase depends on both the
initial orbital energy of the two cores and the
initial binding energy of the envelope. As the
name suggests, this formalism relies on two pa-
rameters. The first free parameter a represents
the fraction of orbital energy available to eject
the envelope:

GM Mo(1 1
a/AEorbzar#( - ) 2)

2 asg a;i

where m,; and m, are the masses of the
two cores and a; and ay are the initial and fi-
nal orbital separation, respectively. According
to equation 2, values of « larger than the unity
are un-physical, unless other sources of energy
are considered (e.g. recombination energy, en-

thalpy or nuclear burning from accreted ma-
terial during the spiral-in phase, see [vanova
et al.[2013). The second free parameter A is
introduced to account for the different stellar
structure in the calculation of the binding en-
ergy of the envelope

G Meny, 1M1

Epin = —
= TR,

Meny,2N1)
+ . s 3
Ry ) ®

where m; and m, are the masses of the
two stars, Mepy,; and meyy 2 are the masses of
the stellar envelopes, R, and R, are the stel-
lar radii of the two components of the binary.
Then, imposing Eyi, = aAEyy it is possible to
derive the final orbital separation a¢ for which
the common envelope is completely ejected. If
the sum of the core radii is smaller than a; the
system survives the common envelope other-
wise, it means that the two cores merge during
the common-envelope phase.

My simulations show that common enve-
lope is a crucial process for the formation of
merging COBs (Giacobbo & Mapellil 2018)).
Indeed, the common-envelope phase helps to
shrink the orbital separation of a binary sys-
tem, facilitating the merger of the final COB.
On the other hand, if common envelope is to
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efficient in shrinking the orbit (corresponding
to a low value of @) the binary will not sur-
vive the common envelope (e.i. the two mem-
bers of the binary merge before becoming two
compact objects). I found that @ has a strong
impact on the merger efficiency (see Figure ).
In particular, the higher the @ parameter, the
higher the merger efficiency of BNSs. Instead,
for both BBHs and BHNSs the dependence on
a is more complicated because stellar radii of
their progenitor stars are strongly affected by
metallicity.

6. The key role of the natal kicks

It is thought that compact objects receive a
kick at birth (natal kick), as a consequence of
the SN explosion that are not perfectly sym-
metric (Janka & Mueller, [1994; Burrows &
Hayes, [1996)) and anisotropically emit neutri-
nos [Woosley et al| (1987); |[Fryer & Kusenko
(2006); |Kusenko et al.| (2008)); Nagakura et al.
(2019). The evolution of COBs is strongly af-
fected by the natal kicks. When the natal kick
is high (hundreds of km s7'), it will easily dis-
rupt the binary; viceversa, if the kick is small,
it does not disrupt the system and may increase
its eccentricity, leading to a shorter merger
time. In particular, natal kicks have a strong
impact on the evolution of BNSs: low natal
kicks heavily boost the formation of BNSs
(Giacobbo & Mapelli, [2019).

Since it is expected that electron-capture
SNe (ECSNe) produce weaker kicks than core-
collapse SNe (Dessart et al.) [2006; Jones
et al., 2013 Schwab et al.l 2015} |Gessner &
Janka| [2018), I explored the impact of the
ECSNe on the formation of BNSs (Giacobbo
& Mapelli, 2019)). In particular, I consider dif-
ferent Maxwellian velocity distributions (with
root-mean-square ogc = 0,7,15,26,265 km
s~!) from which to sample the kicks generated
by ECSNe. The left panel of figure [6] shows
that the number of merging BNSs scales in-
versely with ogc. In most simulations, I found
that more than 50% of the progenitors of BNS
mergers undergo at least one ECSN, which is
usually the first SN to occur in the binary sys-
tem (see the right panel in figure[6). My study
also confirmed that the binary evolution pro-

cesses broaden the mass range of stars under-
going an ECSN.

Most population synthesis simulations pre-
dict a local BNS merger rate which is be-
low the 90% credible interval inferred from
LIGO-Virgo data, unless very low natal kicks
are assumed (following a Maxwellian distri-
bution with one-dimensional root-mean square
o < 50 km s~!). However, these low-kick mod-
els are not supported by the observations of
the proper motions of Galactic young pulsars
(Hobbs et al., 2005)).

To address this issue, I developed a
new formalism for natal kicks (Giacobbo &
Mapelli, 2020). The basic idea is that the
strength of the natal kick (vycx) depends on
both the mass ejected during the SN explosion
(mej), as suggested by recent hydrodynamical
studies (Jankal,2017)), and the mass of the com-
pact object (myem), for the conservation of the
linear momentum,

-1
Vkick & mej mrem . (4)

This formalism has the advantage of naturally
accounting for the differences between vari-
ous types of SNe (e.g. electron-capture SNe,
core-collapse SNe and ultra-stripped SNe;
Giacobbo & Mapelli[2020). In figure[7} I com-
pare the distributions of natal kicks for neu-
tron stars obtained using different prescrip-
tions: low kicks (o°15), my new model (EJ1)
and the observations of young Galactic pul-
sars (HOS; [Hobbs et al.|2005). From figure
emerges that, on the one hand binary evolu-
tion enhances the number of NSs that receive
small kicks, because of dissipative mass trans-
fers that reduce the reservoir of material that
can be ejected during the SN explosions. On
the other hand, binary evolution also triggers
the formation of few NSs with even larger
kicks than in the case of single stellar evolu-
tion. For the same reason, binary evolution has
a smaller impact on NS kicks in models HO5
and o015 that by construction do not depend
significantly on m;.

Compared to the other prescriptions cur-
rently adopted by population-synthesis codes,
this new approach allows to match both the na-
tal kick distribution of young Galactic pulsars
(Hobbs et al., [2005) and the local merger rate
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Fig. 7. Left-hand panel: distribution of natal kicks for all neutron stars formed from single stars
(top) and for those formed from binary systems (bottom). Orange lines: my new model (Ej); red
lines: natal kick of young Galactic pulsars based on|Hobbs et al.|2005} blue lines: standard model

for low kicks sampled from a Maxwellian distribution with root-mean-square equal to 15 km s

-1

(0°15). The filled histograms represent the subset of neutron stars that are still gravitationally
bound to their companion after the SNe. Right-hand panels: cumulative distributions (CDF) of
natal kicks for all NSs (Giacobbo & Mapelli, 2020).

inferred by the LVC (250 — 2810 Gpc ™3 yr!,
Abbott et al.|[2020b). Still, to match the LVC
merger rate | had to adopt a high common-
envelope efficiency (measured by the parame-
ter @ > 3, see Figure|g).

7. Merger rate density

Finally, I developed a semi-analytic method to
estimate the local merger rate density of COBs
by coupling the results of population-synthesis
simulations with prescriptions for the cosmo-
logical metallicity evolution (e.g.,|De Cia et al.
2018) and the star formation rate density evo-
lution (e.g.,[Madau & Fragos|2017). With this
method, I estimated a BHNS local merger rate
density of up to few tens of mergers Gpc™
yr~!, consistent with the upper limit inferred
from the LVC (< 610 Gpc™ yr~! |Abbott et al.
2019a). Moreover, I found that the local merger

rate density of both BHNSs and BBHs is ex-
tremely sensitive to the cosmic metallicity evo-
lution (Giacobbo & Mapelli, [2018)).

Adopting my model for natal kicks, I found
alocal merger rate for BNSs ~ 400—600 Gpc ™3
yr~!, consistent with the one inferred from the
LVC (250 — 2810 Gpc™ yr~! |Abbott et al.
2020D). Figure [§] shows the local merger rate
density for different flavours of COBs and dif-
ferent assumptions for the common envelope
efficiency . I found that the merger rate den-
sity of BNSs is extremely sensitive to the value
of a: higher value of « leads to higher merger
rate density. The merger rate density of BHNSs
shows an opposite trend, reaching the maxi-
mum value for lower «. Finally, the merger
rate density for BBHs seems to indicate a bell-
shaped dependence on a.
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Fig. 8. Local merger rate density. Left, middle and right panel: local merger rate density of BBHs,
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et al., 2019bla, 2020Db).

8. Conclusions

With MOBSE, the code I developed during
my PhD, I performed in-depth studies of the
demography of merging COBs. These studies
were important i) to obtain a better grasp on
the scenarios of the GW detections observed
by the LVC, ii) to be ready for the astrophys-
ical interpretation of the next GW events and
iii) to develop astrophysical and statistical pre-
dictions for third-generation ground-based de-
tectors.

On the one hand, my simulations show that
only BHs with mass up to ~ 40 — 45 M,
merge via isolated binary evolution. On the
other hand, I predict that BHs as massive as
~ 65 Mg can form from metal-poor single
stars and loose binary systems. This predic-
tion has a strong implication to distinguish be-
tween different formation channels of BBHs.
The merger of BHs with mass > 45 Mg would
be a strong signature of dynamical formation
(Bouftanais et al., [2019)).

I also showed that the number of merging
BBHs is very sensitive to progenitor’s metal-
licity (higher at low Z). I found a similar
trend for BHNSs, while the number of merg-
ing BNSs seem to be only mildly affected by
progenitor’s metallicity.

From my simulations it also emerges that
the common-envelope phase is crucial for the
formation of merging COBs. Indeed, thanks
to the common-envelope phase, it is possible

to shrink the orbital separation of systems that
otherwise will not merge within a Hubble time.
In particular, I found that high efficiency in
ejecting the common envelope (high @) boosts
the number of merging BNSs. For BBHs and
BHNSs the dependence on « is complicated by
the fact that stellar radii for more massive stars
are sensitive to metallicity.

I proposed a new prescription for the treat-
ment of the natal kicks based on the idea that
the strength of the natal kicks depends on the
mass of the ejecta and the mass of the remnant.
With this new approach, I was able to repro-
duce both the merger rate density inferred by
the LVC and the natal kicks distribution of the
observed Galactic pulsars.

Finally, I estimated the merger rate density
by coupling my simulations with some pre-
scriptions for the cosmological metallicity evo-
lution and star formation rate.
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