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The lower mass gap spans approximately 2.5 to 5 M⊙ and represents a region in the compact object mass spectrum that is not yet
fully understood. However, with recent LIGO-Virgo-KAGRA gravitational-wave observations, the lower mass gap has populated
with several new candidate events, offering new opportunities to investigate the formation mechanisms of these complex compact
objects. This study analyses the effective inspiral spin parameter χeff for the gravitational-wave merger events containing at least
one component within the lower mass gap, using posterior samples from the GWTC-3 catalogue. I find that the population mean
effective spin is consistent with zero (µ = 0.028+0.069

−0.049), indicating predominantly isotropic spin orientations. This result suggests
a preference for dynamical assembly formation channels over isolated binary evolution, as the latter typically form preferentially
aligned positive spins values. The isotropic spin distribution implies that these compact objects are formed through gravitational
encounters in dense stellar environments such as globular clusters or nuclear star clusters. These findings further contribute to
resolving the nature of the lower mass gap and provide observational constraints on compact object formation pathways. While
the sample size limits statistical precision, the results are consistent with theoretical predictions for dynamically assembled
binaries.

Introduction

Black holes are dense remnants left behind by the collapse
of massive stars1. Their defining characteristic of an event
horizon prevents light from escaping, meaning that they must
be observed through their effects on surrounding matter and
spacetime. For decades, compact objects have been identified
through X-ray binaries, where a black hole accretes matter
from a companion star, producing X-rays emission2,3. The-
oretical models and recent observations have shown that com-
pact objects fall into several broad populations. The common
groups are white dwarfs with masses up to 1.4 M⊙ (Chan-
drasekhar limit), neutron stars with an approximate mass be-
low 2.5 M⊙ , and black holes of varying masses depending
on their formation and evolution history. While white dwarfs
are common, the current gravitational-wave detectors are not
sensitive to their merger signatures. The nature of the lower
mass gap between 2.5 to 5 M⊙ range is uncertain. Fryer &
Kalogera4 suggested two possible reasons for this mass gap:
a physical origin involving the mechanisms of collapsing su-
pernovae that fail to produce a remnant within the range, or
a selection bias against the identification of low-mass black
holes. The true origin of the lower mass gap is yet to be con-
firmed. However, the developing technology of gravitational-
wave detection offers a new opportunity to observe and inves-
tigate these compact objects.
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Unlike X-ray surveys, gravitational-wave detectors such as
LIGO5and Virgo6 can detect the merger of compact objects
regardless of their electromagnetic output. Several events with
at least one black hole falling into the mass gap have been
observed and are now listed in the Gravitational Wave Open
Science Center (GWOSC) catalogue7–9. These observations
provide an alternative means to determine whether such com-
pact objects exist and, if so, the origins of their formation.
In the case that such compact objects exist, two main forma-
tion channels are thought to dominate current models. The
first formation channel, isolated binary evolution, occurs when
two gravitationally bound compact objects form and evolve
together in a binary system. Over time, these stars undergo
processes such as mass transfer, common-envelope evolution,
or supernova explosions, eventually leaving behind two com-
pact objects of either a black hole or neutron star. The system
evolves in isolation and is not significantly affected by exter-
nal forces. Thus, the spins of the objects remain aligned with
the orbital angular momentum, leading to positive effective in-
spiral spin values10. The effective inspiral spin is a parameter
that measures the mass-weighted alignment of the component
spins with the orbital axis, indicating whether the spins are
more aligned or randomly oriented. Conversely, dynamical
assembly occurs in denser stellar environments such as glob-
ular clusters or galactic nuclei. In these regions, black holes
and other compact objects frequently interact and undergo a
series of mass transfers or mergers. After many interactions, a

© The National High School Journal of Science 2026 | 1



final binary system forms. Unlike the isolated binary system,
these binaries have component spins that are randomised due
to the various interactions. Thus, effective inspiral values are
expected to be symmetrically distributed around zero11,12.

The effective inspiral spin, χeff, is a valuable parameter for
distinguishing between binary black hole formation channels.
It is defined as

χeff =
m1χ1 · L̂+m2χ2 · L̂

m1 +m2

where m1 and m2 are the primary and secondary component
masses, χ⃗1 and χ⃗2 are the dimensionless spin vectors of each
black hole with magnitudes between 0 and 1, and L̂ is the unit
vector along the orbital angular momentum of the system.

This measurement can be defined as the mass-weighted pro-
jection of the individual spins onto the orbital axis, which ef-
fectively captures the degree of spin alignment in the system.
The distribution of χeff within a population is what provides
key information about its formation history. Binaries that are
formed through isolated binary evolution are likely to have
spins aligned with the orbit, which results in larger positive
χeff values13. On the other hand, dynamically assembled bi-
naries have spin orientations are randomised by the dense stel-
lar environment, exhibiting distributions symmetric around
zero11. Thus, comparing the χeff distributions for mass-gap
mergers and the broader black hole population offers a way
to constrain the astrophysical processes responsible for their
formation.

This study focuses on identifying and analysing
gravitational-wave merger events with at least one com-
ponent mass within the 2.5 to 5 M⊙ range. The study seeks
to provide a systematic comparison of χeff distributions for
mass-gap mergers relative to those of higher-mass black hole
binaries. This work therefore contributes to the ongoing
effort to understand how the compact objects of the lower
mass gap form, helping to clarify whether their presence
points to unusual stellar evolution or alternative astrophysical
processes.

Previous gravitational-wave catalogues have already pro-
vided valuable insights into black hole populations and spin
characteristics. The first catalog, GWTC-114, reported many
binary black hole mergers with effective inspiral spins clus-
tered near zero, suggesting predominantly isotropic spin ori-
entations consistent with dynamical formation scenarios. The
GWTC-2 catalog15expanded the sample events and again
showed that most binaries exhibit low spin magnitudes,
though a few events had minimal spin alignment. With the re-
lease of GWTC-316, more candidate events were introduced,
some with component masses in the lower mass gap. This
provided the statistical evidence that compact objects in this
range exist, creating an opportunity to investigate their prop-
erties further. This motivates the present study, which aims

to investigate the spin properties of mass-gap black holes to
better understand their astrophysical origins.

Previous Works

The spin distributions of merging black holes have been a key
focus of gravitational-wave population studies. As mentioned
previously, analyses of GWTC-114and GWTC-215 found that
most binaries have effective inspiral spin parameters (χeff)
consistent with zero, implying largely isotropic spin orienta-
tions and supporting dynamical assembly in dense stellar envi-
ronments. However, there were still events with small positive
values, suggesting instances of isolated binary evolution with
weak alignment. The existence of compact objects within the
lower mass gap has been investigated by several authors. Gay-
athri, V. et al17 investigated hierarchical black hole mergers, a
merger where at least one of its black holes was formed from
a previous merger. Using Bayesian analysis, it was found that
GW170817A had high mass and spin that strongly favoured
the scenario.

Theoretical studies have also explored how different for-
mation channels affect spin distributions. Rodriguez et al.18

demonstrated that dynamically assembled binaries in globu-
lar clusters should exhibit spin orientations that are isotropic,
producing χeff values symmetrically distributed around zero.
It modelled how black holes in dense star clusters can undergo
repeated mergers, forming increasingly massive “second-
generation” black holes. This was done through 96 dynam-
ical model simulations with varying initial spin assumptions.
The results highlight that the observed mass and spin distri-
butions of gravitational-wave sources depend strongly on the
birth spins of stellar-origin black holes. In contrast, isolated
binary evolution models predict preferentially aligned spins
and positive χeff values. Despite these advances, few stud-
ies have focused specifically on the spin properties of binaries
containing lower mass-gap components. Therefore, this study
aims to extend previous analyses by systematically compar-
ing the effective inspiral spin distributions of lower mass-gap
mergers, providing new insight into their formation pathways.

Observational data

The analysis uses the publicly available posterior samples
from the GWOSC catalogue,7–9 extracting the component
mass and χeff data for each event. The chosen samples were
from the most up-to-date GWTC-3 releases19 . To construct
the dataset, all events from the GWTC-3 catalogue were first
searched for component masses within the range of 2.5 to 5
M⊙ . The extended upper limit was chosen to ensure that po-
tential mass-gap candidates with larger measurement uncer-
tainties were not prematurely excluded. This range captured
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systems whose credible intervals overlap with the real lower
mass gap.

For each candidate, the probability of each component mass
lying within the real lower mass gap was then computed by
dividing the number of posterior samples within the range by
the total number of samples. Events with at least one com-
ponent having a posterior probability greater than 40% were
retained. The 40% threshold was selected as a compromise be-
tween a lower threshold that risks admitting events with neg-
ligible prominence in the gap and a high threshold that would
exclude events with posterior distributions that are only par-
tially overlapped due to measurement uncertainty. Alternative
thresholds between 20% and 60% were also tested. Below a
40% threshold admitted events with large uncertainties, whilst
higher thresholds further reduced an already limited sample
size and left too few events to support meaningful conclusions.
Therefore, the 40% threshold was a practical balance. This
criterion was necessary as many events in the catalogue had
large bounds of uncertainties for several events.

In total, nine events met all the criterias and were included
in the final analysis. Table 1 lists each selected event, the com-
ponent masses, and the probability of each component lying
within the mass gap.

Event Mass 1 Mass 2 P(Mass 1) P(Mass 2)
GW190814 211039 23.3 2.6 0.000 0.925
GW200210 092254 24.1 2.83 0.000 0.896
GW190821 124821 8 3.9 0.017 0.745
GW190704 104834 5 (-2) 3.1 0.084 0.689
GW190920 113516 4 (-3) 2.8 0.156 0.589
GW190910 012619 34 3.2 0.000 0.580
GW190924 021846 8.8 3.5 (-1.5) 0.000 0.433
GW190930 133541 18 5 0.001 0.403
GW230529 181500 3.6 1.4 0.923 0.000

Table 1

Methodology

This study investigates the formation channels of binary black
holes within the lower mass gap using gravitational-wave ob-
servations. I analyse the publicly available data from the
GWTC released by the LIGO–Virgo–KAGRA (LVK) collab-
oration5,6,20. The analysis focuses on the component masses
and the effective inspiral spin parameter, χeff, which is sensi-
tive to the alignment of black hole spins and provides a key
diagnostic of formation pathways.

The population distribution of χeff for mergers in the lower
mass gap is inferred and compared with theoretical predic-
tions for different black hole formation channels21. For each
selected event in the GWTC, posterior samples {χ

(i)
eff} indexed

by i are used. The population distribution of χeff is modeled

as a Gaussian with mean µ and standard deviation σ , which
are the parameters to be inferred. A uniform prior on µ over
[−1,1] and a half-normal prior on σ , corresponding to a nor-
mal distribution with mean zero and unit variance truncated to
positive values. Assuming the population distribution is Gaus-
sian, the likelihood of the selected GWTC events is

L ({χ
(i)
eff} | µ,σ) = ∏

i
L (χ

(i)
eff | µ,σ)

= ∏
i

1
Ni

∑
j

L (χ
(i, j)
eff | µ,σ)

where independence of events implies a product over i. The
final expression leverages posterior samples: the likelihood
for each event is estimated by averaging over its Ni posterior
samples, with χ

i, j
eff denoting the jth sample of the ith event.

Finally, I have that the likelihood of a single posterior sample
is

L (χ
(i, j)
eff | µ,σ) =

1
σ
√

2π
exp

[
−
(χ

(i, j)
eff −µ)2

2σ2

]
Thus, µ denotes the population mean of the effective spin,

with µ > 0 indicating preferential alignment, µ < 0 anti-
alignment, and µ ≈ 0 consistency with isotropy. The param-
eter σ captures the dispersion: small values imply a tightly
clustered χeff distribution, while large values indicate greater
variability in χeff. I sample the posterior distribution of (µ,σ)
using the Markov Chain Monte Carlo (MCMC) algorithm
implemented in emcee22. To assess convergence, I com-
pute the Gelman–Rubin diagnostic R̂ for both parameters23.
This statistic compares the variance between multiple Markov
chains to the varience within each chain (between-chain and
within-chain). Values that are close to unity indicate that the
chains have mixed well and are sampling from the same pos-
terior distribution. Traditionally, R̂ < 1.1 has been considered
sufficient for convergence, but more recent works recommend
a more stringent threshold of R̂ < 1.01 to ensure robust mix-
ing23. Therefore, I used R̂ < 1.01 as the convergence criterion
for both parameters.

Results

The primary aim of this work was to investigate the distribu-
tion of the effective inspiral spin parameter χeff in compact
object mergers containing at least one component within the
lower mass gap range of 2.5 to 5 M⊙ . Using posterior samples
from the GWTC-3 catalogue19, I applied population-level in-
ference to estimate the mean (µ) and standard deviation (σ ) of
χeff across this subset of events. The histogram of the inferred
mean χeff —denoted µ —indicates that the population mean
is consistent with zero within statistical uncertainties:

µ = 0.028+0.069
−0.049, σ = 0.094+0.190

−0.061
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Fig. 1 Histogram showing the distribution of effective inspiral spin
parameter for compact objects in the lower mass gap. The distribu-
tion appears to be centered near zero, consistent with isotropic spin
orientations.

Fig. 2 Split histogram showing each sampled event.

In this analysis, the population distribution of the effective
inspiral spin parameter χeff is modelled as a Gaussian with
mean µ and standard deviation σ . This choice is not intended
to provide an exact physical description of the underlying spin
distribution. In realistic astrophysical scenarios, different bi-
nary formation channels may produce χeff distributions that
are intrinsically skewed or uneven. However, the present sam-
ple contains only a small number of merger events with at least
one component in the lower mass gap, and individual mea-
surements have substantial posterior uncertainties. As a re-
sult, introducing additional shape parameters would be weakly
constrained and susceptible to overfitting. Additionally, when
posterior samples from the many independent events are com-
bined, event specific asymmetries are effectively marginalised
over. In this regime, the aggregated population likelihood is

Fig. 3 Corner plot showing the two-dimensional posterior distribu-
tion of the population parameters µ and σ for the effective inspi-
ral spin. The contours reveal a mild degeneracy between the mean
and standard deviation parameters. This is an important result, as
χeff ≈ 0 is a hallmark of isotropic spin-orbit orientations, which
are more typical of dynamically assembled systems than of binaries
formed through isolated stellar evolution11. Additionally, the two-
dimensional posterior distribution of µ and σ reveals a mild degener-
acy. As µ increases, σ tends to decrease, and vice versa. The corner
plot illustrates this behaviour clearly, with contour lines enclosing
progressively higher percentages of posterior probability. The con-
tours themselves are relatively symmetric, suggesting that the degen-
eracy is modest but still present.

expected to be smooth and approximately symmetric. For this
reason, a Gaussian approximation can be justified. This rea-
soning is consistent with expectations from the Central Limit
Theorem and applies to the combined population inference
rather than to individual event posteriors. An inspection of in-
dividual events highlights certain outliers. One merger event
exhibits a posterior peaked near χeff ≈ −1 (the pink event in
the figures). Given that χeff = −1 corresponds to maximally
anti-aligned spins, such a configuration is impossible to pro-
duce in isolated binary evolution scenarios, where forces and
mass transfer tend to align spins with the orbital angular mo-
mentum13. Instead, this event is most naturally explained as
the product of a dynamical capture in a dense stellar environ-
ments such as a globular cluster or nuclear star cluster12.

At the other extreme, events with χeff close to +1, though
less common in the subset, would strongly suggest isolated bi-
nary formation, as they imply nearly maximally aligned spins.
Only a single event falls near +1. This event is GW190920
and has component masses of 7 and 2.8. This event could po-
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tentially be a case of isolated binary evolution and an anomaly.
However, there is also the possibility that it is an extreme case
of dynamical assembly. To assess this quantitatively, I esti-
mated the probability of obtaining similarly large values of
χeff under the isotropic spin distribution. Using the posterior
samples of GW190920, the probability of exceeding posterior
median was found to be 9.89%, while the probability of ex-
ceeding a 90% lower bound was approximately 47%. These
values χeff ≈ 0 that this event is not statistically rare under
isotropic spin assumptions. Therefore, there is not enough ev-
idence to unequivocally support one formation channel. Nev-
ertheless, the majority of events cluster near 0 reinforcing the
interpretation of isotropic spin distributions.

Resampling

The credible intervals on the parameters µ and σ are relatively
wide compared to their mean values and reflect the limited
number of events in the lower mass gap. To assess the sensitiv-
ity of the inferred trends to individual events’ uncertainties, a
jackknife resampling analysis was performed. In this test, the
population inference was repeated multiple times, each time
removing a single event recalculating the parameters µ and σ

using the remaining samples.

Excluded Event µ σ

GW190814 211039 0.67505960 0.32221158
GW200210 092254 0.03947047 0.36428733
GW190821 124821 -0.00299713 0.35695343
GW190704 104834 0.03070033 0.18982736
GW190920 113516 0.02682440 0.25389265
GW190910 012619 -0.00350918 0.18411201
GW190924 021846 0.05340567 0.20360489
GW190930 133541 0.00501970 0.28543173
GW230529 181500 0.13190350 0.22058217

Table 2

The jackknife results indicate that the inferred value of µ

is moderately sensitive to the exclusion of individual events.
While the majority of jackknife realisations yield µ val-
ues clustered near zero, one resampled dataset, exclusion of
GW190814 211039, produces a substantially larger value of
µ , indicating that the single event carries a larger leverage
compared to the other. Nevertheless, the full-sample estimate
of µ remains small and consistent with zero within its credi-
ble interval. The inferred population width σ exhibits a larger
relative variation across the jackknife samples, as expected
given the small sample size. This behaviour suggests that
while the precise value of µ is weakly constrained, the over-
all scale of the population width is not dominated by a small

subset of events. Importantly, removing events with posterior
support near extreme χeff values does not qualitatively alter
the inferred population parameters. This demonstrates that
such events do not exert a disproportionate influence on the
population-level inference, as seen by the figures 4-12. There-
fore, the jackknife resampling provides a consistency check,
confirming that the inferred population trends are robust to the
exclusion of any single merger.

Considering these results, individual events with χeff val-
ues near ±1 should be interpreted with caution. Their pos-
terior distributions remain broad, and their credible intervals
typically include substantially lower absolute values of χeff.
While such events are consistent with specific formation sce-
narios, including dynamical assembly or isolated binary evo-
lution, the present data do not allow them to be classified
as physically distinct outliers rather than statistical variations
within a small sample. Overall, the jackknife resampling sup-
ports the conclusion that the population mean µ is consistent
with zero within current uncertainties, while highlighting that
larger samples will be required to more tightly constrain the
population width and to assess the physical significance of ex-
treme χeff events.

Discussion & Analysis

Implications and Significance

The central implication of a population mean χeff consistent
with zero is that the average individual spin orientations in
these mergers are isotropic. This is a critical distinction be-
tween formation channels:

• Isolated binary evolution tends to produce aligned spins
(χeff > 0) because both stars originate from the same
molecular cloud and experience tidal alignment before
collapse16.

• Dynamical assembly (e.g., in globular clusters, nuclear
star clusters) produces isotropic spin distributions, as
measured, as the binary components are brought together
through numerous random gravitational encounters11,12.

The observed isotropic distribution observed in the results
implies that majority of the compact objects in the lower mass
gap originate from dynamical assembly. Dynamical assembly
inherently requires a pre-existing population of black holes in
a dense environment. These black holes eventually undergo
gravitational encounter, causing the mergers. While the in-
ferred population mean χeff is consistent with zero, this re-
sult does not uniquely imply isotropic spin orientations. Low
values of χeff arise from a fundamental degeneracy between
spin orientation and spin magnitude. In particular, binaries
with nearly aligned spins but small spin magnitudes would
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