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Abstract

The origin of binary black hole mergers detected by gravitational wave detectors remains
unknown and puzzles the astrophysical community. The literature suggests several possibly
contributing formation channels. The most popular are the isolated evolution of massive binary
star systems in galactic fields and dynamical pairing in dense clusters of stars.

In my thesis, I study the properties of gravitational wave sources formed via the isolated
binary evolution channel. The two main scientific projects of my doctoral research concerned
the influence of the criteria for unstable mass transfer (i.e., common envelope) development in
massive stellar systems and the core-collapse supernovae physics on the population of compact
object mergers. Especially, my interest focuses on evolutionary scenarios leading to the forma-
tion of binary black hole mergers with parameters similar to the detected population, including
unusual events involving systems with unequal mass components or high inspiral effective spin
parameters.

Both stability of mass transfer and core-collapse supernovae physics are poorly understood,
with theory not well constrained by observations. In my doctoral research, I implement ad-
vancements in the studies of those highly uncertain astrophysical processes and examine the
effect of various models on the synthetic population of gravitational wave sources. Different
assumptions for the physics of the core-collapse supernova as well as the choice of criteria for
common envelope development change the properties of compact object mergers, affecting the
event rates, distribution of masses, systems’ mass ratios, and spins. The choice of core-collapse
supernova engine also affects the depth of the lower mass gap in the mass distribution between
massive neutron stars and low-mass black holes. Restrictive criteria for common envelope de-
velopment change the dominant formation scenario for binary black hole mergers. I present
evolutionary scenarios with and without a common envelope phase, which reproduce a fraction
of high-spinning binary black hole mergers consistent with gravitational wave detections.






Streszczenie

Pochodzenie populacji uktadéw podwdjnych czarnych dziur wykrytych dzigki emisji fal
grawitacyjnych pozostaje niewiadoma i jest przedmiotem badan zyskujacym popularno$¢ wsréd
astrofizykéw. Literatura naukowa proponuje kilka scenariuszy mogacych odpowiadaé za tworze-
nie si¢ zaobserwowanych ukladéw obiektow zwartych. Najbardziej popularne scenariusze to
odizolowana ewolucja masywnych uktadéw podwdjnych gwiazd w polach galaktyk oraz dy-
namiczne tworzenie par w gestych gromadach gwiazd.

W mojej pracy doktorskiej zajmuje si¢ badaniem populacji Zrédet fal grawitacyjnych moga-
cych tworzy¢ si¢ w wyniku odizolowanej ewolucji uktadéw podwojnych. Dwa gtéwne projekty
dotyczyty badania wplywu kryterium na stabilno$¢ transferu masy w masywnych uktadach
gwiazdowych oraz fizyki przebiegu supernowej na wiasciwosci tworzacej si¢ populacji cias-
nych uktadéw obiektéw zwartych. Szczegdlng uwage poSwigcam scenariuszom ewolucyjnym
prowadzacym do powstania uktadéw o parametrach zblizonej do populacji zaobserwowane;j
przez detektory LIGO i Virgo, w tym nietypowych zdarzen z udzialem uktadéw podwdjnych
czarnych dziur o bardzo odmiennych masach, czy niezerowym efektywnym spinie.

Zaréwno stabilnos¢ transferu masy, jak i mechanizm supernowej sa stabo rozumianymi
procesami astrofizycznymi, a istniejace modele teoretyczne nie sa dobrze ograniczone przez ob-
serwacje. Rozne zatozenia dotyczace fizyki przebiegu supernowej, jak i wybor kryterium na sta-
bilnos¢ transferu masy maja konsekwencje na tworzaca si¢ populacj¢ ciasnych uktadéw obiek-
tow zwartych, wpltywajac na ich czesto$¢ faczenia, rozktady masy, stosunku mas w uktadzie
oraz spindbw. Wybdr silnika supernowej wptywa réwniez na gltebokoS¢ przerwy w rozktadzie
masy mig¢dzy masywnymi gwiazdami neutronowymi, a mato masywnymi czarnymi dziurami.
Restrykcyjne kryteria na rozwdj wspélnej otoczki zmieniaja natomiast dominujacy scenariusz
powstawania uktadéw podwojnych czarnych dziur. W swojej pracy doktorskiej proponuj¢ sce-
nariusze ewolucyjne ze wspolng otoczka oraz stabilnym transfer masy, ktore odtwarzaja frakcje
uktadéw z szybko rotujacymi czarnymi dziurami, zgodna z populacja systeméw wykryta przez
detektory fal grawitacyjnych.
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1 INTRODUCTION TO GW ASTROPHYSICS

1 Introduction to gravitational wave astrophysics

Gravitational wave (GW) astrophysics is young but a rapidly developing eld. The rst, ground-
breaking detection of GW signal, GW1500914 [1] started a new era in astrophysics, allowing
for entirely new kinds of Universe studies. In my thesis, by GW astrophysics, | mean only a
part of this eld related to currently detected GW sources: mergers of binary compact object
systems and their origin. However, it is an expanding scienti ¢ discipline with great potential
to study many more astrophysical problems.

Current and forthcoming detections of GW sources will provide us with fundamental new
information on the stellar evolution and the formation of systems hosting neutron stars (NSs)
and black holes (BHs). Double compact object merger rates might also be a good tracer of star
formation history and tell us a lot about the early ages of the Universe. However, in order to take
full advantage of the detections and provide constraints for uncertain astrophysical processes,
one needs to combine the parameters of the GW system with the advancements in numerical
simulations. A deep understanding of the physical processes that are responsible for the double
compact object mergers formation is needed to make any astrophysical inference based on the
data provided by GW detections. Moreover, simultaneous analysis of the populations of the
known NS and BH systems observed in the electromagnetic spectrum may close several gaps in
our understanding of evolution and the nal faith of massive stars. This will also bring us closer
to answering the question about the origin and formation channels of detected GW sources.

This chapter will be a brief summary of the properties of GW sources provided in the cumu-
lative third Gravitational-Wave Transient Catalog (GWTC-3) [2] with their possible astrophys-
ical implications. | will provide a short overview of some of the most important topics that are
currently puzzling scientists in the eld of GW astrophysics, with a focus on the studies on the
origin of detected compact object mergers.

Fig. 1: The cumulative number of detections versus days in each observing run (01, 02, O3a,
O3Db). Detections are classi ed as the candidates where the probability of astrophysical origin
is greater than 0.5 for at least one analysis [2; 3]. Credit: The LIGO-Virgo-KAGRA (LVK)
Collaboration, source: https://dcc-Iho.ligo.org.

The public GW detection database after the rst three observing runs: O1, 02, O3a and O3b
[2—7] (See Fig. 1) contains around 90 detections of three event classes: mergers of binary black
holes (BH-BH), binary neutron stars (NS-NS), and black hole-neutron star systems (BH-NS)
[3]. Some events, e.g3W1908140alescence of a 28 1IM BH and 259" 298M compact
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object [8], are however, not possible to classify as a mass of one component lies within the
uncertain boundary between the maximum theoretical mass of a NS and the minimum mass of
a BH. Due to their high masses, BH-BH mergers currently vastly dominate the catalog of GW
detections.

Among the GW detections, there are several unexpected events challenging theoreticians,
such as BH-BH merger with highly unequal mass component&* 36M +8:3*3SM . [9]) or
coalescence with one of the components within the lower mass gap ra2g§e 5M [3](see
more in Sec. 1.1.1) and the upper massigap45M [10] (see more in Sec. 1.1.2).

In my thesis, | will use the following notations related to GW detections consistent with
works of LIGO-Virgo-KAGRA (unless expressly stated otherwise):

e my is primary, the more massive of the merger components,
* My is secondary, the less massive of the merger components,

* (s mass ratio of the merger components, de ne%ﬁs

Fig. 2: The popular graphic of so-call&tellar Graveyardli.e., visualization of known compact
object masses, black holes (blue and red), and neutron stars (yellow and orange) detected via
gravitational waves (GWTC-3), and in the electromagnetic wave spectrum. Credit: LIGO-
Virgo-KAGRA/Aaron Geller/Northwestern University.

1.1 Mass distribution of gravitational waves sources

As expected based on the observed initial mass distribution of stars [11], the intrinsic distri-
bution of BH mass rapidly decreases as a function of mass [2], see Figure 3. However, mass
distribution clearly includes several characteristic features, possibly of astrophysical origin. For
example, LIGO-Virgo-KAGRA (LVK) collaboration nds some evidence for the lower mass
gap based on a relative dearth of binaries with component masses betMeeand v [2],
consistent with former Galactic observations [12—17]. LVK also reports two overdensities in the
merger rate as a function of primary massrat= 10" 323 M andm; = 35"/ M [2]. Sim-

ilar substructures were already identi ed in the earlier analysis after O3a run [18] which may
point towards the astrophysical origin of those features. Above the second peak, we observe a

continuous, monotonically decreasing tail of more massive BHs.
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Below, in Sections 1.1.1-1.1.3, | will brie y comment on the possible astrophysical mecha-
nisms that could be responsible for the features observed in the mass distribution of GW sources.

Fig. 3: The differential merger rate as a function of primary compact object mass, results of the
ducial model [2] with visible overdensities aroundy, 10M andmy 35M . The solid

blue line is the posterior population distribution with the 90% credible interval (shaded region),
the result of GWTC-3 analysis [2]. The black solid and dashed lines are the results of GWTC-2
analysis [7]. Credit: [2].

1.1.1 Lower mass gap

The lower mass gap observed in the mass distribution of NSs and BHs has puzzled the astro-
physical community for decades. The systematic dearth® 5M compact objects among

the observed population of X-ray binary systems [12—17] gave rise to the idea of a potential
mechanism preventing the formation of objects in this mass regime. The latest population anal-
yses of LVK collaboration [2; 3] seem to be consistent with former observations. LVK also
reports on the rapid decrease in merger rates versus component mass between NS-like masses
and BH-like mass, identifying relative suppression in rates of GW detections with component
masses betweerMB and 5V [2].

On the other hand, there are a few candidates for the compact objects with their masses
possibly inside the gap, such as a low mass compone@\é19081rherger [3]. The nal
products of, e.g., NS-NS mergers may naturally Il the lower mass gap range. That might
indicate that even if the gap is real, it is not necessarily totally empty. There are ongoing
discussions in the community about whether the lower mass gap has a physical origin, or it is
only the effect of observational bias [19; 20].

The most natural mechanism, possibly responsible for limiting low-mass compact object
formation, is core-collapse supernovae (SN). The physics behind core-collapse SN explosion
Is, however, so far poorly understood [21]. Especially, the nal faith of progenitors with their
initial masses in the range 2040M , possible lower mass gap llers, is highly uncertain and
model dependent [22—25]. In particular, there are several SN models that Il the spectrum
between reproducing a deep lower mass gap and a remnant mass distribution lled by massive
NSs and low mass BHs [23-26].

Verifying the existence and characteristics of the lower mass gap may deliver a probe of
core-collapse physics, ruling out incorrect SN models. However, the detection of compact
objects within the lower mass gap might be also an indication of the second-generation merger
and dynamical origin of the system. More information on the core-collapse SN physics, the
lower mass gap, and implications for GW sources may be found in the article [26] constituting
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Chapter 6 of the dissertation. The other suggested astrophysical process that could be partly
responsible for the lower mass gap, but only in the case of GW detections, is the stable mass
transfer BH-BH formation scenario [27].

1.1.2 Upper mass gap

Extreme physical conditions in the cores of very massive staga(i¥& 100M ), such as tem-
perature reachingupto5 10° K, are expected to allow for electron-positron pair production

and lead to pulsational pair-instability SN (PPSN) or pair-instability SN (PSN) phenomena
[28=32]. The production of electron-positron pairs reduces the radiation pressure due to the
conversion of the energetic photons into the rest mass of the created pairs. In simple terms,
the reduction in the radiation pressure supporting the gravity leads to a contraction of the core
and therefore a temperature increase. That, on the other hand, causes the avalanche of elec-
tron—positron pairs production and acceleration of burning in runaway thermonuclear reactions
in the outer core layers. Produced energy deposition can lead to a partial ejection of the outer
layers of the core — PPSN, or even total disruption of the star in PSN, leaving no remnant be-
hind. Explosions due to PPSN and PSN have been expected to prevent the formation of stellar
origin BHs in the mass range 45M  120M [28], the so-called upper mass gap. However,
several recent studies indicate that the limit for PPSN/PSN might be easily shifted to the lower
or upper mass regime, mainly due to a highly uncertain raté®fa, g)*°0 reaction [32—34].

The dependence of the nal outcome of the massive star evolution di@a, g)*°0 reaction

rate and the mass of helium core is shown in the Figure 4 adopted from [33].

Former GW detections seemed to be consistent with the upper mass gap [4; 5] until the
most massiv&sW19052detection of 8522M  + 66"1JM BH-BH merger [10] has been an-
nounced, causing consternation in the community. Both components’ masses were initially
estimated within the upper mass gap range. However, few follow-up, independent analyses of
the GW190521 event with different parameter inferences have argued that both BHs could have
their masses as well outside this gap, with the primary above and the secondary below the limit

[35; 36].

Fig. 4: The nal outcome of a massive star evolution with a given helium core mass as a
function of the adopted value dfC(a, g)1°0 rate measured in standard deviation from the
median [37]. Blue — core-collapse below the pair-instability supernovae mass gap; green -
pulsational pair-instability supernovae; white — total disruption in a PSN; orange — black holes
from core-collapse above the pair-instability mass gap. Credit: [33].
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If PSN is a real phenomenon, the most natural explanatioitl9052é&vent could be
its dynamical origin and formation in repeated BH-BH mergers [38; 39]. However, due to un-
certain PSN limit related to unconstrainB€(a , g)*°0 reaction rate, isolated binary evolution
formation cannot be excluded for this event [40]

There are several unusually energetic SN observations that have been classi ed as possible
candidates for PPSN and PSN events, e.g., SN 2007bi [41], SN 1000+0216 [42] and SN 2016iet
[43]. Most recent LVK population study [2] nd no evidence for or against the PSN-origin
mass gap. However, if the future GW detections and analysis of the formation channels deliver
robust evidence for the upper gap and its PSN origin (see sec. 1.1.3), it may be used to provide
a constraint ot?C(a, g)10 reaction rate.

1.1.3 Stellar winds

The metallicity of the environment in which a star is born has important consequences on its

formation, evolution, and nal outcome [44-50]. Observation indicates that very massive stars,
such as BH progenitors, with initial composition rich in metals lose most of their mass in stel-
lar winds through their evolution [45; 47; 49]. For example, some recent stellar evolutionary

models predict that the same progenitor star with its initial m\dgssys 100M at the end

of its evolution could retain around 5 for low metallicity Z = 0:0002 ( 1% Z ), around

40M for Z= 0:002 ( 10% Z ) and only around 18 for high, solar-like metallicity of

Z = 0:02 [26; 48]. Therefore, the maximum possible mass of a stellar-origin BH is expected to
be strongly dependent on the metallicity of the environment [48], see Figure 5. Observations
of massive stellar-origin BHs in high metallicity environments, such as Cygnus X-1, its BH
mass estimated Mgy = 21:2%2, M [51; 52], provide additional constraints for stellar winds

ef ciency.

Fig. 5: The relation between the initial mass of the single stellar progenitor and the mass of the
helium core at the late evolutionary stage obtained uStagTrack code [53]. Results for ve
metallicities. Credit: [54].

Stars with their initial masses ovétzams & 30M  may experience a few types of strong
stellar winds at different evolutionary stages [55]: as the O type young main sequence stars [44;
], as the late-type supergiants above the Humphreys-Davidson limit [56] (so-called luminous

blue variables; LBV [57]), and as the late-type Wolf-Rayet stars [46; 49]. Increased mass loss
in each type of stellar wind may result in distinctive features in the mass distribution of the nal
evolutionary outcome: NSs or BHs [26; 48], detected via GW.
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The average metallicity in the Universe has been gradually increasing [58; 59] due to the
production of heavy elements by massive stars' interiors and their SN explosions. Therefore,
the mass of BH-BH mergers is expected to correlate with their redshift, e.g., [2; 53; 60; 61].

Sensitivity of improved LVK interferometers and the planned next-generation ground-based
detectors: Einstein Telescope and the Cosmic Explorer will increase the number of detected
compact object mergers by orders of magnitude and allow for GW detections at very high

redshifts, approaching the edge of observable Universe [62; 63], see Figure 19. This will allow
us to follow the evolution of compact object merger properties in the function of redshift and
help to distinguish the origin of the different features in their mass distribution [62—-64].

1.2 Spin distribution of gravitational sources

This section provides a brief summary of inferred BH-BH spin parameters of GWTC-3 [2]:
subsection 1.2.1, and the possible astrophysical implications of those measurements: subsection
1.2.2.

1.2.1 Spin measurements of detected binary black hole mergers

BH spin distribution in GWTC-3, consistently with GWTC-2, is dominated by low-spinning
BH population with a minor fraction of high-spinning BHs [2; 7]. Half of BH spins take value
belowc; 0:25, wherecj = CJ:Gm2 is dimensionless BH spin magnitude. The distribution of
BH spin magnitudes (see Fig. 6) peaks aroapd 0:2, then there is a constant drop and a tail
extending towards large spin values [2].

Fig. 6: Spin magnitudes; distributions of BH-BH merger components. The median and central
90% credible bounds inferred ong) using GWTC-3 are marked with solid black lines. The
blue dashed lines show results obtained using GWTC-2. The light gray lines stand for individual
draws from the posterior distribution of thi#EAFULSpin model parameters, see more in [2]
and [65]. Credit: [2].

Another provided spin parameter is the effective inspiral spin[4], which can be mea-
sured more precisely than the individual BH spin magnitudes [66]. The effective spin parameter
Ceff IS @ mass-weighted linear combination of individual BH spin magnitudes and their align-
ment with the system orbit expressed by the formula:
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M C1COS]y + MpC2COSO2
M+ My

where: m; -the mass of each BH; -each BH spin magnitudej; is the angle between the
orbital angular momentum axis and the individual BH spins. Therefueprovides indirect
information on spin misalignment and spin magnitude of the merging components, however,
dif cult to disentangle. Detected BH-BH systems point towards domination of mergers with
positive ce > 0 and the mean value centeredcak = 0:06" 998 [2; 67]. The inferred distri-
bution (see Fig. 7) may possess an asymmetry relatiegge 0, thus a possible fraction of
negative effective spin mergers, even updgdfo/ 30% [2].

On the other hand, BH-BH detection analyses with a prior allowing for a subpopulation
of BHs with negligible spins, [67; 68] indicate that there is no certain evidence for any highly
misaligned merger. The probability of negatigs < 0 mergers also weakens once the effective
spin distribution is allowed to correlate with other BH-BH parameters, e.g., the system mass
ratio [2; 69]. Correct and careful interpretation of GW detection data is required to make any
astrophysical inference, e.g., on contributions of various formation channels.

Ceff =

Fig. 7: Black solid line is the inferred distribution ofs for GWTC-3 analysis. For comparison,
the blue dashed lines are results derived for GWTC-2. Credit: [2].

Finally, LVK population studies and other data analysis report a possible negative correla-
tion of spin and mass ratio [2; 70] such that BH-BH mergers with near equal mass component (q
1) favor low, near zergex 0, while unequal mass ratio binaries tend to take positive values
of ceff. Large spins of the more massive BH are naturally expected for hierarchical scenarios
for which the products of next-generation mergers[71; 72]. However, a similar correlation may
originate from mass reversal, stable mass transfer formation scenario in isolated binary evolu-
tion including ef cient WR tidal spin-up. More details on this scenario may be found in Section

5.

1.2.2 Astrophysical implications of black hole spins

BH spins, their magnitudes, and orientations, may indicate the possible formation path of the
given BH-BH merger. A rapidly increasing number of GW detections motivated several analy-
ses of GW population properties, including spin parameters [2; 67—69]. Robust BH spin mea-
surements could provide constraints on the mechanism of angular momentum transport in mas-
sive stars, as well as the possibility of BH spin-up due to tidal interactions or mass transfer.
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