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Abstract

Since 2015, 93 gravitational wave events from stellar-mass binary black hole
mergers have been detected, enabling measurements of binary black hole param-
eters such as mass, spin, and distance, as well as the derivation of their statistical
distributions. The distributions of binary black hole properties, particularly the
spin distribution, arising from different formation mechanisms exhibit signifi-
cant differences, which can be utilized to constrain the origins of binary black
holes. This article briefly reviews binary black hole formation mechanisms—
including binary evolution and dynamical interactions—and the origins of spin;
surveys general methods and common models for constraining binary black hole
origins using spins, along with relevant advances from LIGO/Virgo gravitational
wave data; and provides an outlook on future developments.
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Abstract

Since 2015, 93 gravitational wave events from stellar binary black hole merg-
ers have been detected, enabling measurements of binary black hole parameters
including masses, spins, and distances, as well as their statistical distributions.
Different formation mechanisms for binary black holes produce distinct distri-
butions of their properties, particularly spin distributions, which can be used
to constrain their origins. This paper briefly reviews formation mechanisms
such as binary star evolution and dynamical interactions, along with the origins
of black hole spins. We summarize general methods and common models for
constraining binary black hole origins using spin measurements, discuss recent
progress using LIGO/Virgo gravitational wave data, and provide an outlook on
future prospects.

Keywords: gravitational wave astronomy; gravitational wave sources; black
holes

1 Introduction

In 2015, LIGO (Laser Interferometer Gravitational-Wave Observatory) detected
GW150914, the first gravitational wave event from a distant binary black hole
merger in the universe. This milestone marked humanity’ s ability to observe
the cosmos not only through electromagnetic signals but also through grav-
itational waves [1-4], opening a new window for understanding the universe.
The discovery of the binary neutron star merger GW170817 and its electromag-
netic counterpart ushered in a new era of multi-messenger astronomy, enabling
collaborative studies of important cosmic physical processes from different per-
spectives—such as the formation and evolution of compact objects, the internal
structure and equation of state of neutron stars, and the propagation of gravi-
tational waves [5].

To date, the LIGO-Virgo collaboration has detected 93 gravitational wave events
in laser interferometer experiments [6]. Compared to neutron stars, black holes
have relatively larger masses and produce stronger gravitational wave signals.
Consequently, the vast majority of gravitational wave signals originate from
the merger of stellar-mass binary black holes (hereafter referred to as binary
black holes). Theoretically, these binary black holes can generally be produced
through several mechanisms: (1) evolution of massive binary stars (EMBS
channel); (2) dynamical interactions in dense stellar environments (dynami-
cal channel); (3) active galactic nucleus/massive black hole-assisted formation
(AGN/MBH-assisted channel); and (4) primordial black holes (PBH channel).
Different evolutionary mechanisms produce different distributions of intrinsic
physical parameters and some external parameters for binary black holes [7-9].

Gravitational wave observations provide an independent method for studying
these mechanisms. The time-series signals from binary black hole mergers can
be used to measure numerous physical parameters (including mass, spin, lumi-
nosity distance, etc.). As gravitational wave detection progresses, the sample
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of binary black hole mergers will continue to grow, enabling us to obtain sta-
tistical distributions of their physical parameters and external parameters, as
well as correlations between different parameters. These statistical properties
will greatly aid our understanding of the physical nature of black holes—the
most exotic compact objects in the universe—and the formation and evolution
of binary black holes. Analysis of the latest O3 gravitational wave data has
yielded relatively accurate statistical distributions of binary black hole masses
and spins, as well as spin-mass relationships [10,11]. The mass and spin distribu-
tions, spin-mass relationships, etc., produced by different mechanisms may differ
significantly. Currently, measurements and analyses of binary black hole mass
and spin distributions can effectively constrain their formation mechanisms, dis-
tinguishing between them and quantifying the contributions of different origins
to observed binary black hole merger events. Using spin distributions to con-
strain binary black hole origins has become a hot topic in recent years, with
several studies conducting in-depth investigations [7-9]. On one hand, the spin
distributions—particularly the effective spin distribution—produced by different
mechanisms can be relatively accurately determined from gravitational wave de-
tection samples. On the other hand, the differences in the relative orientation
distributions of spins between components in binary black holes formed through
different mechanisms are intuitively clear and straightforward to understand.

This paper focuses on reviewing how spin studies constrain the origins of stellar
binary black holes and provides a future outlook. The structure is as follows:
Section 2 briefly introduces basic information about black holes, including the
formation process of single black holes and the origin of black hole spins. Sec-
tion 3 describes different formation mechanisms for stellar binary black holes
and their theoretically predicted spin-related properties. Section 4 introduces
methods for constraining binary black hole origins through spin analysis, includ-
ing Bayesian parameter estimation methods, an overview of the GWTC dataset
from LIGO-Virgo detections, and single-parameter and multi-parameter spin
models. Section 5 provides a brief summary and future prospects for binary
black hole spin research.

2 Basic Information on Black Holes

According to general relativity, the spacetime background near compact objects
is described by Einstein’s field equations: G, = £T),,,, where G ,,, is the Einstein
tensor, T}, is the energy-momentum tensor describing matter distribution, and
k is a constant. In 1916, Karl Schwarzschild provided the first exact vacuum

solution to Einstein’ s field equations—the Schwarzschild metric:

2M 1
ds® = — (1 - T) At + g dr® +r2(d6° + sin® 6d¢?)

where M is the black hole mass (G/c?> = 1). The Schwarzschild metric has a
singularity at » = 2M; due to gravitational redshift, observers can never receive
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photons emitted from this location. In 1958, David Finkelstein interpreted the
region with 7 < 2M as an area of such high density that nothing can escape. In
1967, John A. Wheeler named this region “black hole.” Mathematically, it can
be proven that the Kerr-Newman black hole is the unique solution for asymp-
totically flat, stationary, axisymmetric black holes:

.2
sin” 6

2
Par? 4 p2dp? + 227 [(r* 4+ a?)d¢ — adt]2
p

A 2

ds® = —F (dt — asin® qub) + A 5
where p? = 12 4+ a®?cos?0, A = > — 2Mr + a® + Q?, and a is the specific
angular momentum. Wheeler and others further proved the black hole no-hair
theorem: an asymptotically flat, stationary black hole is completely determined
by only three parameters—mass M, charge @), and spin angular momentum
J = aM. In astrophysics, due to macroscopic charge neutrality, we generally do
not consider charged black hole models. Therefore, in this paper, the primary
intrinsic physical parameters describing black holes are mass and spin. Based
on different masses, black holes can be classified as stellar-mass black holes,
intermediate-mass black holes, and supermassive black holes. The main research
object of this paper is stellar-mass black holes, which primarily form through
the self-gravitational collapse of massive stars in their late evolutionary stages,
often accompanied by supernova explosions and/or gamma-ray bursts.

2.1 Formation of Single Black Holes

The most common objects in the universe are stars at various evolutionary stages.
In the late stages of stellar evolution, as nuclear fuel in the core is gradually
exhausted, the resulting radiation pressure becomes insufficient to balance the
inward pressure from the star’ s self-gravity, causing the star to collapse and
form a compact object [12]. For relatively low-mass stars (M < 9M), white
dwarfs will form. For slightly more massive stars (9M, < M < 25M), the
remaining mass in their final evolutionary stage is relatively large, and the star’s
self-gravity exceeds the degeneracy pressure between electrons, causing the core
to collapse nearly unimpeded toward the center. The gravitational potential
energy released during collapse produces extremely high temperatures, leading
to internal neutronization and generating large numbers of neutrinos. If the
supernova explosion is non-spherical, the neutron star will receive a kick velocity.
Meanwhile, neutron degeneracy pressure resists gravitational collapse. In this
case, infalling material impacts the neutron star surface, forming a rebound
shock wave that ultimately ejects the outer shell beyond the neutron star, leaving
behind a neutron star. If it possesses some rotational angular momentum, it
will form a common pulsar system.

For even more massive stars, the neutron degeneracy pressure in the core re-
mains insufficient to support collapse against self-gravity, and the entire star
is further “unlimitedly” compressed, ultimately forming the black holes com-
monly seen in astrophysics. The mass of such black holes generally exceeds the
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maximum mass of neutron stars—the Oppenheimer static limit [13] (commonly
considered to be 2.4M, though the static assumption is generally not valid,
only providing a range of (2 —3)M,). Due to excessive stellar wind loss from
particularly massive progenitor stars and possible pair-instability effects in late
evolutionary stages, stellar black hole masses are typically limited to below 50-
60 M. Notably, according to stellar evolution theory simulations, there exists
a mass gap for stellar black holes in the (50 — 120) M, range (see Figure 1 [Fig-
ure 1: see original paper]). Through electromagnetic observations, more than
twenty black holes have been discovered and their masses measured in the Milky
Way, with most distributed in the (5—30) M range [14]. However, gravitational
wave observations of binary black hole mergers have discovered some primary
black holes with masses greater than 50-60 M, posing a challenge to existing
black hole formation models [15].

2.2 Spin of Single Black Holes

Black hole spin typically originates from the angular momentum of the progeni-
tor star. Depending on different angular momentum dissipation mechanisms in
stars, black holes with different spins will be produced. One possible dissipation
mechanism involves the transfer of angular momentum within the star through
meridional circulation and turbulent interactions. If magnetic fields participate
in this process, according to the Tayler-Spruit magnetic dynamo mechanism,
stellar angular momentum dissipation becomes more efficient.

Before gravitational waves were detected, the dimensionless spin a, of black
holes in binary systems was typically measured using X-ray observations. In
binary systems, matter from the companion star is accreted by the black hole,
forming an accretion disk. By observing this accretion disk, it becomes possible
to obtain relevant parameters of the black hole. According to predictions from
general relativity and accretion disk theory, the inner radius of a black hole’ s
accretion disk is truncated at the innermost stable circular orbit (ISCO), and
the radius of this orbit Rigno is @ monotonic function of the black hole’ s di-
mensionless spin parameter a, = J/M? (see Figure 2 [Figure 2: see original
paper]). Therefore, by fitting the continuous spectrum of the accretion disk to
reconstruct its size, the black hole spin can be measured [16]. Another common
method involves using the broadening of the Fe Ka emission line due to gravi-
tational redshift and other effects to estimate the position of the accretion disk’
s inner edge, thereby measuring black hole spin [17-20]. Additionally, using
quasi-periodic oscillations of X-ray intensity from the accretion disk can also
provide information related to ISCO and thus measure black hole spin, though
this method has strong model dependence on oscillation modes [18].

Each of these methods has its own problems. For example, fitting the continuous
spectrum requires determining the inclination angle of the accretion disk’ s
inner edge, which often has particularly large errors; the Fe Ko line broadening
method requires precise modeling of the electron corona that produces hard
X-rays; and the quasi-periodic oscillation method demands relatively accurate
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understanding of accretion disk oscillation modes. Moreover, to date, only about
20 sources have been observed using these methods [22], which is not many
compared to gravitational wave observations. Therefore, measuring black hole
spins through X-ray binaries has limitations. By fitting parameters from the
large number of binary black hole merger events observed through gravitational
waves, we can measure black hole spins more accurately.

3 Formation Mechanisms of Stellar Binary Black Holes

If two stellar black holes orbit each other along quasi-Keplerian orbits, they form
a gravitationally bound stellar binary black hole system. During the inspiral
process, as gravitational waves are continuously radiated, their orbital energy
gradually decreases, causing the two black holes to gradually approach each
other and eventually undergo merger and subsequent ringdown, forming a single
merged black hole. For example, the first gravitational wave event discovered
by humanity, GW150914, was produced by the merger of stellar black holes
with masses of 35.6 M and 30.6 M. A particularly notable gravitational wave
event, GW190521, has both black hole masses greater than 65 M, at 99.68%
confidence [23], placing them within the mass gap predicted by stellar evolution
numerical simulations. This may imply that these black holes with masses in
the (50 — 120) M, range are primarily produced by mergers of first-generation
black holes rather than directly from the evolution of massive stars.

Theoretically, there are currently two main mechanisms that can produce stellar
binary black holes: (1) evolution of massive binary stars [24,25]; and (2) dynam-
ical interactions in dense stellar clusters (dynamical channel) [26-29]. Binary
black holes produced by different mechanisms have statistically distinct char-
acteristics in terms of mass, spin, and orbital properties. This chapter focuses
on introducing and discussing these two primary formation mechanisms, while
only briefly mentioning other possible mechanisms such as active galactic nu-
clei and massive black hole mechanisms (AGN/MBH-assisted channel) [30] and
primordial black hole mechanisms [31,32].

3.1 Evolution of Massive Binary Stars Mechanism

The evolution of massive binary stars mechanism typically refers to the pro-
cess where isolated binary stars (not interacting with their environment) evolve
through a common envelope phase to ultimately form binary black holes. This
theory suggests that when the primary star first ends its main-sequence hydro-
gen burning, its helium core will contract while the outer hydrogen envelope
expands. When the Roche lobe is completely filled, tidal gravity from the com-
panion star will counteract the primary star’ s self-gravity, causing material to
transfer from the primary to the companion [33]. Eventually, the primary star
will form a bare helium core star and continuously lose mass through stellar
winds until, when nuclear energy is exhausted, the primary star directly col-
lapses into a black hole. If natal kicks [25] or mass loss do not disrupt this
black hole-companion system, they will continue to evolve until the companion
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star begins to expand and its material is accreted onto the black hole. Since
the companion star has already accreted some material from the primary star
initially, and considering mass loss from the primary star itself, possible stel-
lar winds, and supernova explosions, the companion star’ s mass at this stage
will be much greater than the primary star’ s mass. The mass transfer process
in this system becomes highly unstable, and this dynamical instability causes
the binary to enter the common envelope evolution phase. When differential
rotation exists between the inner binary composed of the black hole and helium
core and the common envelope, drag forces will dissipate the binary’ s orbital
energy, potentially causing ejection of the common envelope material. During
this phase, the companion star will lose its envelope and become another bare
helium star, eventually evolving and collapsing to form a black hole. Assuming
the second supernova explosion does not disrupt this binary black hole system,
it will further undergo inspiral, merger, and ringdown phases, ultimately pro-
ducing a new, more massive black hole [25] (see Figure 3 [Figure 3: see original
paper]). The gravitational wave signals from each of these processes may be
detected by gravitational wave detectors. It should be noted that physical pro-
cesses such as mass transfer and common envelope evolution in the formation of
binary black holes through this mechanism are extremely complex, and current
understanding of these processes has significant uncertainties that may affect
the results.

In these different massive isolated binary star evolution models, it is generally
assumed that the spins of the two progenitor stars in the binary system are par-
allel to the binary’ s orbital angular momentum. If black holes do not experience
natal kicks, simple mass exchange and tidal interactions will not significantly
change their spin directions. This directly leads to the spins of the two black
holes in the formed binary black hole system tending to be aligned. On the
other hand, if the black hole mass is relatively small (approximately less than
10 M) and natal kicks from supernova explosions occur, the spin directions
will become non-parallel.

3.2 Dynamical Interactions Mechanism

The dynamical interactions mechanism is a relatively general term—any for-
mation process of binary black holes involving gravitational interactions with
other stars can be classified under this mechanism. Generally, we can subdivide
it based on the environment where the dynamical process occurs, such as evolu-
tion in globular clusters and nuclear clusters, or evolution in hierarchical triple
systems.

In globular clusters, initially single black holes with relatively large masses will
sink to the central region of the cluster due to mass segregation effects. Once in
such a dense region, black holes may immediately form self-bound binary black
hole systems, or participate in other black hole-star systems through three-body
processes, ejecting lighter stars and forming new binary black hole systems. In
nuclear clusters, it is generally believed that a supermassive black hole exists (see
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Figure 5 [Figure 5: see original paper]). This will create a huge gravitational
potential, making mass segregation effects more pronounced and providing a
high-density environment more conducive to binary black hole formation [29].

Another common dynamical mechanism is the hierarchical triple systems that
are very common in the universe [37]. In such systems, angular momentum is
transferred back and forth between the inner binary and the outer third black
hole, causing the eccentricity of the inner binary to continuously change. When
the eccentricity is excited to very high values, the orbital energy of the inner
binary can be dissipated through gravitational waves or tidal forces, promoting
their merger (Kozai-Lidov effect). Binary black holes produced through dynam-
ical interactions in dense stellar fields or triple systems are generally considered
to have randomly oriented spins. This is because in such complex and random
dynamical interaction processes, it is difficult to identify any physically meaning-
ful special direction as the initial spin direction of the black holes. Therefore, it
is generally assumed that the initial spins of merging binary black hole systems
produced by this mechanism are completely random. Numerical calculations of
post-Newtonian orbits show that such randomness will be preserved until the bi-
nary black hole system finally merges. Thus, unlike the massive isolated binary
star evolution mechanism, the spin directions of binary black holes produced by
dynamical mechanisms are typically considered completely random.

3.3 Other Possible Mechanisms

In addition to the two main formation mechanisms mentioned above, stellar-
mass binary black holes may also be produced through active galactic
nucleus/massive black hole-assisted mechanisms and primordial black hole
mechanisms [38]. At the center of active galactic nuclei, there exists a massive
accretion disk around the central black hole. The accretion disk has very
high temperature and density, is rich in gas, and can easily capture stars or
produce stars directly through disk instability. These stars grow to larger
masses through interactions with surrounding gas and stars, forming massive
binary and binary black hole systems [32]. Primordial black holes originate
from density fluctuations in the early universe [31]. Some scholars believe that
a significant portion of dark matter is composed of stellar-mass primordial
black holes, and their mergers could also produce gravitational wave signals
from stellar binary black hole mergers [39].

4 Constraints on Binary Black Hole Origins Based on Spin
Analysis

Spin information provides important clues about the formation mechanisms of
stellar binary black holes. Gravitational waveforms are highly sensitive to the
effective spin x4 of binary black holes, defined as follows [7]:

1
Xeft = 37 (mq,1cost; + my,2cosbsy)
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where m, and m, are the masses of the binary black holes, M = m; + my is
the total mass, S; and S, are the black hole spin angular momenta, L is the
orbital angular momentum of the binary (assumed to be in the z direction),
s, and s, are the corresponding dimensionless black hole spins, and cos#; and
cos 6, are the angles between the spin angular momenta and the orbital angular
momentum. During the inspiral phase, the effective spin is nearly conserved.

To further assess the precession effects of binary black holes, a new parameter
called the effective precession spin is introduced, defined as:

Xp = max(Byg, , Byg, ) >0

where B; = 2+ 3¢/2, B, = 2 + 3/2¢q, and ¢ is the mass ratio of the binary
black holes. We can use gravitational wave detections to measure these two
spin-related parameters for binary black holes, thereby constraining the origins
of stellar binary black holes—particularly distinguishing between the massive
isolated binary star evolution mechanism and the dynamical mechanism. This
chapter primarily introduces the general methods for processing GWTC grav-
itational wave observation data using Bayesian statistics and reviews research
progress on constraining stellar binary black hole formation mechanisms through
corresponding single-parameter and multi-parameter models.

4.1 Introduction to GWTC Data

GWTC (Gravitational Wave Transient Catalog) is the gravitational wave de-
tection dataset published by the LIGO/Virgo/KAGRA collaboration. Three
releases have been made so far, corresponding to the O1 and 02, O3a, and
03b observation runs, with a total of 93 confirmed gravitational wave events,
including two neutron star mergers, one black hole-neutron star merger, and
the remainder being binary black hole mergers [40,41].

(1) GWTC-1 data includes observations from LIGO and Virgo between
September 12, 2015, and January 19, 2016 (O1), and November 30, 2016,
to August 2017 (02). It primarily detected 10 binary black hole merger
events including GW150914 and GW151012, plus one binary neutron star
merger event GW170817. The total mass range of the detected binary
black holes was 18.61’?:%M®, and the distance range was 3207120 Mpe.

Figure 6 [Figure 6: see original paper| shows the posterior distributions of the
effective spin X and effective precession spin x,, inferred for the gravitational
wave sources. It can be seen that the peaks of x4 for almost all binary black
holes are around 0, with only two sources, GW170729 and GW151226, showing
significant deviations from 0: O.llfg:gg and 0.()61“8:32 (90% confidence interval),
respectively. The precession spin y,, shows a strong correlation with the effective

Spin Xfs-

(2) GWTC-2 (including 2.1) data includes observations from Advanced LIGO
and Advanced Virgo during the O3a run (April 1, 2019—October 1, 2019),
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detecting 44 new gravitational wave source candidates. Compared to
GWTC-1, the total mass range of binary black holes expanded to (14 —
182) M.

Figure 7 [Figure 7: see original paper] shows the physical parameters and uncer-
tainties of the gravitational wave sources detected by GWTC-2, with 13 systems
having non-zero x.g, and all x¢ values greater than 0 at 90% confidence. The
binary black hole with the largest effective spin was GW190517-055101, with
Yot = 0.5270:15. The precession spin also shows a strong correlation with the
effective spin x -

(3) GWTC-3 data includes observations from Advanced LIGO and Advanced
Virgo during the O3b run (October 1, 2019—March 27, 2020), adding 38
new gravitational wave sources or candidates detected during O3b (includ-
ing the first black hole-neutron star merger event). The parameter ranges
are similar to GWTC-2 results, as shown in Figure 8 [Figure 8: see original
paper|. The effective spins of most gravitational wave sources are close to
0, with 4 greater than 0 (confidence > 89%). Notably, GW191109-010717
and GW200225-060421 have effective spins less than 0 at 90% and 85%
confidence intervals, respectively. The correlation between precession spin
and effective spin y.¢ becomes stronger.

4.2 Introduction to Bayesian Analysis Methods

In gravitational wave data analysis, since the gravitational wave strain h(f) itself
is very weak (on the order of 1072! to 10722) while noise is high, we typically
use template matching methods to analyze gravitational wave signals and noise
[42]. The signal-to-noise ratio can be calculated using the following expression:

f, 2
[T k)
r= 4/f s.h

where S, (f) is the one-sided power spectral density of the gravitational wave
detector, and f,;, and f, .. are the integration limits for gravitational wave
frequency. We typically take p = 8 as the detection threshold (equivalent to a
10% false alarm rate), meaning that values above this threshold define a detected

gravitational wave event.

Once a gravitational wave signal is received, Bayesian statistical methods can
be used to estimate the posterior distribution P(©|M) of the gravitational wave
source’ s physical parameters O:

P(M|©)P(©)

POIM) = =555

where P(0©) is the prior distribution of parameters, P(M) is the model evidence,
and P(M|©) is the corresponding likelihood function. In gravitational wave data
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P(M|O) x exp —%(8(@) —n,s(©)— n)]

where s is the detected gravitational wave signal, n is the corresponding Gaus-
sian noise, and the parentheses represent the inner product of the signal relative
to the power spectrum. Using the above method, we can estimate the posterior
distribution of gravitational wave source parameters. Since the likelihood func-
tion is very complex, this process typically requires Markov Chain Monte Carlo
(MCMC) sampling or nested sampling to sample the posterior distribution and
obtain statistical range estimates for parameters.

To study the spin distributions of binary black hole gravitational waves produced
by different mechanisms, we can analyze population information by introducing
Bayesian hierarchical models. In Bayesian hierarchical models, we assume that
the spins of binary black hole gravitational wave events (totaling N, .) produced
by different mechanisms all originate from corresponding higher-level population
distributions, which can be described and distinguished by a set of parameters
A [43]. The corresponding hierarchical Bayesian posterior distribution can be
expressed as:

N,

obs

PO o) [ / dxiP(si ) w0 A)
=1

where s; corresponds to the i-th observed gravitational wave signal (correspond-
ing to the i-th source). If we are not interested in the effective spin distribution
of individual sources, we can marginalize over them to obtain the distribution
of population-level parameters:

N,

obs

PO ) o) [T [ dPlsivomtoly

Based on the above formula, we can use the distribution of effective spins to dis-
tinguish and constrain different binary black hole production mechanism models.
For example, assuming the proportion of massive isolated binary star evolution
models is A and the proportion of dynamical mechanism models is 1 — A, the
hierarchical distribution of effective spins can be expressed as:

P(Xeff|/\) = PEMBS (Xeff)(l - )‘) + denamical(Xeff))‘

Combining hierarchical Bayesian methods with gravitational wave data can yield
constraint results on the model proportion A.
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4.3 Spin Models

As mentioned earlier, a simple physical idea is that the spins of binary black
holes formed through massive isolated binary star evolution models are usu-
ally parallel to the orbital angular momentum. Even if natal kicks occur, this
parallelism should not be significantly deviated from. In contrast, the relative
spin orientations of the two components in binary black holes produced by dy-
namical mechanisms are completely random. Methods for constraining binary
black hole formation mechanisms based on spin analysis are built upon this
foundation. Several different models are generally considered [44].

(1) DEFAULT Model: This model assumes that the magnitudes of binary
black hole spins follow the same Beta distribution:

T(X1,2|ax7 /Bx) = Beta(axv ﬂx)

where a, and f, are the two parameters of the Beta distribution. The spin tilt
angles (relative to orbital angular momentum) follow a distribution containing
two mixed components: one portion of binary black holes has spins quasi-parallel
to the orbital angular momentum (proportion &), corresponding to the massive
binary star evolution mechanism; the other portion has completely random
spins, corresponding to the dynamical mechanism. In the parallel case, the
model assumes the spin tilt angles follow a truncated normal distribution with

perfect parallelism as the expectation:

m(2[¢,00) = (Gy(2]oy) + (1 = O (2)

where z = cosf , is the cosine of the binary black hole spin tilt angles, I is
the random distribution, and G,(z|o,) is the truncated Gaussian distribution
centered at z = 0 with standard deviation o,. This model is intuitively the
simplest, containing only four parameters (ax, By € o).

(2) GAUSSIAN Model: The advantage of this model is that it can simul-
taneously fit both X and X, using a joint Gaussian distribution:
ﬂ—(Xeffv Xp|:ueff7 Oeff> :up7 Jpa p) S G(Xeffa Xp|ﬂ7 E)

where i = (fqg, ft,,)- The covariance matrix is:

2
Y= ( Oetf pUef2fUp)
pgeffap ap

This model has a total of 5 parameters (iofp, Oosps Hy, 0p, P); Where o and o,

help us analyze spin-induced orbital precession effects and some binary black
hole systems with anti-parallel spins.
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(3) MULTI SPIN Model: This model can simultaneously combine different
mass distributions and spin distributions, with numerous parameters (12
spin parameters, 10 mass parameters), and is primarily used to analyze
spin-mass and mass ratio relationships. This model is typically used for--

4.4 Current Results

This section briefly summarizes relevant results and progress on constraining
binary black hole production mechanisms using spin distributions obtained from
LIGO/Virgo gravitational wave detections.

4.4.1 GWTC-1 and Before Since the discovery of GW150914 [1], schol-
ars immediately began studying its formation mechanism. For example, some
researchers believed that binary black hole gravitational wave sources in the
40M, to 100M, range could be formed through isolated binary star evolu-
tion [25], while others believed that dynamical evolution could also produce
the observed binary black holes [32,45]. Although not many gravitational wave
sources were observed before GWTC-1, people had already begun statistical
studies of source properties and related models, particularly investigating bi-
nary black hole formation mechanisms using spin distribution analysis. For
instance, through simple Bayesian analysis of the effective spin x4 distribution
[7], it was found that if the detected black holes were assumed to have large
spins, the spin orientation distribution tended more toward isotropy; under the
prior condition of small spins, this tendency would be greatly weakened. Figure
9 [Figure 9: see original paper| shows the possible proportion of isotropic dis-
tribution in the posterior distribution of binary black hole spins. Notably, due
to the small amount of observational data at the time, it was not possible to
statistically demonstrate that this conclusion was universal.

4.4.2 GWTC-2 Using the DEFAULT model described above, a non-parallel
phenomenon between spin and orbital angular momentum was discovered in
the GWTC-2 binary black hole sample, as shown in Figure 10 [Figure 10: see
original paper]. This discovery implies that some binary black holes either have
completely random spin directions or have spin tilt angles close to 0 but with
certain dispersion. Regardless of which scenario, it indicates that some binary
black holes have spin components within the orbital angular momentum plane.
Figure 10 shows the posterior distributions of binary black hole spin magnitudes
and spin tilt angles obtained using the DEFAULT model, where x = |s]| is the
dimensionless spin magnitude.

Although the GWTC-2 data analysis results more strongly support parallel
alignment, the dispersion cannot be ignored. Furthermore, if the GAUSSIAN
model is used, the case of y, = o, = 0 can be excluded at 99% confidence,
indicating the existence of spin-induced orbital precession phenomena, which
also verifies from another perspective the existence of non-parallel spin and

orbital angular momentum phenomena.
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Secondly, examples with anti-parallel alignment were found in the GWTC-2
binary black hole sample, suggesting that more than one binary black hole
production mechanism may exist. Using the GAUSSIAN model, it was inferred
that some systems might exhibit .4 < 0, which is equivalent to at least one of
the binary black holes having an angle greater than 90° with the orbital angular
momentuim.

Figure 11 [Figure 11: see original paper] shows the posterior distributions of the
mean p¢ and standard deviation o after marginalizing over o, and x,,, with
peaks at 0.0670 02 and 0.127059, respectively. This requires that some binary
black holes have effective spins x; < 0. Using the DEFAULT model, we can
obtain similar conclusions. Figure 11(a) shows the reconstructed distribution
of cosf; 5 using this model, where the possibility of cosf; , < 0 still exists,
implying the existence of anti-parallel spin phenomena.

Using the posterior distributions of p. and o,y shown in Figure 11, we can
obtain the posterior distributions of the proportions f, (Xt > 0), f,, (Xesr <
0), and f, (Xei = 0) (see Figure 12 [Figure 12: see original paper]). It can
be seen that at 99% confidence, f, = 0.67701¢, = 0277077, and f, =

— n
0.05f8:8§. As mentioned earlier, the dynamical mechanism is not the only way
to produce binary black holes with effective spins less than zero. If progenitor
stars experience a strong natal kick and an inefficient spin realignment process
during the supernova explosion phase, approximately less than 10% of binary
black holes produced by massive isolated binary star evolution mechanisms may
have effective spins less than 0. There are also many complexities, such as the
possibility of producing binary black holes with non-parallel spin components

in isolated hierarchical triple systems.

Nevertheless, if we simply assume that binary black holes with x4 < 0 are
all produced through dynamical interactions in star clusters, we can use f,
to constrain the fraction of binary black holes with dynamical origins. The
corresponding fraction produced by dynamical mechanisms is:

o 2f,
ot

fa
and the fraction from isolated binary evolution mechanisms is:

:fp_fn
fp+fn

fi

At 90% confidence, the value of f, lies between 0.25 and 0.93. This indicates that
the binary black holes in GWTC-2 are formed partly through isolated binary
mechanisms and partly through dynamical mechanisms in star clusters. More
detailed discussions on the generation details of effective spin parameters under
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dynamical and isolated binary evolution models and why the above parameter
descriptions are adopted can be found in the literature [46-50].

Furthermore, if hierarchical mergers exist in the GWTC-2 data, spins will have
some relationship with the masses of binary black hole systems—that is, heavier
hierarchical binary black hole mergers will have larger spins. However, analyzing
GWTC-2 data using the MULTI SPIN model mentioned above did not find
evidence of a correlation between spin distribution and mass. This result is
similar to that obtained from GWTC-1.

4.4.3 GWTC-3 Compared to GWTC-2, the GWTC-3 binary black hole sam-
ple has expanded significantly, but many conclusions obtained from statistical
analysis of the spin distributions of these binary black holes are very similar.
For example, Figure 13 [Figure 13: see original paper| shows the constraints
on binary black hole spin magnitudes and spin tilt angles using the DEFAULT
model. It can be seen that compared to GWTC-2, the distribution of the cosine
of spin tilt angles cos @ for GWTC-3 binary black holes is flatter, more strongly
supporting a completely random distribution of spin tilt angles. Similarly, us-
ing the GWTC-3 binary black hole sample, the posterior distributions of x .
and x,, can be obtained using the GAUSSIAN model, and it is found that s
is non-zero (see Figure 14 [Figure 14: see original paper]|). This conclusion is
consistent with the GWTC-2 results.

Two very important new conclusions have been drawn from the GWTC-3 data.
First, the spin distribution is consistent across different mass ranges. Figure 15
[Figure 15: see original paper] shows the relationship between the magnitude
of the spin component parallel to the orbital angular momentum s, and the
chirp mass of the binary black hole system. At the low-mass end, the parallel
component is almost 0; while at the high-mass end, even with relatively large
dispersion, the distribution of parallel component magnitudes remains consistent
with 0. The average spin component parallel to the orbital angular momentum
for binary black holes with chirp mass less than 30 M is 0.38 (90% confidence),
while at the low-mass end this result is 0.5.

Second, an anti-correlation between mass ratio ¢ and effective spin x.; was
discovered in the GWTC-3 data. Therefore, binary black hole systems with
mass ratios approaching 1 tend to have effective spins x.¢ close to 0, while
systems with large mass ratios tend to have larger positive effective spins. Using
the GAUSSIAN model, we can obtain the conditional posterior distribution
P(Xegtlq) Of Xegr o1 ¢

(Xett — M(QDQ}

P(Xetelq) o< exp [— 202(q)

where p(g) and o(q) describe how the median and standard deviation of the
Xeff distribution vary with g. Using the hierarchical Bayesian method described
above, we can determine at 97.5% confidence that u(q) is a decreasing function
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of ¢, which means that the larger the mass ratio, the greater the probability that
the binary black hole has an effective spin greater than 0. Figure 16 [Figure 16:
see original paper] shows the posterior distribution of ¢ and -

5 Summary and Outlook

The discovery of gravitational waves has greatly expanded human understand-
ing and knowledge of compact objects in the universe. The detection of a large
number of stellar binary black hole mergers through gravitational waves remains
an unsolved mystery regarding how they form and evolve to their final merger.
Various formation mechanisms for binary black holes have been proposed, each
involving numerous astrophysical processes with significant uncertainties in our
current understanding. Nevertheless, it is widely believed that binary black
holes produced by different mechanisms have distinct distributions of physical
parameters such as mass and spin. Ground-based gravitational wave detectors
like LIGO/Virgo, with their relatively precise spin measurements, provide an
excellent means to constrain different formation mechanisms of binary black
holes. Bayesian methods based on spin analysis, using the existing GWTC
dataset, have already achieved some preliminary progress, such as discovering
non-parallel phenomena between spin and orbital angular momentum in binary
black hole samples, finding that spin is almost independent of binary black hole
mass but anti-correlated with mass ratio. These findings have profound sig-
nificance for constraining their origins, particularly for distinguishing between
the massive binary star evolution mechanism (where the spins of the two com-
ponents tend to be parallel) and the dynamical interaction mechanism (where
spins tend to be randomly distributed).

As gravitational wave detection continues, we will measure the spin distribu-
tion of stellar binary black holes more accurately. In particular, future third-
generation ground-based gravitational wave detectors such as the Einstein Tele-
scope (ET) and Cosmic Explorer (CE) will be gradually built in the 2030s.
Their extremely high detection sensitivity will greatly expand the gravitational
wave detection sample of stellar binary black holes and improve the precision of
physical parameter measurements. With the continuous accumulation of data,
statistical analysis of binary black hole spins will help us ultimately reveal the
origins of stellar binary black holes, potentially constraining numerous impor-
tant physical processes in black hole formation and uncovering the origin of
black hole spins.

We thank the reviewers for their detailed revision suggestions on this article and
Zeng Siyao for helpful discussions on figure modifications.
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