Y galaxies

Review

The First Decade of Gravitational-Wave Measurements of Black

Hole Spins

Sylvia Biscoveanu

W) Check for updates

Academic Editors: George Wong,
Alejandro Cérdenas-Avendafio,

Delilah Gates and Javier Garcia

Received: 4 June 2026

Revised: 17 July 2026

Accepted: 24 July 2026

Published: 30 July 2026

Copyright: © 2026 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Physics, Princeton University, Princeton, NJ 08544, USA; sbisco@princeton.edu

Abstract

A decade after the first direct detection of gravitational waves, the growing catalog of hun-
dreds of confirmed events is revealing new insights into the spins of stellar-mass black holes.
Spin measurements have long been heralded as a promising tracer of compact-object binary
formation and evolution, as different formation channels predict distinct spin signatures
on a population level. In this review, we summarize the astrophysics, phenomenology, and
current measurements of black hole spins. We begin with an overview of the predictions
for black hole spin magnitudes and orientations from leading formation channels—isolated
binary evolution, dynamical formation in clusters, formation in AGN disks, and hierarchi-
cal triples. We then describe the imprint of spin effects on the gravitational waveform and
the measurability of spin in individual events. Finally, we review current population-level
constraints on spin magnitudes, orientations, and effective spin parameters, including cor-
relations with mass and redshift, and discuss their astrophysical implications. We conclude
by highlighting open questions and future prospects, emphasizing how improved detector
sensitivity will enable increasingly precise spin measurements for both individual events
and the binary black hole population as a whole.
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1. Introduction

A decade after the first direct detection of gravitational waves, the catalog of sources
detected by the LIGO-Virgo-KAGRA (LVK) collaboration has grown to include hundreds
of binary black hole (BBH) mergers, two binary neutron stars, and a few neutron star-black
hole (NSBH) mergers [1-3]'. Astrophysical black holes are characterized by only two
parameters’—their masses and spins—which leave imprints on the gravitational waveform
of each compact-object merger event. Thus, analyses of the gravitational-wave (GW) strain
data recorded in interferometric detectors, which correspond to physical perturbations on the
order of O(10~2%) m [5-10], allow us to constrain the parameters characterizing each binary
and the population as a whole. These observations have been used for quantitative tests of
general relativity, as well as to constrain the cosmic expansion history, search for signatures of
gravitational lensing, astrophysically calibrate our detectors, and learn about the astrophysical
processes shaping the formation and evolution of compact-object binaries (e.g., [11-15])°.

The main theoretical BBH formation channels are predicted to leave distinct imprints
on their population-level spin distribution. However, the spins of individual GW events are
generally measured with large uncertainties, complicating the prospects of using spin as an
astrophysical tracer. In this review, we provide an overview of gravitational-wave measure-
ments of black hole spins, from astrophysical and dynamical predictions to individual-event
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and population-level measurements. We begin with an overview of the predictions of the
main theoretical formation channels for black hole spin magnitudes and orientations in
Section 2. In Section 3, we describe the impact of spin on the gravitational waveform
and characterize our ability to constrain spins for individual events, highlighting a few
events with exceptional spin measurements. Population-level analyses are summarized in
Section 4, including spin magnitudes, orientations, and correlations with other parameters.
Finally, we conclude in Section 5 by highlighting some of the main open questions and
future prospects for measuring spins with gravitational waves.

2. Spin as a Tracer of Binary Formation and Evolution

The formation channels of binary black holes fall broadly into two categories: isolated
binary evolution, and dynamical formation (see [21,22] for recent reviews). The canonical
picture of isolated binary evolution in the field involves a common envelope phase follow-
ing the formation of the first black hole, which shrinks the orbit by several orders of magni-
tude via dynamical friction if the common envelope is successfully ejected (e.g., [23-28]).
Alternatively, stable mass transfer (SMT) may proceed via Roche-lobe overflow, depending
on the binary mass ratio, shrinking the orbit via angular momentum conservation [29-32].
Finally, binaries born in tight orbits in low-metallicity environments may avoid stellar
mergers via chemically homogeneous evolution, leaving behind a BBH system [33-35].

On the other hand, binaries may form via dynamical interactions including exchanges,
direct collisions, and tidal captures that occur in dense environments like globular clusters or
nuclear star clusters [36-39]. The binary is “hardened” by any strong gravitational encounter
that drains orbital energy, shrinking the orbit. Around active galactic nuclei (AGN), gas
torques can eventually align the orbits of stellar-mass black holes in the nuclear star cluster
with the disk, enabling binary formation via migration and orbital hardening via angular
momentum exchange with the surrounding gas (e.g., [40—45]).

Finally, the formation of BBHs from stellar triples or higher-multiplicity systems
incorporates elements of both isolated and dynamical formation (e.g., [46-50]), where
Lidov-Kozai oscillations induced by the outer object excite significant eccentricity in the
inner binary, leading to efficient orbital shrinking via the emission of bursts of gravitational
radiation [51-54]. Below, we describe the predictions for binary black hole spin magnitudes
and angles for each of these pathways, which are summarized in Figure 1.
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Figure 1. Schematic summarizing the formation of binary black holes via several leading formation
channels: isolated binary evolution including either stable mass transfer or a common envelope phase,
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chemically homogeneous evolution, dynamical formation in clusters, formation in the disks of active
galactic nuclei (AGN), and hierarchical triples. Panels 1-3 are adapted and reprinted from Ref. [21]
with permission from Elsevier.

2.1. Spin Magnitudes

The natal spin of a black hole depends primarily on the efficiency of angular mo-
mentum transport in its massive star progenitor. Black hole spins are typically reported
in terms of a dimensionless spin parameter, x = |Sc/(Gm?)|, where m is the black hole
mass and S its spin angular momentum, which reaches x = 1 for a maximally spinning
black hole but can exceed x ~ 10 for rapidly rotating massive stars [55,56]. Recent astero-
seismic observations suggest that angular momentum transport in low-mass stars is more
efficient than theoretical models based on purely hydrodynamic processes had previously
predicted (e.g., [57-64]). Instead, the magnetohydrodynamical instability known as the
(modified) Tayler—Spruit dynamo provides a viable mechanism to explain this enhanced
efficiency [65-69]. In this process, magnetic torques convert any differential rotation inside
the star to rigid-body rotation, allowing angular momentum to be transported from the
contracting core to the outer layers of the star, which are eventually ejected as the star
evolves. The end result is a slowly-spinning core that collapses to a slowly-spinning black
hole, with natal spins on the order of x ~ 0.01 (x ~ 0.1) for the modified (classic) dynamo
mechanism [68,70,71]. The observation of maximally spinning black hole high-mass X-ray
binaries challenges this picture, as spin-up is not expected to be effective enough over
the short accretion timescales in these systems to achieve such high spins, albeit with
potentially significant uncharacterized systematic measurement uncertainties (e.g., [72]).

Large natal spins are still possible in binary black holes where tidal spin-up is efficient.
This can occur in binaries that form via chemically homogeneous evolution (CHE) from
very massive, low-metallicity progenitors on tight orbits [33-35]. The rotation rates of
the stars become synchronized to the orbital rotation via tidal locking, ensuring efficient
chemical mixing in their interiors, which prevents the development of the core—envelope
structure required for efficient angular momentum transport. However, the pulsational
pair-instability supernova process can facilitate angular momentum loss in the lowest-
metallicity stars undergoing CHE [73,74]. Alternatively, tidal spin-up of the progenitor
of the second-born black hole can occur in post-common-envelope binaries consisting of
a black hole and a Wolf-Rayet star [75-80]. In both cases, the efficiency of tidal spin-up
depends on the binary separation, which, in turn, depends on the metallicity and the
progenitor mass via the efficiency of mass loss from stellar winds, which act to widen
the binary. This implies that the black hole spin will be correlated with redshift (via the
metallicity-dependent cosmic star formation history) and mass [35,74,81]. Tidal spin-up is
not expected to be efficient in binaries that form via SMT, as these generally have larger
orbital separations during the black hole/Wolf-Rayet phase [74,82] (although see Ref. [83]
for tidal spin-up predictions for SMT binaries with unequal masses).

While black holes formed from stellar collapse in dynamical environments are ex-
pected to have small natal spins based on the efficient angular momentum transport
arguments presented above, they can be spun up via accretion from stellar collisions. Re-
cent work has found that up to 40% of black holes in clusters may have spin x 2 0.2 due to
previous stellar collisions, although the exact spin distribution is sensitive to the unknown
accretion efficiency [84]. A subpopulation of high-spin black holes is also expected for
dynamically formed binaries due to hierarchical mergers, where the remnant of a previ-
ous merger is retained in the cluster and goes on to merge again (see [85] for a review).
These second-generation (2G) black holes should have x ~ 0.7 based on conservation
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of angular momentum in the merger of two slow-spinning, approximately equal-mass
black holes [86-88]. The probability of merger remnant retention and, hence, of hierar-
chical mergers depends sensitively on the escape speed of the environment, as the final
black hole produced in a merger receives a recoil kick with velocity vy ~ O(100) km/s,
the magnitude of which depends on the spins and mass ratio of the component black
holes [89-93]. For globular clusters with typical escape velocities ~10-100 km/s, around
~10% of mergers may include a 2G black hole [94]. Mergers including higher-generation
black holes are rare, as 2G black holes are rapidly spinning, which enhances the recoil kick
velocity and reduces the retention probability [95-98]. In fact, recoil kick velocities can
reach v ~ 5000 km/s for some spin configurations, which would lead to ejection from
any host galaxy [99-102]. Meanwhile, mergers including a hierarchical component are
predicted to be an order of magnitude more likely in nuclear star clusters, where escape
velocities can exceed 100 km/s [103-106], and in AGN disks, where nearly all merger
remnants are retained due to the deep potential well of the central supermassive black
hole and the effect of gas damping [45]. Up to ~25-50% of mergers in AGN disks can
include a hierarchical component [45,107,108], and the rate of mergers including at least
a third-generation black hole can exceed the rate of first-generation mergers later in the
AGN lifetime due to the efficiency of repeated mergers in migration traps [44,109,110].

2.2. Spin Orientations

The spins of BBHs formed through isolated binary evolution are expected to be
aligned to the orbital angular momentum due to the effects of tides in the progenitor stars,
which work to align their spin axes to the orbit (e.g., [24,25,28,33,35,111-114]). Moderate
misalignments can be imparted by supernova natal kicks, in which an asymmetric su-
pernova explosion tilts the orbital plane of the binary, misaligning the black hole’s spin
axis [111,115]. The magnitudes and directions of black hole natal kicks are subject to
significant uncertainties; theoretical modeling suggests that the magnitudes should be
suppressed by fallback onto the black hole [116-118], while some black hole X-ray binary
observations are consistent with large ~100 km /s kick magnitudes (e.g., [119-123]). Mean-
while, correlations between the proper motions and spin axes of some pulsars suggest that
neutron star natal kicks may be preferentially oriented along their spin axes [124-127], but it
is unknown whether the same astrophysical processes leading to this correlation would
apply for black holes. Binary population synthesis simulations generally assume that black
hole natal kicks are isotropically distributed, with magnitudes drawn from a Maxwellian
distribution [128-133], and predict black hole spin tilts < 30°, with larger values of the
velocity dispersion leading to larger tilts [134]. The degree of misalignment imparted by
the kick depends primarily on the ratio of the kick velocity to the relative orbital velocity of
the binary components, and on the kick angle with respect to the orbital plane. For binaries
that merge within a Hubble time, the required tight orbital separation at birth implies large
orbital velocities and, hence, small misalignment angles. The kick velocity must be several
times larger than the orbital velocity to achieve a large misalignment, but this increases the
probability of binary disruption. As such, tilts misaligned to the orbital angular momentum
(0 > 90°) are difficult to explain with isolated binary evolution (e.g., [135]). However,
these arguments assume that the black hole inherits the spin direction of its progenitor
star [136], which may not be the case if instead the spin axis is tossed in a random direction
at birth [137], as suggested for neutron stars by the large spin misalignment angles observed
in some binary pulsars [138].

Meanwhile, the spins of black holes formed dynamically in clusters are expected to be
isotropically distributed [37,38,113,139,140], as repeated dynamical interactions scramble
the spin orientations. The hierarchical triple channel uniquely predicts an excess of black
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holes with in-plane spins [47,49,141-143] due to competing precession effects of the inner
vs outer binaries. The spins of the inner binary are initially aligned to its orbital angular
momentum, Liy, as described above for isolated binaries, which must be nearly perpen-
dicular to Loy for mergers facilitated by Lidov—Kozai oscillations. At large separations,
the spin evolution is dominated by the precession of Liy around Loy, so the precession
axis is aligned to Loyt and the angle between the spin vectors and the precession axis is
0y ~ 90°. At small separations, the precession axis gradually aligns to Lin, but fp is an
adiabatic invariant, so the angle between the inner binary spin vectors and the precession
axis—and hence, Li,—is maintained to be perpendicular through the merger of the inner
binary [144].

Finally, the AGN disk channel is expected to produce BBHs with spins either aligned
or anti-aligned to the orbital angular momentum. This alignment occurs through the
stellar-mass analog of the Bardeen—Petersen effect [145]. First, any orbital inclination
with respect to the disk is dissipated, so that the binary orbital angular momentum is
either aligned or anti-aligned to the angular momentum of the accretion disk [146,147].
A circumbinary disk will form around the binary, with minidisks around each black hole,
which exert gas torques to keep the black hole spin aligned to the angular momentum of
the disks [148]. While recent works suggest that the distribution of spin tilts for binaries
formed in AGN disks should favor aligned over anti-aligned binaries, the exact fraction is
subject to considerable modeling uncertainties, affected by the unknown ratio of retrograde
to prograde orbits [149], the role of binary—single encounters [150], and the stability of
retrograde configurations [151,152].

3. Measuring Spin with Gravitational Waves
3.1. The Effect of Spin on the GW Waveform

A quasi-circular compact-object binary is fully characterized by 17 free parameters, 6.
Seven parameters describe the relative position and orientation of the binary with respect
to the observer; these include two parameters for the sky location of the source (right
ascension and declination), the phase and time at coalescence, the luminosity distance
and inclination of the orbital plane relative to the line of sight of the observer, and the
polarization angle. The remaining ten parameters are intrinsic to the binary, including
the masses, tidal deformabilities (which are assumed to be zero for black holes), and spin
vectors of each component, where the more massive component of the binary is called the
primary (m; > mj). The spins are typically parameterized in terms of the dimensionless
spin magnitude, x, a tilt angle with respect to the orbital angular momentum, 6, and two
azimuthal angles, ¢1, and ¢;. Each of these parameters affects the gravitational waveform
observed in the frequency band of ground-based GW detectors, which can be described in
the inspiral regime using the post-Newtonian (PN) approximation (e.g., [153]), providing
an expansion of the general relativistic equations of motion in orders of the velocity of
the moving bodies. Binaries only spend the last few minutes to seconds before merger in
this frequency band, compared to the Myr — Gyr delay times expected between formation
and merger.

Spins have two primary effects on the evolution of a compact-object binary and its
emitted gravitational radiation. If the spins are misaligned to the orbital angular momen-
tum, L, for most parameter configurations, the binary will undergo simple precession [154],
which imprints characteristic amplitude modulations on the waveform, as shown in the
bottom panel of Figure 2. In this case, the spin and orbital angular momentum vectors
precess about the total angular momentum, J, at a frequency that is small compared to
the frequency of the GW radiation. A comparable-mass binary that sweeps through the
band of ground-based GW detectors from ~10 to 500 Hz will undergo O(10) precession
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x10~2

cycles, with most of these precession cycles occurring at low frequencies [155]. The exact
dynamics depend on the relative magnitude and orientation of L and S; when |S| < |L|
or S and L are nearly aligned, the precession cone around J is narrower, leading to less
extreme amplitude modulations in the waveform. The degree of amplitude modulation
of the waveform also depends strongly on the inclination angle of the observer [154,156].
This effect is enhanced for binaries with nearly edge-on inclinations, where the observer
can see both sides of the orbital plane as it oscillates in the extreme case.
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Figure 2. Time-domain gravitational-wave strain for a simulated event with different values of X
(top) and xp (bottom), with all other binary parameters consistent with those inferred for the heavy
BBH merger GW190521. We use the SEOBNRv5SPHM waveform model and a reference frequency of
11 Hz. The vertical lines show the start time of each waveform from a frequency of 6 Hz.

A special case of simple precession occurs when the binary configuration corresponds
to a “spin—orbit resonance”; the two component spin vectors and the orbital angular
momentum vector align to form a 2D plane and jointly precess about J [157]. Rather than
circulating freely, the azimuthal angle between the in-plane projections of the component
spins is restricted to two specific values: ¢1p = £ if 61 > 0 and ¢1p = 0if 67 < 6, [158].
These resonant configurations are more likely to occur in isolated binaries, since the initial
tilt angles must be small but nonzero. Binaries where the heavier black hole forms first
(standard mass ratio) will end up with ¢, = £, since 87 > 60, on average, as the first-
formed black hole experiences two supernova kicks [134,158].

When spin—spin couplings become significant, simple precession is replaced with
generic two-spin precession that includes nutation, in which the polar angle between L
and | oscillates [159]. For some parameter configurations, when [ is small, a nutational
resonance called “transitional precession” occurs, causing the total angular momentum
vector to tumble in space, bringing L and S along with it [160]. While nutation is ex-
pected to be prevalent among isolated binaries [161], the likelihood of observing the GW
emission from a binary undergoing transitional precession is low [154]. In extreme cases,
nutation can result in a complete flip of the black hole’s spin direction with respect to the
orbital angular momentum [162-164]. A related dynamical instability occurs in “up-down”
binaries, where the more massive black hole is aligned to the orbit and the secondary
is anti-aligned [165,166]. Deviations from exact alignment in these “up-down” binaries
lead to an instability that causes such systems to evolve towards the ¢, = 0 spin—orbit
resonance [167].
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Even for binaries with spins (anti-)aligned to the orbital angular momentum, the spin
contributes to the accumulated orbital phase [156]. As illustrated in the top panel of Figure 2,
the merger is delayed for systems with large prograde spins relative to a non-spinning
binary with otherwise identical parameters due to the orbital hangup effect, while for
systems with large retrograde spins, the merger is hastened [168]. The effect on the phasing
is dominated by the contribution of spin—-orbit couplings, which enter the waveform at
1.5 PN order. Spin—spin couplings enter at 2 PN and are generally weak unless the spin
magnitudes are large [153,169]. Both kinds of couplings affect both the phasing and the
precessional dynamics described above.

The leading-order spin correction to the secular inspiral phasing depends only on the
mass-weighted spin components aligned to the orbital angular momentum, which can be
conveniently parameterized as

_ x1cosb1 +gxocosth
Xeff = 1+g

/ (1)

where g = my/m; < 1is the binary mass ratio [170-173]. This parameter enters the GW
phase at 1.5 PN order and is conserved through 2 PN when averaging over the orbital
motion [174],

P15 = (TMF) "3y, 2)

[ (113 76y) 760y 3w
Y= { 1o Aeff T o5 Xa — 5|/ 3)

where x; = (x1c0861 — x2€0862)/2, 6 = (my —mz)/ (my +my), M = (mymy)3/5/ (my +
my)1/5 is the chirp mass, and 7 = g/ (1 + q)? is the symmetric mass ratio. An analogous
quantity has been defined to encapsulate the effects of precession [175],

Xp = max (7(1 sin 6, (M)q)gz sinGz), 4)
although updated definitions that more robustly capture the effects of GW radiation in
higher-order multipoles and variations occurring on the precessional timescale have been
proposed [176,177]. Alternatively, the measurability of precession can be captured via
the precessing signal-to-noise ratio (SNR), by decomposing the waveform into a series of
non-precessing harmonics that beat against each other to generate the amplitude and phase
modulations imprinted by precession [178-180].

3.2. Measurability of Spin in Individual Events

The spins of compact-object binaries are measured using Bayesian inference, by com-
paring the GW strain data to waveforms h(6) from across the parameter space of interest.
Stochastic sampling techniques are used to obtain samples from the posterior probability
distribution on the binary parameters, where the likelihood of observing frequency-domain
strain data d given some choice of binary parameters 6 is given by (e.g., [181,182])

TS, f ©)

- 2|ds — hy(9)[?
L(df|) o« exp [_ff(ﬂl )
where T is the duration of the analyzed data segment and S,, 1 is the detector noise power
spectral density (PSD). Mass priors are chosen based on the properties of each event
identified by the matched-filter search pipelines, which currently cover the sub-solar to

several-hundred-solar-mass regime, with mass ratios 4 < 1/100, although the exact details
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vary between search pipelines and observing runs (e.g., [17,183-186]). Spin priors for
the analyses of individual events are typically assumed to be uniform in magnitude and
isotropic in direction.

In Figures 3 and 4, we show the spin constraints on the individual component spin
magnitudes, tilts, and x. for all of the events in the fourth LVK catalog (GWTC-4) [14]
and the five exceptional events from later in the fourth observing run (O4) [15,187-189]. In
general, the effective spin parameters x.¢ and ), can be measured more accurately than
the component spin magnitudes and angles [190], for which current constraints are weak.
However, measurements of ). are strongly correlated with mass ratio along lines of
constant ¢ (Equation (3)), particularly for low-mass, inspiral-dominated signals with non-
precessing spins [191], although a similar correlation with mass ratio has also been identified
for heavy binaries [192]. Precession effects help to break this degeneracy [193], leading to
improvements in the measurements of both the spins and the extrinsic parameters [194-196],
since both sets of parameters dictate the extent to which amplitude and phase modulations
are discernible in the waveform. Given that |S| dictates the precessional dynamics, spins
are better measured in systems with large spin magnitudes [197].

Spins can also be measured more precisely for unequal-mass systems [198], as the
term in Equation (3) proportional to J vanishes for exactly equal-mass systems. Equal-mass
systems are subject to a labeling degeneracy, where the spins of the more and less massive
black holes cannot be distinguished. Instead, sorting the binary components by their spin
magnitudes [199] or using machine learning methods to determine the optimal sorting
scheme for each event [200] allows for more precise spin posteriors subject to fewer mul-
timodalities. Including the GW radiation in higher-order modes, which is enhanced for
unequal-mass systems viewed at edge-on inclinations, improves both the accuracy and pre-
cision with which spins, and precession effects in particular, can be measured [178,201-204].
Particularly for unequal-mass systems, two-spin effects become difficult to discern, and the
spin of the secondary object is largely unconstrained [190].

Early studies using waveform mismatch calculations suggested that configurations
corresponding to different spin—orbit resonances may be distinguishable amongst them-
selves and from freely precessing systems [205-207], but updated works using modern
waveform models generally find that the spin tilt and azimuthal angles are difficult to mea-
sure [208] with the precision needed to identify resonances, even with large signal-to-noise
ratios [209]. While ¢, can be well constrained in certain parts of the binary parameter
space [210,211], the constraints are improved when measured at a reference frequency
closer to merger, as the waveform is more sensitive to variations in these parameters in this
regime [212].

A few individual BBH events have noteworthy spin measurements, as shown
in Figure 5. GW190412 was the first event with a measurable unequal mass ratio
(g= 0.28f8:%(7])4 and contribution from higher-order modes [213]. The primary object is
confidently constrained to be spinning, with x; = 0.33J_r8:£. More recently, the observa-
tion of the events GW241011_233834 and GW241110_124123 (henceforth, GW241011 and
GW?241110, respectively) provided the strongest evidence of mergers formed hierarchically,
as both of these events have unequal mass ratios and primary spin magnitudes character-
istic of second-generation black holes: g = 0.31f8:83, X1 = 0.781’8:88 for GW241011, and
q= ().421“8:%2, X1 = O.62f8:§1 for GW241110 [187]. Both primary spin vectors are misaligned
to the orbital angular momentum, while likely pointing in opposite directions for the two
events—another indication of dynamical formation.
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Figure 3. Maximum posterior value and highest-posterior density 90% credible interval for the
(a) spin magnitudes and (b) tilts for all the events with FAR < 1/yr from GWTC-4, and the five
exceptional events from later in O4. Events are ordered by the maximum posterior value of the
primary for magnitudes and tilts independently.
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Figure 5. Spin disk plots for exceptional GW events with notable spin measurements: (a) GW190412,
(b) GW190521, (c) GW231123, (d) GW241011, and (e) GW241110. The left (right) hemisphere of each
panel shows the inferred spin of the primary (secondary) object. The radial direction indicates the spin
magnitude and the angular direction of the tilt angle with respect to the orbital angular momentum.
The shading conveys the posterior probability, with regions of higher probability indicated by a
darker color in each plot.

The observation of the event GW231123_135430 (henceforth, GW231123) [188] sug-
gests the presence of a growing subpopulation of high-mass, high-spin events, as it joins
GW190521 in this part of the parameter space [214]. Both of these events broke the record
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for the most massive event at the time of their detection, and both are consistent with the
primary black hole being maximally spinning, with Mot = 242.96 7277 M, x1 = 0.979%
and Mot = 150.1073485 Mo, x1 = 0.95709% for GW231123 and GW190521, respectively.
The spin constraints on these high-mass events and signatures of precession are difficult to
square with the intuition developed in the previous section, which implies that spin infor-
mation is predominantly imprinted in the inspiral, as only the last few inspiral cycles are
detectable for such high-mass events, which are instead merger- and ringdown-dominated
in the band of the LVK detectors.

What drives the spin information for such massive events is one of the active, open
questions in the field. Ongoing work suggests that uncertainties in the spin parameters
do not necessarily increase monotonically with mass [209,215]. For example, large aligned
spins are better constrained for heavy systems than those without significant SNR in the
merger and ringdown. It is also easier to measure spin alignment than precession in heavy
systems [209,215,216]. Noise fluctuations alone are not enough to explain the informative
precession measurement in GW190521 [209,217] or the high masses and spin magnitudes
inferred for GW231123 [218]. For GW190521, the ability to obtain informative measure-
ments of ), instead hinges on the relationship between the inspiral and merger/ringdown
portions of the signal [219] and depends sensitively on the exact six-dimensional spin
configuration [209], while the choice of extrinsic parameters does not have as significant an
effect [219]. Additionally, the short inspiral for such massive systems means that preces-
sion effects can be confused for eccentricity [217,220-222], since waveform models do not
currently include both effects.

Spin inferences are also particularly sensitive to data quality issues. Non-Gaussian,
transient noise artifacts known as “glitches” can bias spin measurements if they overlap
with an astrophysical source [223-225]. For example, the significance of the evidence for pre-
cession in GW200129_065458 varies depending on the glitch mitigation technique [226-228],
and the interpretation of the misaligned spin in GW191109_010717 also depends on
the assumed glitch model [229]. The inference of spin in short, high-mass systems like
GW231123 [230] is particularly sensitive to data quality issues, especially since common
glitch types with similar durations and time—frequency morphologies can masquerade as
massive, high-spin BBHs when fitted with an astrophysical source model [231].

4. The Population of Black Hole Spins

Once posteriors on the binary parameters 6 of each individual BBH event are available,
population-level analyses typically seek to constrain a set of hyper-parameters, A, common
to all events that describe the population-level distributions from which 6 are drawn. Some
binaries are easier to detect than others (like those with large positive x.¢ [232]), so the
observed population is a biased representation of the underlying astrophysical distribution.
The likelihood of observing an ensemble of events with data {d} given hyper-parameters
A accounts for these selection effects [233-235]:

LU IR) = oy [ EUO @R ©

x(A) = / pdet@’)n(mmde, 7)

where 77(6|A) is the population model. In the selection effects correction, a(A) represents
the probablhty of detecting an event drawn from a population with hyper—parameters A,

and pget (0 6) is the probability of detecting an event with parameters 6, which is typically
calculated using a simulated observing campaign [236,237].
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The population models themselves are usually characterized based on the strength
of their assumptions, trading off interpretability for flexibility. Strongly-modeled ap-
proaches include simple phenomenological distributions designed to capture broad fea-
tures (e.g., [238-241]), like the skew normal distribution used to fit the global peak and
extended positive tail in the x.¢ distribution shown in the right panel of Figure 6 [241],
and astrophysically motivated models targeting specific effects, like direct comparisons of
the data against the outputs of population synthesis simulations to infer the common enve-
lope efficiency or mixture fraction between specific formation channels (e.g., [82,242-244]).
Meanwhile, weakly modeled or non-parametric approaches use more generic distributions
like splines [245-247], Gaussian processes [248] and mixture models [249], and binned
histograms [250,251] to let the data speak for themselves. These two approaches together
provide a more complete picture of black hole population properties and can be compared
against each other to identify model misspecification. For example, the increased prob-
ability at large spin magnitudes identified by the flexible spline model shown in the left
panel of Figure 6 suggests that the strongly-modeled Gaussian distribution is insufficiently
flexible to adequately capture this feature.

Given the distinct spin predictions for different binary formation channels described
above in Section 2, population-level measurements of spins have long been regarded
as a promising discriminator between BBH formation channels. Early works using both
Bayes factors [252] and hierarchical inference [239,253] typically predicted that the mix-
ture fraction between channels could be measured using spin orientations (isotropic vs
aligned) with as few as 100 events. If a single channel dominated and spin magnitudes were
large, formation channels could be distinguished with as few as O(10) events [253-255].
Similar optimistic predictions were made for the prospects of distinguishing hierarchical
mergers [256] and using their unique features to measure mixture fractions between chan-
nels [257]. However, we are now in the regime of catalogs including hundreds of events,
and the picture has proven more complicated than these early works imagined.

5]
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Figure 6. Population-level spin distributions for the BBHs in GWTC-4 with FAR < 1/yr [11,258].
The component spin magnitude analyses do not distinguish between the primary and secondary
spins in the binary. The shaded regions bound the 90% credible intervals for each model, and
the solid lines represent the medians. Left: Inferred spin magnitude distribution using a strongly
modeled truncated Gaussian distribution (green) and a weakly modeled B-spline (blue). Middle:
cos @ distribution inferred using a phenomenological mixture model between isotropic and truncated
Gaussian subpopulations (green) and B-splines (blue). Right: x. distribution inferred using skew
normal (red) and truncated Gaussian (purple) population models

4.1. Spin Magnitudes

Strongly modeled approaches using beta distributions [255,259-261] or truncated
Gaussians [11] have found consistent evidence for an excess of small spin magnitudes
among all black holes in compact-object binaries since the first catalog of LVK obser-
vations (GWTC-1), and this has been reinforced with non-parametric analyses of more
recent catalogs [245,246,248] (see the left panel of Figure 6). A complementary picture
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emerges from analyses that fit the population-level distribution of x.¢ instead of x,»
directly, where the global distribution of effective spin peaks at small but positive values,
(Xett) ~ 0.05[11,240,261-263]. One of the open questions in the field is just how small these
spin magnitudes are, and whether there is evidence for a subpopulation of non-spinning
black holes, which has been explored using both the spin magnitude [264-269] and )
distributions [263,270]. These analyses generally find that up to 80% of the BBH population
can be non-spinning, but they cannot rule out the possibility that the entire population
consists of binaries with two spinning black holes.

Most analyses looking at BBH spin magnitudes assume that the spins of the pri-
mary and secondary black hole in each binary are independently and identically dis-
tributed from the same underlying astrophysical distribution. Under this assumption,
the population-level distributions of the spin-sorted spin magnitudes suggest that the more
rapidly spinning black hole in each binary (labeled A rather than 1 for the more massive)
has typical spin x4 ~ 0.4, while the more slowly spinning black hole is consistent with
xB ~ 0[261,269]. However, this assumption has been relaxed in recent analyses to look for
differences across the distributions of x1,,, including those that may be imprinted by singly
spinning binaries as expected for tidal spin-up in systems formed via common envelope
evolution. These works generally find modest evidence for two spin subpopulations: one
with spin magnitudes around x ~ 0.1, and a subdominant population consisting of ~20%
of binaries with x ~ 0.8 [271,272]. While conclusions about the secondary spin distribution
vary based on the model assumptions and dataset [271-273], determining which of the
X1,2 distributions favors higher spins encodes key information about formation channels,
like the contribution of hierarchical mergers where x1 > X2 is expected (see Section 4.3),
and the prevalence of mass ratio reversal in isolated binaries, which would imply that the
more massive black hole formed second from the initially less massive star and was tidally
spun up [268].

Despite the small population of neutron star-black hole (NSBH) mergers, early analy-
ses suggest that the spins of black holes paired with neutron stars may be smaller than those
paired with black holes [274-276]. Since most neutron star-black hole (NSBH) systems
are expected to form via isolated binary evolution [277], the black hole is only expected to
acquire significant spin if it forms second under mass ratio reversal, which may happen in
up to ~20% of such systems [278,279]. A larger population will be required to determine
whether these early indications of small spins are robust, and to begin probing neutron
star-black hole (NSBH) spin orientations.

4.2. Spin Orientations

Spin tilts have typically been fitted with a mixture model between aligned and isotropic
components [239], motivated by the predictions for isolated vs dynamical binaries discussed
in Section 2.2. Recent works that relax the assumption of alignment in phenomenological
models (as shown in the middle panel of Figure 6) have found no evidence for a pref-
erentially aligned subpopulation [280], with a low-significance peak near in-plane spins
instead emerging across both strongly and weakly modeled analyses [11,144,245,246,248].
This excess of in-plane spins can be explained if a significant fraction of BBHs form in
hierarchical triples, but more data will be required to determine whether this is a robust
population feature, as evidence for spurious peaks can be inferred with catalogs of the
current size [281], and its exact properties and significance are model-dependent [282].
Beyond the spin tilt angles, analyses of the azimuthal angles are beginning to reveal hints
of spin-orbit resonances at the population level [283,284]. However, simulation studies
suggest that accurate and precise recovery of spin angle distributions is difficult for popu-
lations consisting of a mixture of aligned and isotropic systems, and that care should be
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taken when interpreting the measured mixture fraction parameter, as its recovery is model-
and population-dependent [281,284,285].

While x.¢ and x are lossy parameters, their population-level distributions also carry
information about spin orientations and are measured more precisely. Regardless of the
population model used, the inferred ), distribution favors more aligned (cos 6 > 0) than
anti-aligned systems [11]. Whether this preference is driven by a peak in the distribution
at positive X values or by a long tail at positive values in a distribution peaked at
Xett = 0 depends on the population model (see the right panel of Figure 6) [240,241,263].
Meanwhile, the x, distribution peaks away from zero, but its inference is more sensitive
to analysis settings governing convergence of Monte Carlo integrals [11,286,287]. Systems
with significant spin misalignments (cos # < 0) have been found to represent ~20-40% of
the population using analyses of both . and cos 8, with implications for the fraction of
BBHs formed dynamically [11].

4.3. Spin Correlations

While the results presented above have assumed that the BBH mass, spin, and redshift
distributions are independent, the formation channels discussed in Section 2 naturally
imply correlations between these parameters, and ignoring such correlations can lead to
bias in the inferred marginal distributions [288]. Two main approaches have been explored
to search for such correlations, evidence for which has been identified since the third LVK
catalog [261]. The first approach explicitly models the dependence of the hyper-parameters
governing one distribution on the other binary parameters. For example, Refs. [289-291]
all allow the mean and width of the X, distribution to evolve linearly with mass and/or
redshift, while Ref. [247] relaxes this assumption and fits the relationship with a spline.
The x.f distribution was found to broaden with redshift, which indicates that BBHs were
born with larger spin in the cosmic past [11,247,291]. Such a trend could be explained by
tidal spin-up—which is more efficient in close binaries that also merge faster at higher
redshifts—by reduced efficiency of stellar winds carrying away angular momentum in
BBH progenitors at low metallicities and high redshifts or by an increasing fraction of
hierarchical mergers at large redshift [70,74,292]. There is also evidence for a correlation
between either the x.¢ mean or width and the binary mass ratio [11,290,293,294], which
could be explained by the AGN channel, in which hierarchical mergers are more common,
and the heavier black hole is more likely to have been spun up and aligned due to accretion
in the disk [149,152].

Another approach involves looking for subpopulations across the mass, spin, and redshift
parameter space with distinct properties (e.g., [295-304]). The GWTC-4 data are beginning
to reveal signatures of three subpopulations: one peaked at 10 M, with a broad range of
mass ratios and small but aligned spins consistent with isolated binary evolution; another
peaked around 30 M, strongly favoring equal mass ratios and isotropically distributed
spins that could correspond to first-generation mergers in clusters [305-308]; and a smaller
subpopulation including both high masses and spins whose properties are more uncer-
tain, which could represent the confluence of multiple subdominant formation channels
including hierarchical mergers, CHE, and formation in AGN disks [309,310]. The low-mass
subpopulation can be explained via the SMT channel [311] or as a consequence of “com-
pactness peaks” in the distribution of progenitor masses that decrease explodability and,
hence, increase the likelihood of black hole formation [297,312-315].

Analyses targeting evidence for hierarchical mergers have employed both approaches,
including mixture models between generational subpopulations [103,266,267,316] and
looking for correlations between the spin distribution and the primary mass [317-319] or
mass ratio [320,321]. Current data hint at the presence of two subpopulations of hierarchical
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mergers: one at low primary masses consistent with GW241011 and GW241110, and another
above the pair instability supernova mass gap around ~45 Mg [322-329], where black
holes are not expected to form from direct stellar collapse [318-320,330]. These hierarchical
subpopulations may have different mass ratio and redshift distributions from the rest
of the population, potentially explaining the observed x.g—mass ratio and x.g—redshift
correlations [292,321].

5. Conclusions and Open Questions

The first decade of gravitational-wave observations has provided a new window into
the spins of stellar-mass black holes. Although expectations based on observations of black
hole X-ray binaries were that black holes in merging compact-object binaries would have
large spins (e.g., [72]), the growing catalog of gravitational-wave sources has revealed
that these objects generally have small spin magnitudes. This makes it more difficult to
obtain precise measurements of the component spins both for individual events and on the
population level. Despite this challenge, gravitational-wave spin constraints have already
provided a bounty of astrophysical insights into the processes shaping the formation and
evolution of compact-object binaries.

The small observed spin magnitudes in most binaries are consistent with the picture
of efficient angular momentum transport in their stellar progenitors. The preference for
positive effective spins suggests that isolated binary evolution dominates among the for-
mation channels, as large misalignments required for negative X, values are difficult to
explain with this channel. However, the evidence for misaligned tilts and negative .
values at the population level indicates that some binaries form dynamically, even if this
channel is subdominant. This picture is corroborated by recent analyses looking for BBH
subpopulations and correlations in the mass—spin—redshift parameter space. Evidence for
hierarchical mergers continues to grow, via both the detection of individual events and
a subpopulation of BBHs with the signature spin of x ~ 0.7 predicted for the remnant of
a previous merger. Meanwhile, tentative evidence for alternative formation channels is
beginning to appear with low significance, like the correlation between BBH mass ratio
and effective spin that can be naturally explained by the AGN channel, or the hint of an
excess of in-plane spins that only the hierarchical triple channel predicts.

In spite of this significant progress in connecting gravitational-wave spin observations
to theory, several open questions remain. One key question revolves around the measura-
bility of spin in high-mass systems, and how precession effects in particular are encoded in
the waveform over only a few inspiral cycles. The ability to measure spin tilts on a popu-
lation level represents another significant open question, as this parameter has long been
heralded as a promising way to distinguish formation channels, but its population-level
measurements are prone to biases and spurious features, even as the population grows.
Finally, the tension between the small spins inferred with gravitational waves and the large
spins observed in X-ray binaries remains unexplained. Significant development will be
required to achieve parity between the understanding of X-ray binary selection effects and
spin measurement systematics compared to the gravitational-wave case, where such errors
are currently subdominant to large statistical uncertainties.

The next decade of gravitational-wave astronomy will see the growth of the catalog
of compact-object binaries by an order of magnitude [331], and the growth of the detector
network to include LIGO-India [332], before next-generation detectors come online to
detect hundreds of BBH mergers per day [333,334]. This increase in detector sensitivity
will facilitate improvements in the spin constraints for individual events (e.g., [335-338]),
which will be detected with increasing SNR. The detection of the astrophysical stochastic
gravitational-wave background of BBH mergers before the era of next-generation detec-
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1

tors will also provide a glimpse into the spin properties of high-redshift sources that are
individually undetectable [339], allowing us to better constrain population-level correla-
tions. These advances will provide a sharper view of the spins of black holes in merging
compact-object binaries, revealing a concordant picture of their formation and evolution.
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Abbreviations

The following abbreviations are used in this manuscript:

04 Fourth observing run
BBH Binary black hole

LVK LIGO-Virgo-KAGRA
PN Post-Newtonian

SNR Signal-to-noise ratio
GW Gravitational wave
PSD Power spectral density
CHE Chemically homogeneous evolution
AGN  Active galactic nuclei
SMT Stable mass transfer

2G Second-generation
NSBH Neutron star-black hole
FAR False alarm rate

The exact number of sources depends on the threshold used to distinguish significant events, with recent catalogs typically using

false alarm rate (FAR)< 1/ yr.

While black holes may also be charged, astrophysical black holes are expected to be effectively neutral due to interactions with

surrounding plasma (e.g., [4]).

In the late stages of the preparation of this manuscript, the LVK collaboration released their fifth catalog, GWTC-5, including over

100 new BBH events [16-20]. This review focuses on the population of GW black holes reported in GWTC-4 and exceptional
events from later in O4, but the general spin trends discussed here are robust in GWTC-5 data.

Reported quantities in this work are the maximum posterior value with highest-posterior density 90% credible interval unless
otherwise noted.
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