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Abstract
Gravitational-wave (GW) detections have significantly enhanced our understanding of
the universe, opening a new observational window onto extreme astrophysical phenomena.
The majority of these signals have been from binary black hole mergers, providing
unprecedented opportunities to test general relativity in strong gravity and highly
dynamic regimes. The groundbreaking observation of the first binary neutron star
merger, GW170817, initiated multi-messenger astronomy with GWs, offering insights into
heavy-element production through r-process nucleosynthesis and constraining the nuclear
equation of state. Neutron star–black hole (NSBH) binaries, consisting of a neutron
star orbiting a black hole, further expand this multi-messenger potential. In addition,
the pronounced mass asymmetry in NSBH systems activates higher-order harmonics in
the GW signal, significantly enhancing the estimation of binary parameters compared
to more symmetric binary systems. This dissertation demonstrates how these unique
characteristics position NSBH mergers as critical sources for multi-messenger astronomy,
inferring astrophysical properties and cosmological parameters.

We first evaluate the detectability and parameter estimation precision of NSBH
mergers, highlighting how improvements in detector sensitivity and network configurations
will enable unprecedented measurements of the properties of these compact binaries.
Next, we delve deeper into the multi-messenger implications by examining prospects
for detecting electromagnetic counterparts, specifically kilonovae, accompanying GW
detections. Our findings illustrate that next-generation GW observatories will facilitate
timely follow-up of kilonovae from these mergers, and that these kilonovae will be
detectable by advanced telescopes such as the Vera C. Rubin Observatory and the Nancy
Grace Roman Space Telescope.

Precise estimation of binary properties also allows us to constrain the formation and
evolution of NSBH mergers. We discuss methods to distinguish between different forma-
tion scenarios using GW observables and population synthesis modeling. Demonstrating
their applicability, we apply these methods to GW230529 and effectively rule out certain
formation channels discussed in the literature. Moreover, we highlight how precise spin
measurements of neutron stars in NSBH binaries can provide further insights into their
formation histories.

Finally, we quantify the cosmological potential of NSBH mergers, particularly as “gray
sirens”—sources combining elements of dark and bright sirens. We project the ability
of NSBH binaries detected by future detector networks in resolving the Hubble tension,
showing that these systems can help constrain Hubble-Lemaître constant with better than
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2% precision within the next ten years. This underscores the substantial impact of NSBH
mergers as powerful complementary tools for cosmological measurements, leveraging both
precise distance measurements and enhanced localizability enabled by electromagnetic
counterparts.

Overall, this dissertation establishes NSBH mergers as pivotal astrophysical and
cosmological tools, highlighting their unique contributions to GW astronomy, multi-
messenger astrophysics, and precision cosmology, and setting a foundation for future
theoretical and observational exploration.
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Chapter 1 |
A new sound in the cosmos

Somewhere, something incredible is waiting to be known.
— Sharon Begley1

Astronomy, at its core, is the science of observation. From Hans Lippershey submitting
the first patent for a telescope and Galileo Galilei pointing his telescope skyward, humanity
embarked on a profound journey to decode the Universe using electromagnetic (EM)
signals—light, in all its forms. Over centuries, visible starlight guided us from our
own celestial neighborhood, revealing planets, stars, and nebulae, to distant galaxies
stretching the scale of the observable cosmos. Each advancement in observational
technology enriched our understanding of known phenomena and consistently surprised
us with unexpected revelations.

In the past century, astronomy underwent a profound transformation as observa-
tional capabilities expanded dramatically across the entire EM spectrum, far beyond
visible light. Each new observational band—radio, infrared, ultraviolet, X-ray, and
gamma-ray—opened fresh windows into the cosmos, uncovering phenomena invisible to
traditional optical telescopes. Radio astronomy, pioneered in the 20th century, enabled
the serendipitous discovery of cosmic microwave background radiation [10], confirming
the Big Bang model of the Universe, while also discovering radio pulses from magnetized
and rapidly rotating neutron stars (called pulsars) [11]. Infrared astronomy allowed the
study of celestial objects obscured by interstellar dust, uncovering exoplanets [12] as well
as young stars in star clusters [13]. Ultraviolet and X-ray astronomy offered insights into
energetic phenomena, such as hot young stars, active galactic nuclei [14, 15] and binaries
of black holes and neutron stars [16], whereas gamma-ray observations helped examine
extreme astrophysical events, like supernovae [17] and mergers of neutron stars [18].

The 21st century has marked the emergence of a groundbreaking astronomical probe—
gravitational waves (GWs). First predicted by Einstein in 1916 [19, 20], GWs are

1This quote is often misattributed to Carl Sagan [9].
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perturbations in spacetime that propagate at the speed of light. To understand how they
are produced, let us consider an analogy with EM radiation. EM radiation originates
from time-varying multipole moments of a charge distribution. As the monopole moment
of the distribution equals the total charge, which is strictly conserved, monopole EM
radiation is forbidden. Thus, at leading order, EM radiation is dipolar. Similarly, in
GW generation, the gravitational monopole moment corresponds to the total mass and
is conserved. However, unlike electromagnetism, the gravitational dipole moment is
also conserved, as a direct consequence of linear momentum conservation. Therefore,
GW emission requires the mass-energy distribution to possess at least a time-varying
quadrupole moment.

The passage of GWs manifests physically as a stretching and squeezing of spacetime
itself. Consider two freely-falling test masses initially separated by a certain distance: the
effect of a passing GW would periodically alter this separation, providing a measurable
signature of GW perturbations. It was precisely through the detection of such minute
spatial distortions that the Laser Interferometer Gravitational-Wave Observatory (LIGO)
achieved the first direct detection of GWs on September 14, 2015 [21]. With GWs, we
had discovered a new sense; we could now “listen” to the universe in addition to looking
at it!

1.1 Listening to the universe with GWs
To quantify these spatial distortions, we utilize Einstein’s quadrupole formula [20], which
expresses the GW metric perturbation hij (in the transverse-traceless gauge) as directly
proportional to the second time derivative of the mass quadrupole moment Qij:

hij = 2G
c4

1
D

d2Qij

dt2
, (1.1)

where G is the gravitational constant, c is the speed of light, and D is the distance
between the GW source and the observer.

To estimate the amplitude of GWs emitted from a binary system, consider a binary
with total mass M , orbital separation r, orbital velocity v, and orbital frequency ω.
By employing dimensional analysis, we approximate the mass quadrupole moment as
Qij ∼ Mr2, and its second time derivative as d2

dt2 ∼ ω2. Using Kepler’s third law, the
orbital separation is related to the frequency by r = (GM/ω2)1/3. Hence, the GW
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amplitude can be approximated as:

|hij| ∝ G

c4
1
D
Mr2ω2 ≈ 10−22

(
100 Mpc

D

)(
M

1 M⊙

)5/3 (
ω

100 Hz

)2/3
. (1.2)

This shows that GW amplitudes, representing fractional changes in the separation of
test masses, are extremely small. The amplitude is larger for binaries that are more
massive than the Sun, orbiting at frequencies around 100 Hz. Such high-frequency and
high-mass systems imply orbital separations thousands of times smaller than the Sun’s
radius, achievable only in binaries consisting of compact objects like neutron stars (NSs)
and black holes (BHs).

LIGO detectors employ 4 km long Michelson-Morley-type laser interferometers to
measure these minuscule fractional changes in length induced by passing GWs [22–24].
The first direct detection, event GW150914 [21], originated from the merger of a binary
black hole (BBH) system with a total mass of approximately 65 M⊙ located around
450 Mpc away. Remarkably, this event corresponded to measuring a GW amplitude of
O(10−20), translating into an actual displacement of the interferometer arms of O(10−16)
meters. Subsequently, the first binary neutron star (BNS) merger, GW170817 [25],
observed jointly with the Virgo detector in Italy [26, 27], was confidently linked to
short gamma-ray bursts (SGRBs) and kilonovae (KNe) [18,28,29], firmly establishing
these mergers as sources of heavy element nucleosynthesis through the r-process [30,31],
thus heralding the era of multimessenger astronomy (MMA). Since these landmark
detections, nearly one hundred compact binary mergers have been observed by the
global network of GW detectors, leading to stringent tests of general relativity [32],
precise measurements of compact binary population characteristics [33], constraints on
cosmological parameters [34], and insights into the NS equation of state (EOS) [35].

To achieve precise GW measurements, signals must overcome various noise sources
inherent to ground-based detectors. These noise contributions include anthropogenic
disturbances, seismic vibrations, thermal fluctuations, shot noise, gravity gradient noise,
and quantum effects (see Ref. [36] for a review). Collectively, these noise sources limit
detector sensitivity, thus restricting the distance and fidelity at which compact binary
mergers can be observed.

Despite these limitations, GW observations enable us to address fundamental questions
spanning multiple scientific disciplines. These include testing general relativity, studying
relativistic astrophysics, advancing nuclear physics, exploring dark matter candidates, and
investigating cosmology and physics beyond the standard model. Such broad scientific

3



Figure 1.1: The ASDs for the proposed advancements to the current detectors as well as
for the planned XG detectors. We also include the ASD for the aLIGO sensitivity for
comparison.

reach is possible only if GWs offer observational access to diverse astrophysical and
cosmological regimes. Examples include BBH mergers from epochs when the universe
was forming its earliest stars, BNS mergers from beyond redshifts corresponding to the
peak star-formation era, and stochastic GW backgrounds generated in the primordial
universe [37,38].

To fully exploit the transformative potential of GW astronomy, enhancing the sen-
sitivity and scale of GW detectors is crucial. Toward this goal, several technological
advancements and next-generation (XG) ground-based GW observatories have been
proposed:

• A+ sensitivity [39, 40]- The LIGO detectors at Hanford, Livingston, and the
planned detector in Aundha, India [41] (referred to in this chapter as LIGO-India
or LIGO-I), the Virgo detector in Italy, and the KAGRA [42–44] detector in Japan
are expected to upgrade to A+ or similar sensitivities, with lower quantum noise
and thermal coating noise, improving the aLIGO sensitivity by about 50%. The
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A+ sensitivity increases the range for BNS detection to 1.9 times and BBH sources
to 1.6 times that achieved by the aLIGO detectors.

• Voyager/A♯ sensitivity [45,46]- The original Voyager upgrade intends to improve
the aLIGO sensitivities by about 2 to 4 times. This is accomplished by reducing the
quantum shot noise and using cryogenically cooled test masses with an amorphous
silicon coating that reduces the thermal noise associated with the mirrors. The A♯

technology, on the other hand, achieves similar improvement in sensitivity while
keeping the test masses at room temperature, but using heavier test masses and
improved coating and quantum squeezing.

• Cosmic Explorer [47–49]- The Cosmic Explorer (CE) project refers to the
proposed next-generation XG L-shaped detector design with 40 km arms, i.e., 10
times the size of the current LIGO detectors. Due to the scaled-up length of the
arms, CE detectors result in O(10) − O(100) improvement in sensitivity, depending
on the frequency, as compared to A+. Currently, there are several proposals for
the configuration of the CE detectors, including the option of having just one of
the two detectors, or having two detectors such that the second detector is smaller
with 20 km arms instead, which can be tuned to BNS post-merger signals.

• Einstein Telescope [50, 51]- Einstein Telescope (ET) is the proposed XG un-
derground detector in Europe with three detectors placed along the vertices of
an equilateral triangle of side 10 km. The detectors are planned to have a xylo-
phone design with each side containing two interferometers. With the longer arms,
triangular-xylophone design, and measures to suppress fundamental noise sources,
ET is expected to have sensitivities similar to CE.

The amplitude spectral densities (ASDs) characterizing the noise budget corresponding
to these enhancements have been plotted in Fig. 1.1.

1.2 Turning GW data into science
The GW strain measured by interferometers encodes rich information about the properties
of the emitting binary. Since the detectors are sensitive to both the amplitude and the
phase of the incoming signal, it is possible to infer the physical parameters of the binary
by analyzing the detected waveform. In this section, we examine how the amplitude and
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phase of the GW depend on the binary parameters, and outline the techniques used to
extract these parameters from the observed data.

1.2.1 Why can we extract binary parameters from GWs?

In general relativity, a propagating GW possesses two independent degrees of freedom.
In the transverse-traceless gauge, the strain projected on the plane orthogonal to the
propagation direction can be written as

hab =
h+ h×

h× −h+

 , (1.3)

where h+ and h× represent the two GW polarizations. In a chosen coordinate basis êx

and êy on the transverse plane, one can define the polarization tensors as

e+ = êx ⊗ êx − êy ⊗ êy, (1.4)

e× = êx ⊗ êy + êy ⊗ êx, (1.5)

such that the strain tensor can be decomposed as h = h+e+ + h×e×. Under a rotation
of the coordinate system by an angle θ, the polarizations transform as

h′
+ = cos 2θ h+ + sin 2θ h×, (1.6)

h′
× = − sin 2θ h+ + cos 2θ h×. (1.7)

A rotation by π/4 thus interchanges the two polarization states, demonstrating the
quadrupolar character of gravitational radiation.

Using the quadrupole approximation, the polarization amplitudes from a binary
system of total mass M , symmetric mass ratio η = (m1m2)/(m1 +m2)2, separation R,
orbital frequency ω, corresponding phase Φ, and distance D from the observer, can be
expressed as [52]

h+ = 1
D

4GMηω2R2

c4

(
1 + cos2 ι

2

)
cos 2Φ(t), (1.8)

h× = 1
D

4GMηω2R2

c4 cos ι sin 2Φ(t). (1.9)

Here, ι denotes the inclination angle between the binary’s orbital angular momentum
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and the line of sight. Substituting R using Kepler’s law leads to simplified expressions in
terms of the GW frequency fGW,

h+ = 4
D

(
GMc

c2

)5/3 (πfGW

c

)2/3 (1 + cos2 ι

2

)
cos ΦGW(t), (1.10)

h× = 4
D

(
GMc

c2

)5/3 (πfGW

c

)2/3

cos ι sin ΦGW(t), (1.11)

where Mc = Mη3/5 is the chirp mass and fGW = ωGW/2π = ω/π. Consequently,
ΦGW(t) = 2Φ(t). The corresponding radiated power in the quadrupole approximation is
given by [52]

P = 32
5
c5

G

(
GMc ωGW

2c3

)10/3
. (1.12)

To understand the leading-order phase evolution of the binary, consider its energy
given by the sum of kinetic and potential components,

E = −Gm1m2

2R . (1.13)

As the binary emits GWs, it loses energy, causing the separation R to shrink (by Eq. 1.13)
and the orbital frequency ω to rise (via Kepler’s law). This leads to increased GW
emission and a self-reinforcing inspiral culminating in merger. This is reflected in
Eqs. 1.10 and 1.11, where the strain amplitude increases with frequency. Substituting for
R in Eq. 1.13, the binary’s energy becomes

E = −
(
G2M5

c ω
2
GW

32

)1/3

. (1.14)

The radiated power is −dE/dt, and equating with Eq. 1.12 yields the frequency evolution,

ḟGW = 96π8/3

5

(
GMc

c3

)5/3
f

11/3
GW . (1.15)

The leading-order GW phase as a function of time is then given by

ΦGW(t) = 2π
∫ t

tc

dt′ fGW(t′) = −2
(5GMc

c3

)−5/8
(tc − t)5/8 + ΦGW(tc), (1.16)

where tc is the time of coalescence. We see that both the amplitude and the phase of
the waveform depend directly on Mc at leading order, making it the best-constrained
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parameter in GW observations. However, as Mc is a combination of the component
masses, measuring η is also necessary to break degeneracies and extract individual masses.
The dependence of the waveform on η and on the spins of the binary components arises
at higher orders in the waveform expansion.

A systematic approach to include such corrections involves solving Einstein’s equations
perturbatively using the post-Newtonian (PN) approximation (see Ref. [53] for a detailed
review). This formalism expands the two-body dynamics and the GW signal as a power
series in the small parameter x ∼ (GM/c2R)1/2 ∼ v/c, where v is the characteristic
orbital velocity. The GW phase evolution in the frequency domain can then be written
as a PN expansion of the form

ΦGW(f) ∼ v−5
N∑

k=0
Φk(θ⃗), vk, (1.17)

where the term proportional to vk corresponds to the (k/2)th PN order, and N corresponds
to the power up to which the PN expressions have been calculated (the latest addition
being the 4.5PN calculation for the GW phase for a non-spinning binary [54]). In this
expansion, the 1PN term introduces dependence on η, while the leading-order spin effects
appear at 1.5PN through spin-orbit coupling terms. During the early inspiral, the signal is
dominated by lower-order PN terms, with higher-order corrections becoming increasingly
important as the binary approaches merger. The parameter dependence encoded in the
PN coefficients thus enables extraction of intrinsic binary properties from the GW signal.

There is an additional layer of complexity introduced by cosmology. As GWs traverse
cosmological distances before reaching our detectors, they are influenced by the expansion
of the Universe. To account for this, we begin with the Friedmann–Lemaître–Robertson–Walker
metric in comoving coordinates,

dτ 2 = dt2 − a(t)2
(

dr2

1 −Kr2 + r2dΩ
)
, (1.18)

where a(t) is the scale factor, and K = 0 (spatially flat), +1 (closed), or −1 (open)
denotes the spatial curvature. For a comoving source located at coordinate distance r,
the physical separation from an observer at the origin is

rp = a(t)
∫ r

0

dr√
1 −Kr2

. (1.19)

In a spatially flat Universe (K = 0), this simplifies to rp = a(t) r.
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To quantify redshift effects, consider a light ray (or gravitational wavefront) propa-
gating radially inward. Since dτ = 0 along a null geodesic, we obtain

dt

a(t) = dr√
1 −Kr2

. (1.20)

Integrating this for two successive wave crests—one emitted at te and observed at to, and
the next emitted at te + ∆te and observed at to + ∆to—and noting that the right-hand
side is time-independent, yields

∫ te

to

dt

a(t) =
∫ r

0

dr√
1 −Kr2

=
∫ te+∆te

to+∆to

dt

a(t) . (1.21)

Assuming small ∆t, this implies

∆to
a(to)

= ∆te
a(te)

⇒ ∆to = ∆te(1 + z), (1.22)

where the redshift is defined as 1 + z = a(to)/a(te). Consequently, the observed frequency
is redshifted: fo = fe/(1 + z).

To illustrate the observational consequences, consider an EM source with intrinsic
luminosity Le and observed luminosity Lo, and define the observed flux as

F = Lo

4πD2 = dEo/dto
4π[a(to)dc]2

, (1.23)

where dc is the comoving distance. Accounting for redshifted energy (Eo = Ee/(1 + z))
and time intervals (dto = dte(1 + z)), we obtain

F = dEe/dte
4π[a(to)dc(1 + z)]2 = Le

4πD2
L

, (1.24)

defining the luminosity distance as DL = a(to) dc(1 + z). The relation between DL and z
can be expressed as a series expansion [55]:

DL = cz

H0

[
1 + 1 − q0

2 z + . . .
]
, (1.25)

where H0 = ȧ(to)/a(to) is the Hubble–Lemaître constant and q0 = −ä(to)/(a(to)H2
0 ) is

the deceleration parameter. Thus, combining precise luminosity distance measurements
with redshift measurements (say, from spectroscopy) enables inference of cosmological
parameters [56].
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To connect this framework with GWs, we revisit the waveform amplitude from Eq. 1.10.
Applying the redshift transformations d → a(to)dc and fGW,E → fGW,O(1 + z), we find

AGW ∝
M5/3

c f
2/3
GW,E

D
→

(1 + z)2/3M5/3
c f

2/3
GW,O

a(to)dc

=
[Mc(1 + z)]5/3f

2/3
GW,O

DL

. (1.26)

The redshifted amplitude thus retains the same functional form as in a non-expanding
Universe, but with D replaced by DL and the source-frame chirp mass replaced by the
redshifted (detector-frame) chirp mass, Mc(1 + z). This has two important implications:

• The component masses inferred from GW observations are redshifted, m1(1+z) and
m2(1+z). For example, a 60 M⊙ binary merging at z = 1 will appear observationally
as a 120 M⊙ system. Likewise, its merger frequency of ∼ 80 Hz in the source frame
will be redshifted to ∼ 40 Hz in the detector frame, mimicking the signal from a
more massive binary.

• While the GW amplitude depends on the luminosity distance DL, extracting DL

from the amplitude alone is challenging due to its degeneracy with Mc(1 + z).
However, since the frequency evolution (or “chirping”) of the GW signal also
depends on Mc(1 + z), measuring both the amplitude and phase evolution allows
DL to be inferred from the GW signal alone. Once DL is determined, an independent
redshift measurement, e.g., via EM counterparts, enables constraints on cosmological
parameters. This intrinsic ability of GWs to yield absolute distance measurements
without external calibrators earns them the designation of standard sirens [57].
Their application to cosmology is discussed in detail in Chapter 5.

In addition to enabling direct distance measurements, GW observations also offer the
potential for precise source localization, which is crucial for identifying coincident EM
counterparts [29] and host galaxies of compact binary mergers [25]. Accurate localization
has significant astrophysical implications, such as understanding merger environments [58],
as well as cosmological applications, including standard siren cosmology and host-galaxy
identification [59–62]. Although individual GW detectors are not inherently directional,
source localization is achieved through triangulation, by exploiting the differences in signal
arrival times across a network of spatially separated detectors. Since GWs propagate
at the speed of light, the time delay between detectors depends on the direction of the
source relative to the baseline connecting them. For two detectors separated by a vector
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L⃗ and a GW arriving from direction n̂, the time delay is given by

∆t = L⃗ · n̂
c

. (1.27)

This constraint defines a ring of constant time delay on the sky. With a network of three
or more detectors, multiple independent time delays can be measured, which uniquely
determine the direction n̂ to the source on the celestial sphere.

The precision of this localization depends on the timing uncertainty σt in each detector,
which is influenced by the signal-to-noise ratio (SNR) and bandwidth of the detected
signal [63]. Specifically, higher SNR and longer bandwidth signals result in smaller timing
uncertainty. For a baseline of length L = |L⃗|, the angular resolution can be approximated
by

∆θ ≈ c σt

L
. (1.28)

For instance, the two LIGO detectors, separated by approximately 3000 km and with
typical timing uncertainties of order σt ∼ 1 ms, yield a localization precision of ∆θ ∼
0.1 rad. Increasing the baseline or reducing timing uncertainty significantly improves
localization. In this context, the addition of the LIGO-India detector will be pivotal– by
extending the network baseline by nearly a factor of four, it is expected to substantially
enhance source localization capabilities [64].

1.2.2 How can we extract binary parameters from GWs?

Having described how GWs are parameterized by astrophysical properties, we now turn to
how these signals are measured by detectors. The strain observed in a GW interferometer
is a linear combination of the two GW polarizations, modulated by the detector’s antenna
pattern functions. The detector response at time t is given by

h(t; θ) = F+(α, δ, ψ)h+(t; θ) + F×(α, δ, ψ)h×(t; θ), (1.29)

where θ = {Mc(1 + z), η,χ1,χ2, ι, DL, tc, ϕc} denotes the source parameters: redshifted
chirp mass, symmetric mass ratio, dimensionless spin vectors χi, inclination angle ι,
luminosity distance DL, time of coalescence tc, and coalescence phase ϕc. The antenna
pattern functions F+ and F× depend on the source’s right ascension α, declination δ,
and polarization angle ψ, and describe the directional sensitivity of the detector [65].

The calibrated detector output d(t) is modeled as a sum of the true astrophysical
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signal h(t; γ) and instrumental noise n(t):

d(t) = h(t; γ) + n(t), (1.30)

where γ = θ ∪ {α, δ, ψ} is the full parameter set. The noise n(t) is assumed to be a
zero-mean, stationary Gaussian process. Under the wide-sense stationarity (mean and
autocovariance do not depend on time) assumption, the noise correlation matrix depends
only on the time difference: Cn(ti, tj) = ⟨n(ti)n(tj)⟩ = Cn(|ti − tj|). Taking the Fourier
transform yields the one-sided power spectral density (PSD) Sn(f), which characterizes
the frequency-dependent sensitivity of the detector.

Under these assumptions, the likelihood of observing the data d(t) given a model
h(t; γ) is

L(d|γ) ∝ exp
[
−1

2(d− h(γ), d− h(γ))
]
, (1.31)

where (a, b) denotes the noise-weighted inner product,

(a, b) = 4 Re
∫ ∞

0

ã∗(f)b̃(f)
Sn(f) df. (1.32)

The matched-filter SNR is defined as ρ =
√

(d|h).
Bayesian inference provides a principled framework to estimate the posterior prob-

ability distribution over the parameter space γ given the data d. According to Bayes’
theorem,

p(γ|d) = L(d|γ) π(γ)
Z

, (1.33)

where π(γ) is the prior distribution on the parameters, and Z is the evidence:

Z =
∫

L(d|γ) π(γ) dγ. (1.34)

The posterior distribution p(γ|d) encodes all the information about the parameters after
accounting for the data and prior knowledge. To obtain the posterior for a specific
parameter γi, one marginalizes over the remaining nuisance parameters:

p(γi|d) =
∫
p(γ|d)

∏
j ̸=i

dγj

 . (1.35)

While the evidence Z is not directly required for parameter estimation, it plays a
central role in model selection. Given two competing models M0 and M1, the ratio of
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evidences,
B10 = Z1

Z0
, (1.36)

is the Bayes factor, which quantifies the degree to which the data favor one model over
the other. Because evidence integrates the likelihood over the prior space, more complex
models (with larger prior volume) are penalized unless the data provides sufficiently
strong support. This built-in preference for simplicity is known as Occam’s penalty. We
will utilize Bayesian model selection in Chapter 4.

Although Bayesian inference is powerful, it is computationally intensive, especially
when dealing with high-dimensional parameter spaces or computationally expensive wave-
form models. In such scenarios, the Fisher information matrix offers a computationally
inexpensive alternative to approximate parameter uncertainties in the high-SNR regime.
The Fisher matrix quantifies the curvature of the log-likelihood around its maximum
and thus provides an estimate of the expected measurement precision. What follows is a
heuristic derivation of the Fisher information matrix approach. A detailed and rigorous
exposition can be found in Ref. [66].

Starting from the Gaussian likelihood,

ln L(γ) = −1
2(d− h(γ), d− h(γ)) + const, (1.37)

and assuming the data is well-described by a signal at the true parameters γ0, i.e.,
d(t) ≈ h(t; γ0), we Taylor-expand the log-likelihood around γ0:

ln L(γ) ≈ ln L(γ0) − 1
2
∑
i,j

Γij(γi − γ0,i)(γj − γ0,j), (1.38)

where the Fisher matrix is defined as

Γij = −E
[
∂2 ln L
∂γi∂γj

]
, (1.39)

where E[p(x)] refers to the expectation value of p(x). To evaluate this, we compute the
first derivative of the log-likelihood:

∂

∂γi

ln L = (d− h(γ), ∂γi
h(γ)). (1.40)
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At γ = γ0, this becomes:
∂ ln L
∂γi

∣∣∣∣∣
γ0

= (n, ∂γi
h), (1.41)

whose expectation is zero since n is a zero-mean Gaussian process. Taking the second
derivative yields:

∂2 ln L
∂γi∂γj

= −(∂γi
h, ∂γj

h) + (d− h, ∂2
γiγj

h). (1.42)

Taking the expectation over noise, the second term vanishes since E[d− h] = E[n] = 0,
resulting in

Γij = (∂γi
h, ∂γj

h). (1.43)

The inverse of the Fisher matrix approximates the covariance matrix:

Σij ≈ (Γ−1)ij, (1.44)

with
√

Σii representing the 1σ uncertainty in γi. Since this approach only involves
evaluating inner products of waveform derivatives, it provides a fast and practical method
for forecasting parameter constraints. We utilize this approach in Chapters 2, 3, and 5.

1.3 The gift of mass asymmetry
While the binary parameters can be extracted from GW data, inherent degeneracies
among parameters can limit the precision of their estimation. One well-known example
is the DL–ι degeneracy. As seen from the quadrupolar waveform expressions in Eqs. 1.10
and 1.11, while Mc is robustly inferred from the phase evolution, there exists a degeneracy
between the inclination angle ι and the luminosity distance DL, both of which only affect
the amplitude. Specifically, a nearby edge-on system (ι = π/2) can appear similar to a
more distant face-on system (ι = 0). Similar degeneracies arise between the symmetric
mass ratio η and the effective aligned spin χeff , particularly when relying only on the
quadrupole-dominated phase evolution (see Chapter 4).

Thankfully, beyond the dominant quadrupolar mode, the GW signal also includes
contributions from higher-order modes (HOMs). The full waveform can be written as a
sum over spin-weighted spherical harmonic modes as,

h(t,θ) =
∞∑

ℓ=2

ℓ∑
m=−ℓ

Y ℓm
−2 (ι, ϕ0)hℓm(t,θ), (1.45)
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where hℓm denotes the (ℓ,m) mode waveform, Y ℓm
−2 is the spin-weighted spherical harmonic

of weight −2, and θ represents the set of intrinsic and extrinsic binary parameters. The
symmetry relation hℓm(t) = (−1)ℓh∗

ℓ −m(t) connects positive and negative m modes. Given
this redundancy, we will restrict to the positive m modes for brevity in the rest of this
chapter. While the (ℓ = 2,m = ±2) modes dominate for most systems, the inclusion of
HOMs becomes increasingly important for systems with asymmetric component masses
or high inclination angles.

Different (ℓ,m) modes encode different combinations of the binary parameters, thereby
breaking degeneracies present in the quadrupole-only signal. The amplitude of each mode
is modulated by Y ℓm

−2 (ι, ϕ0), making the total strain highly sensitive to the inclination
angle. Figure 1.2 shows |Y ℓm

−2 (ι, ϕ0 = 0)| as a function of ι. For face-on binaries (ι = 0),
only the (2, 2) and (3, 2) modes have significant power, while other HOMs become
prominent for edge-on orientations.
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Figure 1.3: The ratio of the orthogonal SNR in the (ℓ,m) modes compared to the (2, 2)
mode, as a function of the total mass and the mass ratio of the binary.

The detectability of HOMs also depends on intrinsic binary parameters. During
the inspiral, the phase of the (ℓ,m) mode is approximately related to the quadrupolar
phase by Φℓm ≈ m

2 Φ22. Hence, the merger of the compact objects corresponds to higher
frequencies for HOMs (e.g., merger corresponds to 1.5fmerge for the (3, 3) mode). Since
the sensitivity of current LIGO-Virgo-KAGRA (LVK) detectors peaks in the O(100) Hz
range, increasing the total binary mass Mtot lowers fmerge and shifts the HOMs into the
sensitive band, thereby enhancing their contribution to the signal.

In terms of amplitude hierarchy, the (2, 2) mode enters at leading order (0PN) in
the PN expansion, while modes such as (2, 1) and (3, 3) appear at 0.5PN, and (3, 2) and
(4, 4) at 1PN [8,53,67]. This ordering can be motivated by considering the structure of
higher multipole contributions to the radiation.

The next-to-leading order corrections to the quadrupole formula (c.f. Eq. 1.1) take
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the form
h ∝ dℓ

dtℓ
Qℓ, (1.46)

where ℓ = 3 and ℓ = 4 correspond to the octupolar and hexadecapolar moments,
respectively. Dimensionally, Ql ∼ Mrl, and since r ∝ v−2, it follows that Qℓ ∼ Mv−2ℓ.
Additionally,

dℓ

dtℓ
∼ f ℓ ∼ v3ℓ, (1.47)

so that the waveform amplitude scales as h ∝ vℓ. Hence, the octupolar (ℓ = 3) and
hexadecapolar (ℓ = 4) modes are suppressed by factors of v and v2, respectively, relative
to the leading quadrupolar (ℓ = 2) radiation. This explains why the (3, 3) and (4, 4)
modes first appear at 0.5PN and 1PN order, respectively. Furthermore, ℓ + m = odd
modes arise from current multipoles and are further suppressed by a factor of v compared
to mass-type multipoles (ℓ + m = even) [53]. As a result, the (2, 1) and (3, 2) modes
appear at 0.5PN and 1.5PN, respectively.

HOMs thus naturally become more significant closer to merger and in binaries
with larger total mass Mtot, where the merger frequency enters the sensitive band of
the detector earlier. Moreover, in equal-mass, non-spinning binaries, the waveform is
symmetric under a rotation of the phase ϕ → ϕ+ π, which suppresses all odd-m modes
like (2, 1) and (3, 3). These modes grow with increasing mass ratio q = m1/m2 ≥ 1,
making mass-asymmetric binaries especially favorable for detecting HOMs.

To quantify the impact of mass asymmetry and total mass on HOMs, we compute
the orthogonal SNR contribution of each mode, defined as [68]:

ρ⊥
ℓm =

√√√√(h̃ℓm, h̃ℓm) − (h̃ℓm, h̃22)2

(h̃22, h̃22)
, (1.48)

where h̃ is the frequency-domain waveform. Figure 1.3 presents the relative strength of
different HOMs with respect to the (2, 2) mode as a function of Mtot and q. As expected,
the contribution of HOMs increases with both Mtot and mass asymmetry. While the
(2, 2) mode remains dominant across the parameter space considered, the (3, 3) mode
consistently emerges as the second-strongest for asymmetric binaries, followed by (2, 1)
and (4, 4). The (3, 2) mode contributes the least, primarily due to its significant overlap
with the (2, 2) mode, quantified by (h̃ℓm, h̃22), which suppresses the orthogonal SNR
component, ρ⊥

32. Nevertheless, for nearly equal-mass systems, both the (3, 2) and (4, 4)
modes can become relevant, particularly when the total SNR is sufficiently high.
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While the analysis in this dissertation is restricted to systems with spins aligned to
the orbital angular momentum, it is important to note that spin-orbit misalignment,
leading to precession of the orbital angular momentum and the component spins, can
further enhance HOM contributions [69]. In particular, the modes in the inertial frame,
hJ

ℓm, which track the total angular momentum J , are expressed as linear combinations
of modes in the co-precessing frame, hL

ℓm′ , which track the orbital angular momentum
L. This mixing occurs over m′ ∈ [−ℓ, ℓ], leading to an effective redistribution of power
among modes [70]. As a result, precession-induced mixing can amplify certain HOMs in
the inertial frame, such as the (2, 1) mode due to contributions from the co-precessing
(2, 2) mode, and the (3, 2) mode arising from the co-precessing (3, 3) mode.

1.4 A new class of binary mergers– neutron star-black
hole systems
Neutron star–black hole (NSBH) mergers are unique astrophysical sources of GWs. The
mass of NSs is expected to be less than 3 M⊙ [71], while BHs detected by the LVK
observatories span the range [5, 150] M⊙. As a result, NSBH systems are inherently
mass-asymmetric. Indeed, as we will see in Chapter 3 (c.f. Fig. 3.4), approximately
30%–50% of NSBH events are expected to exhibit a mass ratio greater than 4. As
discussed earlier, such asymmetry enhances the excitation of HOMs in the GW signal.
This, in turn, improves binary parameter estimation, particularly the measurement of
distance, leading to better three-dimensional localization.

By virtue of containing a NS, NSBH mergers can also produce EM counterparts.
During the inspiral phase, the NS may be tidally disrupted by the BH. This disruption
can occur either outside or inside the innermost stable circular orbit (ISCO) of the
BH. If the disruption occurs within RISCO, the NS may be swallowed whole and no EM
counterpart is generated. However, if the disruption takes place outside RISCO, a fraction
of the NS matter can be dynamically ejected and/or form an accretion disk around the
remnant BH. This remnant material can then power detectable EM emission.

Whether a NSBH merger produces observable EM counterparts is therefore determined
by the interplay between the tidal disruption radius and the ISCO radius of the BH. A
necessary condition for disruption is the onset of mass shedding, which occurs when the
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tidal force at the NS surface exceeds its self-gravity. This condition is given by [72]

2GMBHRNS

r3 ≳
GMNS

R2
NS

, (1.49)

where MBH is the mass of the BH, MNS is the mass of the NS, RNS is the radius of the
NS, and r is the separation between the BH and the NS. Note that we ignore the tidal
elongation (and possibly rotational flattening) of the NS (this appears as a factor cR

multiplied to RNS in Ref. [72]). This yields the mass-shedding separation,

rms := 21/3
(
MBH

MNS

)1/3
RNS. (1.50)

This condition is necessary but not sufficient—tidal disruption and ejection typically
occur at smaller separations, after substantial mass loss from the NS. The actual observ-
ability of the disruption depends critically on whether it occurs outside the ISCO. For a
Kerr BH, the ISCO radius depends sensitively on the dimensionless spin parameter χ,
and is given by

RISCO = R̂ISCO(χ)GMBH

c2 , (1.51)

where R̂ISCO(χ) is a monotonically decreasing function of χ. This behavior arises due
to the frame dragging effect, wherein a Kerr BH twists the surrounding spacetime as
a result of its spin. When the BH spin is aligned with the orbital angular momentum,
frame dragging enhances the orbital motion, allowing the companion to stably orbit at a
smaller radius without plunging into the BH. Consequently, the value of RISCO decreases.
In contrast, if the BH spin is anti-aligned with the orbital angular momentum, frame
dragging acts against the orbital motion, increasing the effective radius required for a
stable orbit and resulting in a larger RISCO.

EM counterparts can only form when rms > RISCO. The ratio of these radii is
expressed as

rms

RISCO
= 21/3

R̂ISCO(χ)

(
MBH

MNS

)−2/3 (GMNS

c2RNS

)−1
. (1.52)

This expression reveals that tidal disruption is favored when the binary mass ratio is
small, i.e., the BH mass is comparable to that of the NS. It also depends on the NS
compactness, C = GMNS/(c2RNS); more compact NSs are harder to disrupt, making
EM counterparts less likely. Finally, large BH spin (aligned with the orbital angular
momentum) decreases RISCO, thereby increasing the likelihood of disruption and EM
emission.
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Thus, within the NSBH population, systems with small mass ratios and high aligned
spins are promising EM sources and strong candidates for MMA. In contrast, systems
with significant mass asymmetry will exhibit pronounced HOM content, enabling precise
parameter estimation. These two subpopulations highlight the dual scientific utility
of NSBH mergers: as multi-messenger beacons and as high-fidelity GW-only scientific
probes.

This dissertation explores both of these utilities in detail. In Chapter 2, we investigate
the detectability of NSBH mergers with XG observatories, and use the Fisher matrix
to assess parameter estimation precision. Chapter 3 evaluates the MMA prospects,
including forecasts for yearly EM counterpart detections. Chapter 4 discusses how NSBH
measurements can inform their formation history, constraining compact binary formation
channels. Finally, in Chapter 5, we leverage the ability of NSBH mergers to provide
either EM counterparts or precise luminosity distances to forecast constraints on H0. A
summary and future outlook are presented in Chapter 6.

Declaration
Portions of the text and figures presented in this chapter are adapted from the author’s
previously published or forthcoming works. These include Ref. [73], which appeared in
Physical Review D (published by the American Physical Society), and Ref. [74], which is
currently in preparation.
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Chapter 2 |
Uncovering the cosmic population
of NSBH mergers

There is no better high than discovery.
— Edward O. Wilson

2.1 Introduction
By the end of 2019, the Advanced Laser Interferometer Gravitational-Wave Observatory
(aLIGO) [22–24] and the Advanced Virgo (AdV) [26,27] detector had made a multitude
of GW detections coming from BBH and BNS mergers [75]. In January 2020, the network
made its first detection of a binary comprising a neutron star and a black hole, marking
the first discovery ever of NSBH binaries in astronomy [76]. This discovery not only
proved the existence of NSBH systems that merge within Hubble time, but it has also
provided the first direct constraint on the local merger rate of these systems [33,76].

Detecting NSBH mergers is crucial for a diverse range of astrophysical pursuits.
Multiple formation channels are proposed to explain the formation and merger of NSBH
systems, such as the isolated binary formation channel [77], dynamical formation in glob-
ular [78–80] or young stellar clusters [81, 82], population III stars [83] and others. These
channels have varying, and often distinct, predictions for the mass and spin distributions
of BHs and NSs. The detection of NSBH mergers will enhance our understanding of the
population characteristics and also help identify the preferred scenarios for the formation
of the NSBH binaries in the universe [84]. An extensive catalog of NSBH events will
provide the redshift distribution of such systems, giving information about the star-
formation rate (SFR) and preferred time-delay models that best explain their evolution.
Just like BNS systems, NSBH systems are also expected to be sources of SGRBs and
KN emissions [85–88], making them interesting candidates for MMA. NSBH detections
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followed by SGRBs can be used as GW standard sirens [89]. One can also measure
the fraction of SGRBs produced by BNS and NSBH systems [90], giving information
about the preferred production mechanism of SGRBs. NSBH detections have also been
shown to be potential candidates for the measurement of Hubble constant [61, 91, 92]
and are capable of estimating it to larger distances than the BNS systems. GWs from
NSBH mergers, with or without an EM counterpart, can also be used to constrain the
NS EOS [93–98].

Fortunately, with the proposed advancements to current GW detectors and plans
in place to construct more sensitive detectors (c.f. Section 1.1), we expect both the
quantity and the quality of the NSBH detections to improve. In this study, we will
analyze the performance of the six ground-based GW detector networks listed in Table
2.1. These networks are expected to be operational over timescales ranging from five to
twenty years.

Table 2.1: The six XG ground-based GW detector networks that are included in the
analysis, with the abbreviation used to refer to the network.

Network Detectors

HLVKI+ LIGO (HL+), Virgo+, KAGRA+, LIGO-I+

VK+HLIv Virgo+, KAGRA+, LIGO (HLI-Voy)

HLKI+E LIGO (HL+), KAGRA+, LIGO-I+, ET

VKI+C Virgo+, KAGRA+, LIGO-I+, CE-North

KI+EC KAGRA+, LIGO-I+, ET, CE-North

ECS ET, CE-North, CE-South

Several studies have looked at the possible improvements in the detection of GWs
from compact binaries with the onset of XG detector networks [47,99–101]. In this study,
we assess the detection capability of the six GW detector networks for NSBH mergers
and the science that can be extracted from these detections. This is carried out using
GWBENCH [102], a software package that computes the SNR and the Fisher information
matrix for a given GW network and waveform model from which one can obtain the
errors in intrinsic and extrinsic parameters as well as the localization area of the signal
on the sky.

This chapter is organized as follows. The parameters that characterize the populations
of NSBH binaries are described in Sec. 2.2. The section also explains the methodology
used to assess the measurement abilities of the networks. Next, we compare the detection
capabilities of the six GW detector networks. In Sec. 2.3, we calculate the efficiency of
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the detector networks and list the reach for each network. Using the efficiency and the
estimated ‘event-based’ local merger rate density for NSBH systems, we calculate the
yearly detection rate for each detector network. In Sec. 2.4, we present the quality of
measurement of the NSBH detections and the accuracy with which several intrinsic and
extrinsic parameters can be measured. In particular, we estimate how well events can
be localized in the sky, to assess the possibility of an EM follow-up of GW signals from
NSBH mergers (see Chapter 3 for a detailed discussion on MMA prospects with NSBH
detections). In Sec. 2.5, we summarize our results and present our conclusions regarding
the science that can be extracted from the NSBH detections using GW detector networks.

2.2 Population and Methodology
In order to evaluate the detection capabilities of the GW detector networks, we construct
populations of NSBH systems and use a Fisher information matrix (FIM) approach to
assess the performance of these networks in detecting GWs from the systems. Sec. 2.2.1
describes the properties of the populations and the rationale behind the assumptions
that went into generating them. Sec. 2.2.2 describes the FIM approach and lists the
parameters that were used to compute the FIMs.

2.2.1 Injection parameters

With the limited number of NSBH mergers detected, their population characteristics
remain uncertain. While there are studies [2, 103, 104] that infer the mass and spin
distributions from the set of detected NSBH events, the conclusions are susceptible to
change with future detections. Due to the uncertainty in the properties of the actual
population, we look at two populations to assess the science case of future GW detector
networks.

For the first population, hereinafter referred to as Pop-1, we account for the fact
that our knowledge of the NSBH population parameters is limited and choose broad
distributions to describe the population. The black hole mass distribution is chosen to
follow the POWER+PEAK [33] distribution between [3 M⊙, 100 M⊙] and the neutron star
mass is sampled from a uniform distribution between [1 M⊙, 2.9 M⊙], where the upper
bound on the NS mass has been set using Ref. [71]. The spins of both NSs and BHs
are assumed to be aligned with the orbital angular momentum of the binary. With
(χ1,χ2) denoting the dimensionless spin vectors of the BH and the NS, this implies that
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χ1x = χ1y = χ2x = χ2y = 0. Neutron stars are assumed to be slowly rotating, with their
spins chosen from a uniform distribution between [−0.05, 0.05], while BH spins are taken
from a uniform distribution between [−0.75, 0.75].

One must note that for Pop-1 the masses and spins of BHs and NSs are sampled
independently, ignoring any correlations that may exist between their properties due to
physical processes involved in binary formation and evolution. To account for possible
correlations, the masses and spins in the second population, hereinafter referred to
as Pop-2, are derived from the fiducial model in Ref. [1]. The fiducial model is a
binary population synthesis model for NSBH systems that form through the isolated
binary formation channel. The model was constructed using COMPAS [105] and involved
various physical assumptions summarized in Table 1 of Ref. [1]. For BH spins, we use
metallicity-dependent fits provided in Eqs. (2) and (3) in Ref. [2]. It is expected that the
angular momentum transport at the time of compact object formation is quite effective
in removing most of the rotational energy from the core, making the formed NS/BH
nearly non-rotating, if born first. If close enough to its compact object companion, the
progenitor of the second-born NS/BH can tidally spin it up [4,106–108]. Thus, the fit
only applies to systems where the NS progenitor is formed first, allowing the progenitor
of the second-born BH to have high spins as it can get tidally spun up by its companion.
BHs are assumed to be non-spinning for the rest of the systems where the BH progenitor
is formed first. Further, the NS spins are set to be zero. The BH and NS mass and spin
profiles for Pop-2 are shown in Fig. 2.1.
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Figure 2.1: The probability density function (PDF) plots for the masses of the BH and
the NS in Pop-2 derived from the fiducial model in Ref. [1] and the spins of BH derived
from the fits in Ref. [2].

For each population, we generate 250, 000 injections per redshift bin in each of the
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six redshift bins: z ∈ [0.02, 0.05], [0.05, 1], [1, 2], [2, 4], [4, 10] and [10, 50]. The luminosity
distance DL for each injection is obtained from the redshift z using ASTROPY.PLANCK18
[109,110]. cos(ι) and cos(δ), where ι and δ are the inclination angle and the declination
respectively, are sampled uniformly between [−1, 1]. The right ascension α and the
polarization angle ψ are sampled from a uniform distribution with bounds [0, 2π]. tc and
ϕc are the time and phase of coalescence respectively and can be chosen arbitrarily, we
fix them to be 0. The above-mentioned parameters are summarized in Table 2.2.

Table 2.2: Parameters that characterize the two populations used in this study to evaluate
the detection capabilities of the future detectors.

Parameter
Pop-1 Pop-2

Neutron Star Black Hole Neutron Star Black Hole

Mass m [1,2.9] M⊙ [3,100] M⊙ [1.26,2.50] M⊙ [2.6,39.2] M⊙

Mass Model Uniform POWER+PEAK
[33]

Derived from the fiducial model [1]

Spin χ [-0.05,0.05] [-0.75,0.75] 0 [0,1]

Spin Model Aligned Uniform Aligned
Eqs. (2) and

(3) in

Ref. [2]

z
Uniform in six bins: [0.02,0.05],

[0.05,1], [1,2], [2,4], [4,10] and [10,50]

DL z converted using ASTROPY.Planck18

cos(ι) Uniform in [-1,1]

α Uniform in [0,2π]

cos(δ) Uniform in [-1,1]

ψ Uniform in [0,2π]

tc, ϕc 0

Once the 250, 000 injections per redshift bin are generated, we logarithmically divide
the total redshift range, i.e., [0.02, 20], into 50 bins and randomly pick events from each
of the finer bins according to the merger rate corresponding to that bin. This allows
us to have a random collection of events in each bin and mitigate selection biases. The
calculation of the merger rate as a function of redshift is given in Sec. 2.3.2. The end
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product is the population of NSBH mergers assuming an observation time of 10 years for
all the networks.

2.2.2 Methodology

The detector response to a GW signal is given by,

h(A)(t,µ) = F
(A)
+ (α, δ, ψ,β)h(A)

+ (t,λ) + F
(A)
× (α, δ, ψ,β)h(A)

× (t,λ), (2.1)

where h+ and h× are the two GW polarizations and F+ and F× are the antenna pattern
functions. The index A denotes the detector. The antenna pattern functions depend
on variables that describe the location of the source of GWs in the sky, i.e., α and δ,
the polarization angle ψ, and the variables that describe the location of the detector
itself, β (Tab. III in Ref. [102] lists the angles that describe the location for several
detectors). The strain for each polarization depends on time t, the time and phase
of coalescence, tc and ϕc, and on the parameters that describe the source of GWs,
λ = {M, η,χ1,χ2, ι, DL}, where M is the chirp mass, η is the symmetric mass ratio, ι
is the inclination angle and DL is the luminosity distance of the binary. Since we have
assumed both the components of the binary to have aligned spins, (χ1,χ2) = (χ1z, χ2z).
For a given detector, β is fixed. Thus, the strain h is a time-dependent function of
µ = {α, δ, ψ,M, η, χ1z, χ2z, ι, DL, tc, ϕc}.

We use the FIM to estimate the error in the measurement of these parameters using
future ground-based GW detectors. The FIM calculation assumes the detector noise
to be Gaussian and provides an analytical way to obtain the errors in the form of a
covariance matrix Σ

Σij = Γ−1
ij =

(
∂h

∂θi

,
∂h

∂θj

)−1

, (2.2)

where h is the GW waveform, θi is the ith parameter in µ, and Γ is the FIM. To obtain
the FIM and the measurement errors, we use GWBENCH [102], which is a publicly available
Python package that calculates the covariance matrix by numerically inverting the
FIM. The package can apply numerical differentiation recipes to the GW waveforms
that are part of the LIGO Algorithm Library (LAL) [111]. For our study, we use
the IMRPhenomXHM [112] waveform model, which is a frequency-domain waveform for
non-precessing BBH systems and includes contributions from higher-order modes. The
waveform is suitable for BBH systems and cannot account for the tidal effects that
can manifest in NSBH mergers. As tidal effects appear at the fifth PN order and only

26



contribute to the strain near the merger, we do not expect their exclusion in the calculation
of FIM to significantly alter the results presented in this chapter. Additionally, we prefer
using IMRPhenomXHM instead of a traditional NSBH-suited waveform like PhenomNSBH [113]
due to the inclusion of higher-modes in the former model which is known to improve the
estimation of parameters [114] and allows us to obtain a more realistic estimate of the
measurement capabilities of detector networks. To calculate the FIM, the derivatives
are taken with respect to parameters µ. GWBENCH also provides the SNR and the 90%-
credible sky localization error Ω90, which are used to compare the performance of detector
networks.

2.3 Network Efficiency and Detection Rate
With increased detector sensitivities, we not only expect to probe the universe up to higher
redshifts but also expect to detect events with unprecedented SNRs. Our expectations
can be quantified in terms of the network efficiency and detection rate.

2.3.1 Network efficiency

We first introduce the notion of matched-filtering SNR and then use it to define the
efficiency of a network. The matched-filter SNR ρA corresponding to a signal incident on
a detector A is defined as,

ρ2
A = 4

∫ fU

fL

|h̃A(f)|2
SA

n (f) df, (2.3)

where h̃A(f) is the frequency-domain waveform obtained by taking the Fourier transform
of hA(t), SA

n (f) is the PSD of detector A and fL and fU are the lower and upper-frequency
cutoffs. Then, for a network with N detectors, the matched-filtering SNR ρ is given by,

ρ2 =
N∑

i=1
ρ2

i . (2.4)

At a given redshift, the network efficiency is defined as the fraction of events (at that
redshift) that are detected by the network with a matched-filtering SNR greater than
the threshold SNR ρ∗. We calculate the efficiency of networks listed in Table 2.1 as a
function of redshift for two threshold SNRs: ρ∗ = 10 and ρ∗ = 100. The threshold ρ∗ = 10
corresponds to the SNR above which we claim detection and ρ∗ = 100 gives a measure of
high-SNR events that can be detected. To calculate the efficiency, we logarithmically
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divide the total redshift range, from z = 0.005 to z = 20, into 50 bins. For each bin
[z, z + dz], the efficiency ϵ is calculated by,

ϵ (ρ∗, z) = 1
Nz

Nz∑
k=1

Π (ρk − ρ∗), (2.5)

where Nz is the number of events in that redshift bin and Π(x) is the Heavyside function.
The efficiency for the detector networks as a function of redshift for the two threshold
SNRs is given in the left panel of Fig. 2.2. Note that Fig. 2.2 only shows the efficiency
and the detection rate for Pop-1, since they are almost identical for Pop-2.

In order to compare the detector networks based on their detection efficiencies, we
a measure called the reach of the detector. The reach (zr) is defined as the redshift at
which the efficiency of the network drops to 0.5, i.e., it is the redshift at which only half
of all the coalescence events will be detected with SNR greater than ρ∗. As the efficiency
is monotonic, this implies that the reach is equal to the redshift at which at least 50% of
the events within that redshift will be observed with SNR greater than ρ∗. It must be
noted that the definition of reach varies across literature and care must be taken when
comparing results from different studies.

The values for the reach of the networks for both populations are given in Table 2.3.
For the detection of NSBH systems in Pop-1, i.e., ρ∗ = 10, the HLVKI+ network has a
reach of z = 0.21 ∼ 1 Gpc and is expected to miss events beyond ∼ 6 Gpc. As most of
the high-SNR events are the ones that are situated close-by, the reach for ρ∗ = 100 drops
to z = 0.022. The Voyager upgrades improve the reach by a factor of ∼ 2 for both the
population models. All networks in our study that have at least one of the ET or CE
detectors have a reach zr > 1, with the ECS network having the longest detection range
of all, with a reach of z = 6, probing the star formation rate and metallicity distribution
up to high redshifts.

2.3.2 Detection Rate

The detection rate is defined as the number of NSBH mergers up to a given redshift
that are detected by a network in a year with a matched-filtering SNR greater than
the threshold SNR. It depends on the total merger rate as well as the efficiency of the
network. In the detector frame, the total merger rate Rd up to redshift z is given by

Rd(z) =
∫ z

0

1
(1 + z′)

dR

dz′ =
∫ z

0

ṅ(z′)
(1 + z′)

dV

dz′ , (2.6)
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Table 2.3: The reach for the six detector networks for the cases when the threshold SNR
ρ∗ = 10 and ρ∗ = 100.

Network
Pop-1 Pop-2

ρ∗ = 10 ρ∗ = 100 ρ∗ = 10 ρ∗ = 100
HLVKI+ 0.21 0.022 0.23 0.023
VK+HLIv 0.47 0.045 0.5 0.049
HLKI+E 1.6 0.12 1.6 0.13
VKI+C 2.7 0.19 2.9 0.2
KI+EC 3.9 0.24 4.2 0.25
ECS 6 0.32 6.6 0.34

where ṅ(z′) is the merger rate density in the comoving frame, dV/dz′ is the comoving
volume element (which itself is a function of redshift) and the (1 + z′) term in the
denominator converts the detection rate from the source frame to the detector frame by
accounting for the time dilation. Among these mergers, only a fraction are detected by a
network, which is determined by the efficiency of the network. Hence, the detection rate
DR(z) is given by

DR(z) =
∫ z

0
ϵ(z′, ρ∗)

ṅ(z′)
(1 + z′)

dV

dz′ . (2.7)

Note that the calculation of the detection rate depends on the model used to calculate
the merger rate density ṅ(z). Further, ṅ(z) is calibrated by setting the local (z = 0) value
equal to the observed local merger rate density for NSBH systems. We follow the SFR
model described in Ref. [115] which utilizes the GRB data to calculate the SFR up to high
redshifts. In addition to the SFR, there is a time delay between the formation and the
merger of compact binaries, which is described by various time-delay models [116–118].
Following Ref. [119], we choose the log-normal time delay model proposed in Ref. [116]
for our study. The redshift distribution based on these assumptions can be expressed in
an analytical form and is presented in Refs. [119, 120]. The inferred local merger rate
density is reported to lie between 7.8–140 Gpc−3 yr−1 [33]. We calibrate ṅ(z) by fixing
the local merger rate density, ṅ(0) = 45 Gpc−3 yr−1, which is the median event-based
NSBH merger rate density reported in Ref. [76], calculated assuming that the observed
NSBH systems are a representative of the NSBH population. The obtained curves for
detection rate as a function of redshift for the six detector networks are shown in the
right panel of Fig. 2.2. The grey region shows the uncertainty in the NSBH merger rate
which is due to the uncertainty in the value of the local merger rate density. Based on
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Figure 2.2: Left panel: The network efficiency curves for the six XG detector networks.
The markers represent the efficiency at corresponding redshift values, and the lines are
the best-fit sigmoid functions which are good approximations of the efficiency curves.
Right panel: The detection rate as a function of redshift for the detector networks. The
black solid line refers to the total NSBH merger rate. The gray shaded area shows the
variation in the total merger rate due to the uncertainty in the value of the local merger
rate density.

the model used, we obtain the cosmic merger rate for NSBH systems, i.e., the number of
NSBH mergers up to z = 20 to be 4.0+8.5

−3.3 × 104 yr−1, where the upper and lower bounds
are calculated using the upper and lower bounds of the local merger rate density.

With ṅ(0) = 45 Gpc−3 yr−1, from the right panel of Fig. 2.2, we expect O(100)
detections in HLVKI+, O(103) for VK+HLIv and O(104) for HLKI+E, VKI+C, KI+EC and ECS,
with SNR ρ > 10 every year. Thus, every network that has at least one XG detector is
expected to observe O(104) events every year. Moreover, the ECS network is expected to
detect 97% of the cosmic population of NSBH mergers with SNR ρ > 10.

2.4 Measurement quality and sky localization
In Sec. 2.3, we noted that the XG networks will not only detect a large number of events,
but a significant number of these events will also be detected at high SNRs. Using the
methods described in Secs. 2.2.1 and 2.3.2, we construct the cosmic population of NSBH
systems. The expected number of events detected with SNR greater than 10, 30, and
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100, are presented in Table 2.4. When comparing the numbers for the Pop-1 and Pop-2
populations, we find them to be of the same order. However, there are more events with
higher SNRs in Pop-1 as compared to Pop-2. This is attributed to the different BH mass
models in the two populations: about 0.5% of the events in Pop-2 have BH mass greater
than 20 M⊙, whereas, in Pop-1, ∼ 17% of the events have BH mass greater than 20 M⊙.
This, along with the fact that higher total mass binaries are expected to be detected at
higher SNRs, explains the small differences in the number of systems belonging to the
two populations detected with SNRs greater than certain threshold SNRs. The HLVKI+
detector is expected to detect O(100) events with SNR > 10 and O(10) with SNR > 30
every year, but it is unlikely to detect any NSBH mergers with SNR greater than 100.
However, improving the sensitivities of the three LIGO detectors with Voyager upgrades
results in the detection of O(103), O(100) and O(1) events every year with SNR > 10, 30
and 100 respectively. The inclusion of the Einstein Telescope in the HLKI network with
A+ sensitivities further improves this number to O(104) detections with SNR > 10 every
year, and O(100) detections with SNR > 100 every year. The remaining three networks
all of which contain the CE-North detector, i.e., VKI+C, KI+EC and ECS are expected to
detect O(105) and O(104) events every year with SNR > 10 and 30 respectively. The
ECS network is expected to detect the most number of NSBH mergers with SNR > 100,
detecting O(103) events every year, an order of magnitude greater than the expected
values for the VKI+C network.

High fidelity events, i.e., events that are detected with a large SNR, allow for accurate
estimation of parameters, like masses and spins, which not only aid in differentiating
NSBH from BBH and BNS mergers (based on component masses) but also in testing
the predictions of general relativity. Further, high-precision measurements of the masses
and spins of the compact objects will unravel the population characteristics of the NSBH
systems and help test the predictions of various channels that explain the formation
of such systems. Given that a fraction of NSBH mergers is also expected to result in
the generation of kilonovae, accurate luminosity distance and sky area measurements
will allow an independent measurement of the Hubble-Lemaître constant up to greater
distances than BNS systems [61]. In Figs. 2.3 and 2.4, we present the cumulative density
function (CDF) plots portraying the parameter measurement abilities of the six detector
networks for Pop-1 and Pop-2 respectively. In particular, we present the CDFs for
SNR ρ, 90%-credible sky area Ω90, fractional error in the luminosity distance ∆DL/DL,
absolute error in the inclination angle ∆ι (in radians), fractional error in the chirp mass
∆M/M, absolute error in the symmetric mass ratio ∆η and the absolute errors in the
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Table 2.4: The cosmic merger rate per year and the number of events that are detected
every year with SNRs greater than 10, 30, and 100 for the six detector networks. The
lower and upper bounds in the reported numbers are calculated using the uncertainty in
the local merger rate density for NSBH mergers.

Cosmic Rate 4.0+8.5
−3.3 × 104 yr−1

SNR ρ > 10 > 30 > 100
Pop-1

HLVKI+ 5.1+10.8
−4.3 × 102 1.5+3.1

−1.2 × 10 0.0+0.5
−0.0

VK+HLIv 5.7+12.1
−4.7 × 103 2.1+4.6

−1.8 × 102 4.1+8.8
−3.7

HLKI+E 2.9+6.0
−2.4 × 104 5.5+11.6

−4.5 × 103 1.7+3.4
−1.4 × 102

VKI+C 3.3+7.1
−2.8 × 104 1.3+2.7

−1.0 × 104 6.6+14.3
−5.5 × 102

KI+EC 3.8+8.0
−3.1 × 104 1.8+3.8

−1.5 × 104 1.0+2.2
−0.8 × 103

ECS 3.9+8.3
−3.3 × 104 2.5+5.2

−2.0 × 104 2.3+4.8
−1.9 × 103

Pop-2
HLVKI+ 4.8+10.2

−4.0 × 102 1.1+2.9
−1.0 × 10 0.0+0.4

−0.0

VK+HLIv 5.5+11.6
−4.5 × 103 1.9+4.0

−1.6 × 102 3.7+8.5
−3.3

HLKI+E 2.8+6.0
−2.3 × 104 5.0+10.6

−4.1 × 103 1.2+2.6
−1.0 × 102

VKI+C 3.3+7.0
−2.7 × 104 1.2+2.6

−1.0 × 104 5.4+11.3
−4.5 × 102

KI+EC 3.8+8.0
−3.1 × 104 1.7+3.6

−1.4 × 104 8.5+18.0
−7.0 × 102

ECS 3.9+8.3
−3.2 × 104 2.4+5.1

−2.0 × 104 1.9+4.1
−1.6 × 103

dimensionless aligned spins of the black hole and the neutron star, i.e., ∆χ1 and ∆χ2

respectively.
From Figs. 2.3 and 2.4, we see that the overall trend in measurement quality when

comparing different detector networks is the same for both populations. From the plots
for SNR, we see that both ECS and KI+EC detect almost all the NSBH mergers with
ρ > 10, whereas HLKI+E and VKI+C detect only ∼ 80% of the events with ρ > 10. The
fraction falls to ∼ 1% for the HLVKI+ network. Voyager upgrades improve the detectability
by an order of magnitude, detecting ∼ 15% of the events. For the fractional error in M
and the absolute error in η, we see that all the networks detect almost all the events with
∆M/M better than 10−4 and ∆η better than 10−3, going up to precision of O(10−8)
and O(10−7) respectively for O(10) events. This points to the estimation of the binary
masses with unprecedented precision using future GW detector networks. Further, for
all detected events, the spins of both the compact objects can be measured better than
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Figure 2.3: The CDF plots showing the trends in SNR ρ and sky-localization Ω90 of the
detected events in Pop-1. It also shows the CDFs for fractional errors in chirp mass and
luminosity distance, i.e., ∆M/M and ∆DL/DL, and absolute errors in inclination angle,
symmetric mass ratio and the spins of the BH and the NS, i.e., ∆ι, ∆η, ∆χ1 and ∆χ2,
respectively.
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Figure 2.4: The CDF plots for the SNR, sky-localization, fractional errors in chirp mass
and luminosity distance, and absolute errors in the inclination angle, symmetric mass
ratio and the spins of the BH and the NS for the detected events in Pop-2.
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an absolute error of 10−2. This precision in spin measurements will uncover the spin
distributions of BHs and NSs involved in NSBH mergers and shed light on the physics
involved in the formation of these binaries.

The visibility of the EM transients that may follow the GW chirp depend on the
luminosity distance between the binary and the observer and the orientation of the binary
with respect to the line-of-sight of the observer. In addition, precise localization of the
event can aid the follow-up efforts of EM telescopes and prove decisive in detecting EM
transients. Figures 2.3 and 2.4 show that the ECS and the KI+EC networks detect almost
all their events with fractional errors in the luminosity distance better than 20% and
absolute error in inclination angle better than 0.2 rad. While VK+HLIv indeed detects
more events than HLVKI+, the overlapping CDF plots for ∆M/M, ∆η, ∆χ1 and ∆χ2,
∆DL/DL and ∆ι show that the fraction of events detected with certain measurement
quality remains the same between the two networks. In fact, the events that HLVKI+ does
detect, it does a remarkable job at localizing them in the sky, resolving 90% of its events
to better than 20 deg2, alongside the ECS network. The ECS network performs the best
in terms of sky localization as well, detecting O(10) events every year with a resolution
∼ O(10−2) deg2. For comparison, the localization of GW170817 using the HLV network
was 16 deg2 [121]. The number of detections per year for each detector network with
Ω90 ≤ 10, 1 and 0.1, and ∆DL/DL ≤ 0.1 and 0.01 for both the populations are listed in
Table 2.5. The corresponding plot is shown in Figs. 2.5 and 2.6 for the two populations,
respectively, which convey the relationship between the SNR, the 90%-credible sky area,
and the redshift associated with the binary for events in both the populations. With
HLVKI+, we can expect to detect O(1) event every 10 years for which the sky position is
localized to better than 1 deg2. VKI+C is expected to detect about twice the number of
events detected by HLVKI+ with the same sky localization, whereas VK+HLIv and HLVKI+E
are expected to detect about 4 and 7 times as many events, respectively. KI+EC will
not only detect ∼ 60 events every year with the sky localization better than 1 deg2, it
is also expected to see O(1) event every year with the localization better than 0.1 deg2.
ECS is expected to outperform KI+EC by an order of magnitude, detecting O(10) events
every year with localization better than 0.1 deg2 and ∼ 5 events in a span of 10 years
localized to an area smaller than 0.01 deg2. As the position of these small number of
events is localized to such a small area in the sky, it could even be possible to identify
their host galaxies with only the GW signal (subject to the completeness of galaxy
catalogues) [59,122].
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Table 2.5: The number of detections per year for the six detector networks with 90%-
credible sky area less than 10, 1, 0.1 and 0.01 deg2 and fractional error in luminosity
distance less than 0.1 and 0.01.

Metric Ω90 (deg)2 ∆DL/DL

Quality ≤ 10 ≤ 1 ≤ 0.1 ≤ 0.01 ≤ 0.1 ≤ 0.01

Pop-1

HLVKI+ 2.9+6.1
−2.4 ×
102

8.7+19.5
−7.3 2.0+2.0

−2.0 ×
10−1

0 6.1+12.8
−4.8 ×
10

0.0+0.1
−0.0

VK+HLIv 1.4+2.9
−1.1 ×
103

3.1+7.1
−2.6×10 6.0+13.0

−6.0 ×
10−1

0 5.9+12.7
−4.9 ×
102

3.0+9.0
−3.0 ×

10−1

HLKI+E 2.4+5.1
−2.0 ×
103

6.0+13.4
−4.9 ×
10

1.9+2.3
−1.9 0 8.2+17.5

−6.8 ×
103

9.9+22.1
−8.4

VKI+C 8.1+17.3
−6.6 ×
102

1.9+4.1
−1.6×10 2.0+6.0

−2.0 ×
10−1

0 3.1+6.5
−2.5 ×
103

1.1+2.2
−0.9 ×
10

KI+EC 1.2+2.6
−1.0 ×
104

6.1+13.0
−5.0 ×
102

1.4+3.1
−1.2×10 2.0+4.0

−2.0 ×
10−1

1.9+4.0
−1.6 ×
104

7.6+15.0
−6.0 ×
10

ECS 2.9+6.1
−2.4 ×
104

6.1+13.0
−5.0 ×
103

2.4+5.1
−1.9 ×
102

5.1+9.8
−4.2 2.5+5.4

−2.1 ×
104

1.8+3.7
−1.5 ×
102

Pop-2

HLVKI+ 3.0+6.4
−2.5 ×
102

9.1+20.3
−7.7 0.0+0.3

−0.0 0 4.4+8.3
−3.7 ×
10

0.0+0.1
−0.0

VK+HLIv 1.4+2.9
−1.1 ×
103

3.2+6.8
−2.6×10 4.0+15.0

−4.0 ×
10−1

0 4.7+9.7
−3.9 ×
102

0.0+0.3
−0.0

HLKI+E 2.3+4.9
−1.9 ×
103

5.9+12.2
−4.8 ×
10

9.0+35.0
−8.0 ×
10−1

0 8.2+17.3
−6.7 ×
103

7.1+16.3
−6.2

VKI+C 8.2+17.2
−6.7 ×
102

1.8+3.8
−1.5×10 3.0+5.0

−3.0 ×
10−1

0 3.3+6.9
−2.7 ×
103

4.8+8.3
−4.0

KI+EC 1.2+2.6
−1.0 ×
104

6.0+12.6
−4.9 ×
102

1.2+3.1
−1.0×10 0.0+0.3

−0.0 1.9+4.0
−1.6 ×
104

3.7+7.5
−3.1 ×
10

ECS 2.9+6.2
−2.4 ×
104

6.1+12.8
−5.0 ×
103

2.3+4.9
−1.9 ×
102

4.5+11.7
−3.8 2.6+5.5

−2.1 ×
104

9.1+19.0
−7.6 ×
10
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Figure 2.5: Plot showing the relationship between SNR ρ, sky localization Ω90 and the
redshift z for events belonging to the Pop-1 population, corresponding to the six GW
detector networks. Each marker is an event detected by the corresponding detector
network in an observation time of 10 years. The color of the marker conveys how well
that event can be localized in the sky using GW observation.

2.5 Conclusions
NSBH binaries were first discovered in 2020 during the third observing run of the
LIGO and Virgo detectors. With two confirmed detections we can be confident that
these intriguing systems will be abundantly observed by upgraded detectors and new
observatories. With large mass asymmetries and black hole spins either large or misaligned
with the orbital angular momentum, we can expect NSBH signals to reveal relativistic
gravity in action with unprecedented detail. NSBH binaries will be particularly interesting
as they could emit a significant fraction of their energy in higher multipole modes allowing
precision tests of general relativity but also enabling accurate measurement of the Hubble
parameter.
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Figure 2.6: Plot showing the relationship between ρ, Ω90 and z for events belonging to
the Pop-2 population, in an observation time of 10 years.

In this chapter, we have evaluated the science potential of NSBH binaries in two
networks comprising of upgraded LIGO and Virgo (A+ and Voyager upgrades) and four
networks comprising of one or more of Cosmic Explorer and Einstein Telescope operating
in tandem with upgraded LIGO and Virgo (cf. Fig. 1.1 and Table 2.1). We consider two
different population models for NSBH systems (cf. Table 2.2) but our main conclusions
equally apply to both of the populations. The performance of the networks was evaluated
using several metrics as follows:

Detection rate: The cosmological merger rate of NSBH populations, assuming
they evolve with redshift in the same way star formation rate does (apart from time
delays), is about 40,000 events per year (c.f. Fig. 2.2, right panel and Table 2.4). At the
detection SNR threshold of ρ∗ = 10, the A+ and Voyager upgrades will see 1% and 10%
of the mergers, respectively, while future observatories will observe more than 90% of
this population. There is great utility to large catalogs as they can help discriminate
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between different astrophysical formation channels of NSBH or facilitate cosmological
measurements. For other applications, such as tests of general relativity, the signal
quality is of prime importance. While imminent upgrades will not witness high fidelity
signals of SNR > 100, several tens to hundreds of such events will be observed each year
by CE and ET.

Detection efficiency: The merging population of NSBH increases steeply with
redshift as the star formation rate grows, but tapers off at around a redshift of z = 2 (c.f.
Fig. 2.2, right panel). While the A+ and Voyager upgrades will have a redshift reach of
z ∼ 0.2 and z ∼ 0.5, respectively (c.f. Fig. 2.2, left panel), future networks will have a
reach of z ∼ 1.5 to 6 depending on the number of detectors in the network. In particular,
the ECS network comprising of one Einstein Telescope and two Cosmic Explorers will
observe more than 90% of all the sources at z = 2. This degree of completeness will help
mitigate systematics arising from an incomplete catalog.

Sky localization: A metric of importance is the degree to which a source can be
localized in the sky. Precise localization helps in the EM follow-up of GW transients,
measurement of cosmological parameters, identification of lensed events, and so on.
Imminent upgrades will localize hundreds to thousands of events to within 10 deg2 but it
takes a pair of XG observatories to localize 30% of the events, or tens of thousands, to
within the same error region. The number of events that can be localized to within 1
deg2 is typically a factor 30 smaller for all networks except the network with three XG
observatories, for which it reduces only by a factor of 5. However, not all of these events
can be followed up even by the best optical and infrared telescopes, but only mergers
within a redshift of 0.5. Within this redshift, the number of available sources for EM
follow-up won’t change for A+ and Voyager networks, but they are ten times smaller, i.e.,
thousands of mergers, for XG observatories.

In summary, NSBH mergers will not only be seen in plenty with the next generation
observatories, but they will also provide insights into some of the key science questions
in astrophysics and cosmology.
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Chapter 3 |
Facilitating multi-messenger as-
tronomy with NSBH mergers

The universe is a communion of subjects, not a collection of objects.
— Thomas Berry

3.1 Introduction
As discussed extensively in Chapter 2, XG GW observatories such as Cosmic Explorer
(CE) and Einstein Telescope (ET) are poised to significantly advance our understanding
of NSBH mergers. The substantial enhancements in detector sensitivity will yield
unprecedented numbers of NSBH detections, extending the observational horizon deeper
into the cosmos and greatly refining our capability to measure both intrinsic and extrinsic
binary parameters precisely.

However, the scientific potential of NSBH mergers extends far beyond GW observations
alone. These systems are promising multi-messenger sources, anticipated under favorable
conditions to produce EM counterparts such as KNe and SGRBs. While Chapter 2
primarily addressed the detectability and parameter measurability of NSBH mergers from
a purely GW perspective, this chapter broadens our focus to explore MMA prospects
arising from these detections. In particular, we assess the feasibility of detecting EM
counterparts to GW signals from NSBH mergers and discuss the wider astrophysical
implications of these observations.

We begin by examining the specific conditions under which NSBH mergers are
likely to generate bright and detectable EM counterparts. Leveraging the detection
capabilities and sky-localization precision of XG networks detailed previously, we quantify
the prospects for successful EM follow-up and multi-wavelength observations in Sec. 3.2.
In Sec. 3.3, we conduct a detailed case study of GW230529 [3], an NSBH merger observed
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during the fourth observing run of the LVK detectors. Although no EM counterpart
was identified for this event, our analysis quantifies the expected ejecta from the tidal
disruption of the NS and explores the detectability of associated kilonova emission using
the capabilities of the Vera C. Rubin Observatory.

In summary, this chapter synthesizes the gravitational-wave detection perspectives
outlined in Chapter 2 with broader astrophysical insights achievable through multi-
messenger observations, emphasizing the pivotal role of EM counterparts in enriching
our scientific

3.2 Detecting EM counterparts of NSBH mergers
As discussed in Section 1.4, during the inspiral phase of an NSBH merger event, the NS
can be tidally disrupted by the BH, which can either happen when the NS is outside
the ISCO, or when the NS is within it. If the tidal disruption occurs when the NS is
closer to the BH than RISCO, any tidally-disrupted material is swallowed by the BH
and no EM counterpart is generated. When the NS gets disrupted outside RISCO, a
fraction of the NS mass can both, be dynamically ejected, and form an accretion disk
around the remnant BH. This material present outside the remnant powers the EM
counterparts which may be detectable by an EM telescope. The possible EM counterparts
include SGRBs and KNe, among others. KNe are produced by the radioactive decay
of decompressed NS material, while the mechanism that produces gamma-ray bursts
is still not fully understood, but it is believed to require strong magnetic fields [72,86].
The possibility of detecting GWs along with the EM counterpart makes NSBH mergers
exciting prospects for MMA.

In the following subsections, we will explore the potential of NSBH mergers detected
with XG observatories as candidates for MMA. In Sec. 3.2.1, we discuss the sub-
population considered for the MMA study. We also present plots detailing the accuracy
in the luminosity distance, inclination angle, and 90%-credible sky-area measurement
for the events in this sub-population. In Sec. 3.2.2, we discuss the possibility of sending
early-warning alerts to EM telescopes in order to maximize the science output from EM
detections. Finally, in Sec. 3.2.3, we examine KN as a potential EM counterpart to
gravitational waves. We present the expected number of KN detections corresponding
to NSBH merger events detected with the six GW detector networks and describe the
method used to compute the same.
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3.2.1 Sub-population for MMA

For the purpose of MMA, we restrict our population to events that lie within a redshift
of z = 0.5. While SGRBs can be detected up to larger redshifts than z = 0.5, our study
will be focusing on the detection of KNe, which are not expected to be visible to the EM
telescopes beyond this redshift (as will be seen in Sec. 3.2.3). For this sub-population,
we look at the measurement accuracy in the luminosity distance, inclination angle, and
sky-localization for the six networks. Table 3.1 shows the number of detections per year
for each network with 90%-credible sky area Ω90 < 10, 1 and 0.1, and fractional error in
luminosity distance ∆DL/DL < 0.1 and 0.01. The corresponding CDF plots for SNR ρ,
Ω90, ∆DL/DL and ∆ι for both the populations are presented in Fig. 3.1.

From Fig. 2.2 in Chapter 2, we saw that all the networks with at least one of the XG
observatories detect almost all the events up to a redshift of z = 0.5, with ECS detecting
about half of those events with SNRs greater than 100. The Voyager network detects
∼ 90% of the events whereas HLVKI+ detects only 20% of the events. Figure 3.1 shows no
significant differences between the CDF plots for the two populations. All the networks
measure the luminosity distances for almost all the events better than a fractional error
of 30%, with ECS and KI+EC constraining the luminosity distance to better than 10% for
all the events.

To maximize the chances of a telescope detecting the EM counterpart, the estimated
sky area from the GW detection should be within the field-of-view (FOV) of the EM
telescope. FOVs of some of the EM telescopes are listed in Table 3.2 and have been
denoted in the plots for Ω90 in Figs. 3.1 and 3.2. The FOV of the Rubin observatory is
an order of magnitude bigger than any other telescope listed in Table 3.2, allowing it to
see many more EM transients compared to any other telescope. As a result, less than
0.5% of the events detected by HLVKI+ will be visible to telescopes other than Rubin,
whereas only ∼ 10% of the events detected by ECS can be localized in the sky to an
area smaller than the FOV of telescopes other than Rubin. In general, EM telescopes
can slew and cover multiple patches in the sky, which will increase the number of EM
counterparts they will be able to detect. For instance, if the Roman Space Telescope
with a FOV of 0.28 deg2 can slew and observe five patches in the sky, covering an area of
∼ 1 deg2, then it can detect potential EM counterparts of ∼ 3% of the events detected
by HLVKI+ within z = 0.5 and ∼ 60% of the events detected by the ECS network in the
same sub-population. However, the main focus of time-domain survey projects like the
Rubin observatory and the Roman telescope is to detect supernovae, which are much
brighter and evolve much slower than the typical KN. Thus, it is not only difficult for
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Table 3.1: For the sub-population with events for which z < 0.5, the table lists the
number of detections per year for the six detector networks with 90%-credible sky area
Ω90 < 10, 1, 0.1 and 0.01 deg2 and fractional error in luminosity distance ∆DL/DL < 0.1
and 0.01.

Metric Ω90 (deg)2 ∆DL/DL

Quality ≤ 10 ≤ 1 ≤ 0.1 ≤ 0.01 ≤ 0.1 ≤ 0.01

Pop-1

HLVKI+ 2.9+6.1
−2.4 ×
102

8.7+19.5
−7.3 2.0+2.0

−2.0 ×
10−1

0 6.0+12.3
−4.7 ×
10

0.0+0.1
−0.0

VK+HLIv 1.0+2.2
−0.9 ×
103

3.1+7.1
−2.6 ×
10

6.0+13.0
−6.0 ×
10−1

0 3.9+8.2
−3.2 ×
102

3.0+9.0
−3.0 ×

10−1

HLKI+E 1.4+3.0
−1.2 ×
103

6.0+13.4
−4.9 ×
10

1.9+2.3
−1.9 0 2.5+5.3

−2.0 ×
103

9.9+22.1
−8.4

VKI+C 6.8+14.6
−5.6 ×
102

1.9+4.1
−1.6 ×
10

2.0+6.0
−2.0 ×

10−1
0 8.7+18.4

−7.2 ×
102

9.4+19.6
−7.4

KI+EC 3.2+6.7
−2.6 ×
103

5.6+12.1
−4.7 ×
102

1.4+3.1
−1.2 ×
10

2.0+4.0
−2.0 ×

10−1
3.5+7.4

−2.9 ×
103

7.0+13.7
−5.4 ×
10

ECS 3.7+7.8
−3.1 ×
103

2.2+4.8
−1.9 ×
103

2.3+5.0
−1.9 ×
102

5.1+9.8
−4.2 3.6+7.7

−3.0 ×
103

1.4+2.9
−1.1 ×
102

Pop-2

HLVKI+ 3.0+6.4
−2.5 ×
102

9.1+20.3
−7.7 0.0+0.3

−0.0 0 4.4+8.3
−3.7 ×
10

0.0+0.1
−0.0

VK+HLIv 1.1+2.3
−0.9 ×
103

3.2+6.8
−2.6 ×
10

4.0+15.0
−4.0 ×
10−1

0 3.5+7.4
−2.9 ×
102

0.0+0.3
−0.0

HLKI+E 1.5+3.1
−1.2 ×
103

5.9+12.2
−4.8 ×
10

9.0+35.0
−8.0 ×
10−1

0 2.5+5.3
−2.1 ×
103

7.1+16.3
−6.2

VKI+C 7.1+15.1
−5.9 ×
102

1.8+3.8
−1.5 ×
10

3.0+5.0
−3.0 ×

10−1
0 9.2+19.4

−7.6 ×
102

4.8+8.3
−4.0

KI+EC 3.2+6.8
−2.6 ×
103

5.7+12.0
−4.7 ×
102

1.2+3.1
−1.0 ×
10

0.0+0.3
−0.0 3.5+7.4

−2.9 ×
103

3.7+7.4
−3.1 ×
10

ECS 3.7+7.9
−3.1 ×
103

2.3+4.9
−1.9 ×
103

2.3+4.8
−1.9 ×
102

4.5+11.7
−3.8 3.6+7.7

−3.0 ×
103

8.6+18.1
−7.2 ×
10
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Table 3.2: The field of view (FOV) of some of the EM telescopes. Among them, we have
used the Rubin Observatory and the Roman Telescope to comment on the detectability
of kilonovae in Sec. 3.2.3. The space telescopes in the list have been italicized.

Telescope FOV (deg2) Telescope FOV (deg2)

Rubin [6, 7] 9.6 Swift–XRT [123] 0.12

EUCLID [124] 0.54 Keck [125] 0.11

Athena [126] 0.35 VLT [127] 0.054

Roman [5, 128] 0.28 ELT [129] 0.028

Chandra X-ray [130] 0.15 GMT [131] 0.008

Lynx [132] 0.13 HST–WFC3 [133] 0.002

these surveys to detect KN in the first place, but the surveys might also miss the optimal
time window to observe a KN without a targeted search. This emphasizes the need for
target-of-opportunity (TOO) follow-up to GW events in order to utilize the full potential
of MMA [104,134,135].

3.2.2 Early-warning alerts

The GW detectors start detecting gravitational radiation from the inspiral phase itself,
i.e., much before the actual merger happens. Specifically, if a detector starts detecting
the signal at a lower frequency cutoff of fL, then time to coalescence τ is given by [136]

τ ≈
(

0.25
η

)(
2.8 M⊙

M

) 5
3
(

5Hz
fL

) 8
3

× 6.4 × 103 s, (3.1)

where M is the total redshifted mass of the binary. For the same total mass, the more
asymmetric the binary (i.e., the smaller η is), the larger the time to merger. However,
as the binary gets heavier, the time to merger decreases. Additionally, a smaller fL

means that the detector is able to capture the inspiral phase from an earlier time. For a
reference NSBH system with source-frame masses of mNS = 1.5 M⊙ and mBH = 8 M⊙

respectively, and fL = 20 Hz with the system at a redshift of z = 0.1, the time to
coalescence τ ≈ 30 seconds, and it increases to about 2.5 minutes when fL is lowered to
11 Hz. Thus, early-warning (EW) alerts [137] with the estimated sky position, based on
the data collected by then, can be sent to the EM telescope before the merger, allowing
for possible latency in the process, and give time to the telescope to slew in position
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and still record the EM radiation that is generated during and after the merger. Early
observations can allow the EM telescopes to capture prompt emission as well as make
early optical and ultraviolet observations that give us information about the r-process
nucleosynthesis [138].

Following Ref. [99], we present data for two values of time to coalescence, τEW = 120s
and 300s. While Ref. [99] also gives data for τEW = 600s, we do not find any NSBH
events in either Pop-1 or Pop-2 that qualify that criteria. Equation (3.1) can be inverted
to calculate fL (referred to as fEW in this context) for the given values of τEW for every
event. fEW is the frequency of the GW signal from which the system has time τEW left
until coalescence. We only consider those events that have accumulated SNR > 10 in
the particular detector network at the time the alert is sent, and for which fEW > 11 Hz.
However, even if an EW alert is sent to the EM telescope adequately early, it is not of
much use if the associated sky position reported by the GW detector is too large for the
telescope to search for the EM counterpart. As the EM telescopes can look for these
counterparts by observing multiple patches of the sky, they can often cover an area that
is larger than their FOV. In Table 3.3, we present the number of observations every year
where an EW alert can be sent 120s and 300s before the merger. We further categorize
the events based on how well they are localized, showing numbers for detections that
are localized to Ω90 ≤ 100, 10 and 1 deg2 at the time when the alert is sent. We do not
list the numbers for HLVKI+, VK+HLIv and VKI+C as no events satisfying the criteria were
found, which is also evident from the corresponding CDF plots in Fig. 3.3.

From Table 3.3, we see that EW alerts can be sent to only O(10) events for HLKI+E
such that the sky position of the events is also constrained better than 100 deg2, whereas
it can be sent for O(100) events for the KI+EC and the ECS networks. The corresponding
numbers drop by two orders of magnitude if the EW is sent 5 minutes before coalescence.
We also observe that the number of events for which the EW alert can be sent 5 minutes
before the merger is higher in Pop-2 compared to Pop-1. We attribute this difference
to the fact that, in general, we expect systems in Pop-1 to have higher total masses
compared to systems in Pop-2 (due to the broader distributions of NS and BH masses in
Pop-1) which leads to longer signals in Pop-2 [as can be seen from Eq. (3.1)]. In addition,
the number of events with Ω90 ≤ 10 deg2 is O(10) times lower than the number of events
for which Ω90 ≤ 100. For the events for which 10 deg2 ≤ Ω90 ≤ 100 deg2, Rubin would
need to cover at most 10 sky patches to follow up a possible EM counterpart, whereas
any other telescope listed in Table 3.2 would need to slew and cover O(100) sky patches
to detect any possible EM transient.
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Figure 3.1: The CDF plots for SNR ρ, 90%-credible sky area Ω90, fractional error in
luminosity distance ∆DL/DL and absolute error in the inclination angle ∆ι for the
sub-population restricted to z < 0.5. The vertical black dotted lines in the plot for Ω90
correspond to the FOV of the various EM telescopes listed in Table 3.2.
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Figure 3.2: The figure shows the relationship between the fractional error in luminosity
distance ∆DL/DL, 90%-credible sky area Ω90 and the SNR (denoted by the color bar)
of the events in Pop-1 and Pop-2 for which z < 0.5. Each of these events, detected in
an observation span of 10 years, appears as a spot placed according to the associated
measurement errors in luminosity distance and sky position. The color of the dots
represents the SNR with which that particular event was detected in a GW detector
network.
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Figure 3.3 shows that, while there are events detected by VKI+C with SNR ρ > 10
five minutes before their mergers, their sky position cannot be localized to better than
100 deg2. This is consistent with the performance of VKI+C in constraining Ω90 compared
to the other networks, as can be seen from Fig. 3.3. Moreover, none of the events that
are eventually detected by HLVKI+ and VK+HLIv networks accumulate SNR in excess of
10 in their respective detector networks 2 minutes or 5 minutes before their mergers.

Table 3.3: The number of detections per year for HLKI+E, KI+EC and ECS for which
an EW alert can be sent 120s and 300s before the merger, with 90%-credible sky area
measured to be better than 100, 10, 1 deg2 at the time when the alert is sent.

EW Time τEW = 120 s τEW = 300 s
Ω90 (deg2) ≤ 100 ≤ 10 ≤ 1 ≤ 100 ≤ 10 ≤ 1

Pop-1
HLKI+E 2.9+5.9

−2.5 ×
10

1.9+3.3
−1.7 0.0+0.2

−0.0 0.0+0.3
−0.0 0 0

KI+EC 3.5+7.5
−2.9 ×
102

2.4+6.0
−2.1 ×
10

5.0+24.0
−5.0 ×
10−1

9.0+30.0
−9.0 ×
10−1

0.0+0.5
−0.0 0

ECS 5.6+11.8
−4.6 ×
102

6.1+12.9
−5.1 ×
10

1.7+5.7
−1.5 1.4+3.5

−1.3 5.0+12.0
−5.0 ×
10−1

0

Pop-2
HLKI+E 2.4+5.0

−2.1 ×
10

1.2+2.4
−0.9 0 4.0+9.0

−4.0 ×
10−1

0.0+0.1
−0.0 0

KI+EC 3.3+7.2
−2.7 ×
102

2.2+4.7
−1.8 ×
10

1.0+25.0
−0.0 ×
10−1

5.8+11.6
−4.7 8.0+9.0

−8.0 ×
10−1

0

ECS 5.3+11.4
−4.4 ×
102

5.7+11.9
−4.6 ×
10

1.5+4.4
−0.9 7.4+16.0

−5.8 1.8+1.9
−1.6 0.0+0.1

−0.0

3.2.3 Kilonova Detection

During a NSBH merger, the companion BH can cause tidal disruption of the NS resulting
in the generation of neutron-rich ejecta. The presence of neutron-rich substances in the
expanding ejecta leads to fission and further neutron capture, leading to the production
of a wide variety of radioactive elements heavier than iron. These unstable nuclei
eventually decay radioactively heating up the ejecta, which leads to approximately
isotropic quasithermal emission in the ultraviolet (UV), optical, and infrared (IR) bands.
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Figure 3.3: The CDF plots for events for which early-warning alerts can be sent 2 minutes
and 5 minutes before their respective mergers.
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This transient is known as kilonova and serves as one of the most promising EM
counterparts to GW radiation from BNS/NSBH systems [72,86].

For a given EOS, the tidal disruption of the NS, and consequently the generation
of a KN, depends on the mass-ratio (q = mBH/mNS) associated with the binary and
the dimensionless spin of the BH χBH . Only BHs with low mass (hence, low q) and
high prograde (χBH > 0) spin are expected to tidally disrupt the NS before it passes
the RISCO [72]. However, given the population parameters used and the bias towards
detecting systems with higher masses, we see that higher q systems are preferred over
lower q ones (see Fig. 3.4). Thus, the GW chirp of only a fraction of NSBH systems
is expected to have KN as the EM counterpart [139–142]. The detected NSBH events
are seen to have q > 4 and χBH ≈ 0 [104], which is consistent with the fact that
no corresponding KN were detected. Moreover, population-based analysis where the
population is based on current observations posits that a tiny fraction, if at all, of NSBH
systems are expected to be EM bright, i.e., capable of generating an EM counterpart [103].

Figure 3.4: The CDF plots for the mass ratio of the events belonging to the two
populations that were detected by the ECS network. The black dashed vertical line
separates the q ≤ 4 region from the q > 4 region. Only events with q ≤ 4 have been
considered for the KN study.

In this study, we report the number of KN detections per year, for each population
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model corresponding to the detections made by the six GW detector networks. We select
the events from the population with q ≤ 4 and 0 ≤ χBH ≤ 0.75, that are detected by
each of these detectors with SNR ρ > 10, and obtain the bolometric KN light curve (in
case of non-zero ejecta mass) for these events. To obtain the light curve, we follow the
recipes from Refs. [143,144] for “BHNS” systems. This involves the calculation of the
remnant mass, i.e., the estimated baryon mass outside the BH approximately 10 ms after
the merger, and the mass of the dynamical ejecta. The formula in Ref. [145] gives the
normalized remnant mass which, when multiplied by the baryonic mass of the initial
NS, gives the remnant mass outside the BH. While Ref. [144] approximates the baryonic
mass of the NS using the formula from Ref. [146], we calculate it from the TOV data
corresponding to each EOS. The mass of the dynamical ejecta is obtained using the fits
from Ref. [143]. The mass of the disk surrounding the BH is calculated by subtracting
the mass of the dynamical ejecta from the remnant mass. A fraction of the disk mass
can become gravitationally unbound, which is referred to as disk wind. This fraction is
computed by using the formula [144]:

ξ = Mej

Mdisk

= ξ1 + ξ2 − ξ1

1 + e1.5(q−3) , (3.2)

where ξ1 ∈ (0.04, 0.32) and ξ2 ∈ (0.14, 0.44). We set ξ1 and ξ2 to the average values of
the upper and lower bounds used in Ref. [144], i.e., ξ1 = 0.18 and ξ2 = 0.29 respectively.
The velocity of the dynamical ejecta is approximated using Ref. [144] and the velocity of
the disk wind is set to 0.1c [147,148]. The opacities for the dynamical ejecta lie in the
range (1–10) cm2 g−1 due to the Lanthanide rich r-process nucleosynthesis while the disk,
after getting irradiated by neutrinos, becomes relatively optically thin with opacity in the
range (0.1–1) cm2 g−1. Because of uncertainties in the nucleosynthetic calculations, we
fix dynamical and disk matter opacity to 8 and 0.5, respectively. The luminosity curves
for both the dynamical ejecta and the unbound disk mass are individually determined
by integrating the heating function (which accounts for the heating due to β−decay),
approximated by a power law and implemented by using the numerical fit from Ref. [149].
The luminosity for the dynamical ejecta and the unbound disk mass at each time are
added to calculate the total bolometric luminosity curve for the system.

To report the KN detections, we consider the observing EM telescopes to be the
Vera Rubin Observatory and the Nancy Grace Roman Space Telescope. Table 3.4 lists
the photometric bands for the telescopes, the corresponding 5σ single-exposure limiting
magnitudes for point sources (mlim), and the effective wavelength (λeff) for each band. In
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Table 3.4: The six filters in the Rubin Observatory and the Roman Telescope, with the
corresponding single-exposure (30s) limiting magnitudes [5,7] and the effective wavelength
(λeff) used for each band in order to calculate the photometric band estimates.

Vera C. Rubin Observatory Roman Telescope
Band mlim (AB mag) λeff (Å) Band mlim (AB mag) λeff (Å)
u 23.9 3546 R 26.2 6160
g 25.0 4670 Z 25.7 8720
r 24.7 6156 Y 25.6 10600
i 24.0 7472 J 25.5 12900
z 23.3 8917 H 25.4 15800
y 22.1 10305 F 24.9 18400

order to obtain the estimates for the photometric bands from the bolometric luminosity
curve, we calculate the blackbody temperature and the radius of the ejecta as a function
of time and use them to calculate the associated spectral flux density fν :

fν = 2hν3

c2
1

e
hν
kT − 1

(
R

DL

)2
, (3.3)

where h is the Planck constant, ν is the frequency corresponding to λeff of a particular
band, c is the speed of light, k is the Boltzmann constant, T is the blackbody temperature,
R is the radius of the ejecta and DL is the luminosity distance of the system. The spectral
flux can then be converted to AB magnitude (AB mag) using

mAB = −2.5 log10 fν − 48.6. (3.4)

For a given band, if the minimum value of the mAB time-series is less than the limiting
magnitude mlim for that band (i.e., the peak luminosity of the KN is brighter than the
threshold for the band), then we claim that the KN will be observed by the corresponding
EM telescope. In contrast, the criteria for detection of a KN requires more consideration.
Specifically, two consecutive exposures with a time lag of > 30 minutes can be used to
rule out fast-moving objects, like asteroids. Note that the model used to generate a KN
assumes the emission to be isotropic. Angle dependence in the luminosity function can
result in lower peak luminosities than what we obtain, potentially lowering the number
of detections. However, as the code used to generate KN light curves is only valid for
systems where χBH < 0.75, the number of KNe we report is inherently lower than what
can be expected for the two populations, as systems with high prograde BH spins are
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expected to result in KN emission for larger mass ratios. Furthermore, the analysis uses
limiting magnitudes for the two telescopes corresponding to single exposure times of 30s
for Rubin and 67s for Roman [5]. Longer exposure times, possibly due to TOO searches,
can improve the limiting magnitudes resulting in more KN detections than the ones
reported in this study. For a more comprehensive treatment towards detection of KNe
from NSBH mergers, see Ref. [119].

The amount of ejecta in an NSBH merger depends on the unknown NS EOS. To
account for this ignorance, for each system we compute the luminosity curves for three
EOSs with varying stiffness: APR4 [150], DD2 [151] and ALF2 [152]. The mass-radius curves
for the three EOSs and the corresponding curves for the tidal deformability parameter Λ
are given in Fig. 3.5. We find that the largest number of KN detections are obtained with
the g and r-filter in the Rubin observatory and the R-filter in the Roman telescope. We
will present a detailed analysis for detections corresponding to the r-filter in Rubin and
the R-filter in Roman. The number of detections for all the filters for the two telescopes
can be found in Tables 3.8 and 3.9.
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Figure 3.5: The mass-radius relationship for the three equations of state considered in
this study, along with the corresponding values of tidal deformability parameter Λ. The
dashed part depicts the unstable branch with dr/dm > 0.

Figure 3.6 shows the peak luminosities of KNe for events in Pop-1 and Pop-2 as a
function of redshift in an observation time of 10 years. The largest number of KNe are
obtained for DD2 and the least for APR4. This is consistent with the fact that DD2 is the
stiffest among the three EOSs considered, whereas APR4 is the softest (see Fig. 3.5).
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Figure 3.6: Top panel: The peak luminosity of KNe associated with detected NSBH
mergers in Pop-1 in a span of 10 years, as a function of redshift for the three EOSs.
The color of the dots denotes the GW detector that detected the corresponding NSBH
merger event. The size of the dots denotes the number of merger events detected by the
particular GW network, in an observation span of 10 years, that result in a KN. The
dashed and dashed-dotted horizontal lines denote the limiting magnitudes for the R-filter
in Roman and r−filter in Rubin respectively. Bottom panel: The peak luminosity of KNe
associated with NSBH mergers in Pop-2 detected in an observation time of 10 years, as a
function of redshift. No KNe are obtained for the APR4 EOS for Pop-2 events (see Table
3.6).

The Roman telescope has a better limiting magnitude (mR
lim = 26.2) than the Rubin

observatory (mr
lim = 24.7) and, consequently, it is expected to observe more KNe, which

is also seen in Fig. 3.6. In fact, almost all the events observed by Rubin lie within z ∼ 0.2,
whereas Roman is able to see KNe up to z ∼ 0.4. However, the number of KNe that
Roman can observe is limited by its small FOV, ∼ 34 times smaller than the FOV of
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Figure 3.7: The peak luminosities of KNe, when DD2 is used as the EOS for the NS,
associated with detected NSBH mergers in Pop-1 and Pop-2 in a span of 10 years, as
a function of Ω90 obtained from GW observations. The horizontal dashed and dashed-
dotted lines show the limiting magnitudes for Roman (Ro) and Rubin (Ru) respectively.
The vertical dashed (dashed-dotted) lines show the sky-area corresponding to the FOV
and 10 times the FOV for Roman (Rubin).

Rubin. In Tables 3.5 and 3.6, we present the number of KNe observed by each telescope,
in an observation time of 10 years, for the six GW detector networks. The events are
categorized based on if they can be localized in the sky using GW observations to better
than the FOV of the particular telescope, 10 times the FOV of the telescope or 100 deg2.
The upper and lower limits with each number in the table show the uncertainty in the
number of KN detections from NSBH systems due to the uncertainty in the local merger
rate of the NSBH mergers. We see that almost all the events that Rubin will observe will
be localized to an area in the sky that is smaller than the FOV of the telescope. This is
not the case for Roman as only GW events detected by KI+EC and ECS are seen to have
Ω90 < FOV(Roman). If we assume that Roman can slew and cover 10 sky-patches, it
is capable of observing 5–8 times (depending on the EOS) more KNe than the Rubin
observatory. This is illustrated in Fig. 3.7, where we have plotted the peak luminosities
of KNe corresponding to NSBH mergers from the two populations with the corresponding
Ω90 obtained from GW observations. Increasing the sky area covered by Rubin to 10
times its FOV does not significantly increase the number of KNe seen by the observatory.
For Roman, slewing the telescope to cover 10 times its FOV increases the number of KN
detections by ∼ 2–10 times, depending on the GW detector and the EOS, still leaving
out ∼ 10–50% of the events with Ω90 ≤ 100 deg2 that it can potentially detect.

We also note that, in general, the number of expected KN observations corresponding

55



Table 3.5: The number of KN detections with the r−filter of Rubin Observatory and
R−filter of the Roman Telescope for Pop-1 for an observation time of 10 years. The
events are categorized based on if they can be localized in the sky, using GW observations,
better than the FOV of the EM telescope, 10 times the FOV of the EM telescope, or
100 deg2. They have been further divided into 3 columns based on the EOS that was
used to generate the KNe light curves.

Pop-1
Rubin r−filter

Quality Ω90 < FOV Ω90 < 10 × FOV Ω90 < 100 deg2

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 9+13

−7 4+4
−3 16+23

−13 9+16
−8 4+5

−3 16+28
−15 9+16

−8 4+5
−3 16+28

−15
VK+HLIv 14+21

−12 4+7
−3 23+33

−19 14+25
−13 4+9

−3 23+42
−22 14+25

−13 4+9
−3 23+42

−22
HLKI+E 14+21

−11 4+7
−3 23+33

−18 14+25
−13 4+9

−3 23+42
−22 14+25

−13 4+9
−3 23+42

−22
VKI+C 14+17

−7 4+5
−3 23+29

−14 14+25
−13 4+9

−3 23+42
−22 14+25

−13 4+9
−3 23+42

−22
KI+EC 14+24

−13 4+9
−3 23+40

−22 14+25
−13 4+9

−3 23+42
−22 14+25

−13 4+9
−3 23+42

−22
ECS 14+25

−13 4+9
−3 23+42

−22 14+25
−13 4+9

−3 23+42
−22 14+25

−13 4+9
−3 23+42

−22
Roman R−filter

Quality Ω90 < FOV Ω90 < 10 × FOV Ω90 < 100 deg2

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 0 0 0 3+4

−3 1+0
−1 6+7

−6 16+30
−15 7+6

−6 29+52
−27

VK+HLIv 0 0 0 8+16
−8 3+5

−3 19+42
−19 66+131

−51 23+50
−17 118+242

−97
HLKI+E 0+1

−0 0 0+1
−0 15+28

−14 5+7
−4 26+61

−25 96+168
−74 39+68

−30 169+313
−138

VKI+C 0 0 0 3+5
−3 1+1

−1 9+18
−9 84+151

−64 30+56
−22 155+293

−126
KI+EC 3+5

−3 1+1
−1 6+8

−6 56+100
−45 21+36

−15 100+193
−84 97+170

−75 39+68
−30 171+318

−140
ECS 26+52

−20 12+22
−9 50+109

−41 88+157
−68 33+60

−25 156+293
−128 97+170

−75 39+68
−30 171+318

−140

to events in Pop-2 is ∼ 1.5–3 times larger than for events in Pop-1. While a larger
fraction of events in Pop-1 have q < 4 compared to Pop-2 (see Fig. 3.4), a significant
fraction of systems in Pop-1 contain BHs with retrograde (χBH < 0) spin, which is a
disincentive to tidal disruption before RISCO. However, no KNe are detected for events
in Pop-2 with APR4 as the EOS. This can be explained by noticing that a large fraction
of events in Pop-2 contain non-spinning and 5 − 15 M⊙ BHs (see Fig. 2.1 in Chapter 2)
and are unable to tidally disrupt NSs that obey APR4, as APR4 leads to the formation of
the most compact NSs among the three EOSs (see Fig. 3.5).

As discussed before, the single-exposure observation criteria might not be suitable
in practice, as one needs at least two exposures to differentiate KN emissions from fast-
moving objects. For a more realistic picture regarding the number of KN detections, we
use a TOO strategy for Rubin which is similar to the approaches discussed in Refs. [37,153].
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Table 3.6: Same as Tabler 3.5, but for Pop-2 events.

Pop-2
Rubin r−filter

Quality Ω90 < FOV Ω90 < 10 × FOV Ω90 < 100 deg2

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 16+16

−11 0 31+33
−19 16+18

−14 0 31+41
−26 16+18

−14 0 31+41
−26

VK+HLIv 19+22
−14 0 37+58

−28 19+30
−16 0 37+82

−31 19+30
−16 0 37+82

−31
HLKI+E 20+24

−15 0 38+61
−30 20+30

−17 0 38+84
−32 20+30

−17 0 38+84
−32

VKI+C 20+20
−15 0 38+47

−23 20+30
−17 0 38+83

−32 20+30
−17 0 38+83

−32
KI+EC 20+30

−17 0 38+82
−32 20+30

−17 0 38+84
−32 20+30

−17 0 38+84
−32

ECS 20+30
−17 0 38+84

−32 20+30
−17 0 38+84

−32 20+30
−17 0 38+84

−32
Roman R−filter

Quality Ω90 < FOV Ω90 < 10 × FOV Ω90 < 100 deg2

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 0 0 0 3+5

−2 0 6+12
−4 32+42

−27 0 59+92
−51

VK+HLIv 0 0 0 16+21
−12 0 29+43

−24 93+222
−76 0 196+435

−163
HLKI+E 0 0 0+2

−0 22+42
−17 0 44+84

−36 122+275
−99 0 260+542

−213
VKI+C 0 0 0 7+10

−5 0 14+21
−11 115+262

−92 0 243+511
−197

KI+EC 7+9
−5 0 12+18

−9 79+173
−64 0 160+330

−132 124+281
−100 0 267+555

−218
ECS 50+94

−41 0 100+182
−83 115+262

−92 0 247+512
−202 124+281

−100 0 267+555
−218

To claim a KN detection with Rubin, it has to be observed in the g + i filters on two
consecutive nights. For each filter, we assume a 600s single-exposure observation, leading
to a limiting magnitude of 26.62 for the g−filter and 25.62 for the i−filter (assuming
the most optimistic configurations). To not take a large portion of Rubin’s time by
making it slew and cover 10 patches in the sky, we restrict ourselves to KNe for which
the corresponding GW detections can constrain the sky-area associated with the binary
to within 9.6 deg2, i.e., the FOV of Rubin. We also assume a duty cycle of 50% for the
Rubin observatory. With these specifications, the number of KN detections with Rubin
in an observation span of 10 years are listed in Table 3.7. We compare the values in
Table 3.7 with the number of KNe observed in a span of 10 years for all events with
Ω90 < 100 deg2 specified in Tables 3.8 and 3.9. It is seen that more KN detections are
observed following the g + i TOO strategy, compared to the KNe observed using a single
filter and an exposure time of 30s, despite the use of a more stringent sky-resolution
criteria and 50% duty cycle in the TOO strategy. This is because we use an exposure
time of 600s for the g + i filters, which significantly improves the limiting magnitude of
the g and i filters (∼ 6%) compared to the single 30s-exposure case, leading to a greater
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Table 3.7: The number of KN detections in an observation span of 10 years using the g+ i
target-of-opportunity strategy with the Rubin observatory. The considered events have
Ω90 ≤ 9.6 deg2, which is equal to the FOV of the Rubin observatory. We also assume a
duty cycle of 50%.

Pop-1 Pop-2

Network ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 6+12

−6 3+2
−3 12+18

−11 9+11
−7 0 17+25

−14

VK+HLIv 12+22
−10 4+6

−4 20+36
−16 12+24

−10 0 29+55
−25

HLKI+E 12+30
−10 5+11

−5 22+45
−19 14+26

−12 0 34+67
−29

VKI+C 8+16
−7 3+3

−3 16+28
−14 12+18

−10 0 23+41
−19

KI+EC 20+40
−17 6+14

−5 30+63
−26 16+39

−13 0 44+101
−36

ECS 20+41
−16 6+14

−5 32+66
−26 16+40

−13 0 45+106
−37

number of KN detections. It is safe to assume that a similar strategy for Roman will
improve the number of KN detections with Roman as well.

Depending on the EOS, one can expect to observe O(1) to O(10) KNe with Rubin
and 0 to O(100) KNe with Roman in an observation span of 10 years. Even in the best
case scenario, less than 10% of the events in the populations result in a KN, out of
which less 10% are detected, giving the total number of detected KNe to be < 1% of the
cosmic population of NSBH systems, which is consistent with the estimates reported in
Refs. [103,104]. There is a significant difference between the number of KNe expected to
be observed based on the EOS used. This points to the possibility of deriving information
about the EOS based solely on the number of KNe detected in the future. If we assume
that the local merger rate is known to be around the median value of 45 Gpc−1yr−1,
non-detectability of KNe from NSBH mergers in the coming years can point in favor of
compact NSs governed by softer EOSs. Further, subject to the completeness of galaxy
catalogs, detection of KNe from NSBH mergers will allow the localization of the host
galaxy from which an accurate estimate of the redshift associated with the system can
be obtained. Together with the constraints on luminosity distance, NSBH mergers can
then be used as an independent tool to measure the Hubble constant [61,91].
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Table 3.8: Bandwise number of KN detections for both the EM telescopes, following the
GW detections for the six GW detector networks for Pop-1. The numbers are reported
for an observation time of 10 years.

Vera C. Rubin Telescope
Filter u g r

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 0+2

−0 0 1+4
−1 10+17

−9 4+5
−3 16+30

−15 9+16
−8 4+5

−3 16+28
−15

VK+HLIv 0+2
−0 0 1+4

−1 13+25
−12 5+9

−4 22+46
−21 14+25

−13 4+9
−3 23+42

−22
HLKI+E 0+2

−0 0 1+4
−1 13+25

−12 5+9
−4 22+46

−21 14+25
−13 4+9

−3 23+42
−22

VKI+C 0+2
−0 0 1+4

−1 13+25
−12 5+9

−4 22+46
−21 14+25

−13 4+9
−3 23+42

−22
KI+EC 0+2

−0 0 1+4
−1 13+25

−12 5+9
−4 22+46

−21 14+25
−13 4+9

−3 23+42
−22

ECS 0+2
−0 0 1+4

−1 13+25
−12 5+9

−4 22+46
−21 14+25

−13 4+9
−3 23+42

−22
Filter i z y

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 5+9

−4 2+1
−2 10+19

−9 2+3
−2 0 4+7

−4 0 0 0+2
−0

VK+HLIv 5+12
−4 2+2

−2 10+24
−9 2+3

−2 0 4+7
−4 0 0 0+2

−0
HLKI+E 5+12

−4 2+2
−2 10+24

−9 2+3
−2 0 4+7

−4 0 0 0+2
−0

VKI+C 5+12
−4 2+2

−2 10+24
−9 2+3

−2 0 4+7
−4 0 0 0+2

−0
KI+EC 5+12

−4 2+2
−2 10+24

−9 2+3
−2 0 4+7

−4 0 0 0+2
−0

ECS 5+12
−4 2+2

−2 10+24
−9 2+3

−2 0 4+7
−4 0 0 0+2

−0
Nancy Grace Roman Observatory

Filter R Z Y

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 16+30

−15 7+6
−6 29+52

−27 16+29
−15 6+5

−5 25+47
−23 14+29

−13 6+5
−5 25+45

−23
VK+HLIv 66+131

−51 23+50
−17 118+242

−97 43+103
−34 11+33

−10 69+162
−53 38+87

−30 11+31
−10 62+155

−49
HLKI+E 96+168

−74 39+68
−30 169+313

−138 61+123
−49 24+49

−21 96+194
−76 54+106

−44 17+40
−15 84+182

−68
VKI+C 84+151

−64 30+56
−22 155+293

−126 53+112
−42 18+39

−16 84+178
−66 46+95

−37 17+36
−15 74+168

−60
KI+EC 97+170

−75 39+68
−30 171+318

−140 61+123
−49 24+49

−21 96+194
−76 54+106

−44 17+40
−15 84+182

−68
ECS 97+170

−75 39+68
−30 171+318

−140 61+123
−49 24+49

−21 96+194
−76 54+106

−44 17+40
−15 84+182

−68
Filter J H F

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 14+29

−13 6+5
−5 25+42

−23 13+24
−12 5+5

−4 22+42
−20 10+17

−9 4+5
−3 16+28

−15
VK+HLIv 35+78

−27 11+27
−10 53+129

−43 28+61
−23 9+19

−8 45+105
−37 15+27

−14 4+10
−3 27+51

−23
HLKI+E 50+96

−40 13+32
−11 72+153

−60 35+72
−29 11+23

−9 58+119
−48 15+27

−14 4+10
−3 28+52

−23
VKI+C 44+86

−35 13+28
−11 65+143

−54 35+68
−29 11+19

−9 53+113
−44 15+27

−14 4+10
−3 28+52

−23
KI+EC 50+96

−40 13+32
−11 72+153

−60 35+72
−29 11+23

−9 58+119
−48 15+27

−14 4+10
−3 28+52

−23
ECS 50+96

−40 13+32
−11 72+153

−60 35+72
−29 11+23

−9 58+119
−48 15+27

−14 4+10
−3 28+52

−23
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Table 3.9: Bandwise number of KN detections for both the EM telescopes, following the
GW detections for the six GW detector networks for Pop-2. The numbers are reported
for an observation time of 10 years.

Vera C. Rubin Telescope
Filter u g r

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 4+5

−3 0 6+9
−5 17+22

−15 0 33+44
−28 16+18

−14 0 31+41
−26

VK+HLIv 4+5
−3 0 6+9

−5 21+46
−18 0 42+93

−36 19+30
−16 0 37+82

−31
HLKI+E 4+5

−3 0 6+9
−5 22+47

−19 0 43+95
−37 20+30

−17 0 38+84
−32

VKI+C 4+5
−3 0 6+9

−5 22+46
−19 0 43+94

−37 20+30
−17 0 38+83

−32
KI+EC 4+5

−3 0 6+9
−5 22+47

−19 0 43+95
−37 20+30

−17 0 38+84
−32

ECS 4+5
−3 0 6+9

−5 22+47
−19 0 43+95

−37 20+30
−17 0 38+84

−32
Filter i z y

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 8+13

−7 0 16+23
−15 1+4

−1 0 6+12
−5 0 0 1+0

−1
VK+HLIv 8+14

−7 0 16+29
−15 1+4

−1 0 6+12
−5 0 0 1+0

−1
HLKI+E 8+14

−7 0 16+29
−15 1+4

−1 0 6+12
−5 0 0 1+0

−1
VKI+C 8+14

−7 0 16+29
−15 1+4

−1 0 6+12
−5 0 0 1+0

−1
KI+EC 8+14

−7 0 16+29
−15 1+4

−1 0 6+12
−5 0 0 1+0

−1
ECS 8+14

−7 0 16+29
−15 1+4

−1 0 6+12
−5 0 0 1+0

−1
Nancy Grace Roman Observatory

Filter R Z Y

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 32+42

−27 0 59+92
−51 29+37

−24 0 56+80
−49 26+35

−21 0 53+74
−46

VK+HLIv 93+222
−76 0 196+435

−163 61+144
−48 0 136+291

−113 49+119
−38 0 119+257

−98
HLKI+E 122+275

−99 0 260+542
−213 71+168

−56 0 167+341
−137 54+131

−41 0 143+297
−116

VKI+C 115+262
−92 0 243+511

−197 67+164
−52 0 160+329

−130 51+129
−38 0 137+287

−110
KI+EC 124+281

−100 0 267+555
−218 71+169

−56 0 168+347
−137 54+132

−41 0 144+300
−116

ECS 124+281
−100 0 267+555

−218 71+169
−56 0 168+347

−137 54+132
−41 0 144+300

−116
Filter J H F

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2
HLVKI+ 24+31

−20 0 51+72
−44 20+24

−17 0 44+66
−37 10+16

−8 0 32+41
−27

VK+HLIv 40+91
−31 0 100+223

−81 25+64
−21 0 75+170

−61 10+21
−8 0 38+82

−32
HLKI+E 43+97

−34 0 113+251
−92 26+67

−22 0 82+184
−66 10+21

−8 0 39+84
−33

VKI+C 40+96
−31 0 108+245

−87 26+66
−22 0 79+181

−63 10+21
−8 0 39+83

−33
KI+EC 43+98

−34 0 113+252
−92 26+67

−22 0 82+185
−66 10+21

−8 0 39+84
−33

ECS 43+98
−34 0 113+252

−92 26+67
−22 0 82+185

−66 10+21
−8 0 39+84

−33
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3.3 Case study: GW230529
The GW event GW230529_181500 [3], better known as GW230529, was observed
exclusively by the LIGO Livingston detector [22]. The signal was detected with a SNR
of ≳ 11 and a notably low false alarm rate of less than one event per thousand years, as
determined by the PyCBC offline analysis. Assuming GW230529 originated from a NSBH
merger on a quasi-circular orbit, parameter estimation analysis indicates component
masses of 3.6+0.8

−1.2,M⊙ and 1.4+0.6
−0.2,M⊙ (90% credible intervals). This makes GW230529

the most symmetric mixed compact binary merger detected to date through gravitational
waves.

In Chapter 4, we analyze GW230529 using astrophysically informed mass and spin
priors to gain insights into the formation channels and evolutionary processes of this
compact binary. To achieve this, we employ predictions from 15 binary population
synthesis models of NSBH mergers presented by Ref. [1]. These models systematically
explore variations in physical assumptions relative to the “fiducial” scenario, including
the efficiency of mass transfer between binary components and natal kicks imparted to
compact objects. A summary of these models is provided in Section 4.3 of Chapter 4.
Using posterior samples derived from the parameter estimation incorporating these
astrophysical priors, we can estimate the total ejecta mass, dynamical ejecta, and
unbound disk ejecta corresponding to each formation scenario by applying empirical
fitting formulae from Refs. [143,144].

This calculation is performed using four different EOSs: APR4 [150], SLy [154,155],
DD2 [151,156] and H4 [157–159] (see Fig. 3.8 in for the corresponding mass-radius curves).
Among these, APR4 and SLy give relatively more compact NSs, whereas DD2 and H4
result in less compact ones. Thus, the latter two will produce more ejecta than the
former. We find that APR4 does not give any ejecta for samples corresponding to any
population models. Fig. 3.9 shows the probability distribution of total ejecta for the
remaining three EOS. Across population models, the total ejecta mass corresponding
to SLy ≲ 0.01M⊙, DD2 ≲ 0.05M⊙, and H4 ≲ 0.07M⊙. Most ejecta are produced for the
samples corresponding to the “rapid SNe” population model, which is due to its preference
for a more symmetric binary (c.f. Fig. 4.9). On the other hand, the “Unstable Case
BB” population model results in no ejecta, due to its preference for more massive (hence,
more compact) NS. Note that both “rapid SNe” and “Unstable Case BB” population
models are disfavored compared to others, as discussed in Sec. 4.3.2.2 in Chapter 4.

Choosing the most optimistic scenarios, namely those corresponding to H4 EOS, we
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Figure 3.8: The mass-radius curves for the EoS chosen in this study. We also show the
BSK24 EoS which was used by Ref. [3].

calculate the bolometric KNe light curves. We convert them to bandwise light curves for
the ugrizy filters for Roman. Figure 3.10 shows i-band curves together with the curve for
maximum likelihood (Lmax) binary parameters. We also compare the points from the
detected light curve of GW170817 [160,161] in the i-band.

From Fig. 3.10, we note that only the “Unstable case BB” mass transfer population
model does not support a KN after the merger, a population model disfavored by our
analysis. For all other population models, the KN is expected to be considerably dimmer
than the one observed for GW170817. This is expected, given that the KN flux is inversely
proportional to the distance squared and that GW230529 is located approximately five
times further than GW170817 [3]. For all population models, the curves corresponding
to the Lmax binary parameters prefer comparatively dimmer KNe, which is because the
Lmax parameters correspond to more mass-asymmetric binary located further away.

Focusing on the KNe properties, we note that the luminosity in the i-band peaks
a day after the merger for all population models except “unstable case BB”. The peak
luminosities corresponding to the Lmax binary parameters lie in the range [23.97, 24.67]
mag. For the “fiducial” population model and Lmax binary parameters, Table 3.10 shows
the bandwise peak luminosities and its decay. The latter is the absolute difference
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Figure 3.9: The probability distribution function (PDF) for the total ejecta mass for
different EoS and corresponding to the various population models. No ejecta was obtained
for the APR4 EoS.

Table 3.10: The (optical) bandwise peak luminosities and decay in luminosity one day
after peak for the KNe with Lmax binary parameters corresponding to the “fiducial”
population model and the H4 EOS. For comparison, the single-exposure (30s) bandwise
limiting magnitudes corresponding to the Rubin Observatory (mlim

RO) are also listed.

Band mlim
RO (mAB) Peak (mAB) Decay (mAB)

u 23.9 26.63 1.85
g 25.0 25.80 1.04
r 24.7 25.05 0.59
i 24.0 24.61 0.35
z 23.3 24.27 0.16
y 22.1 24.04 0.10

between the peak luminosity and one day after it.
To gauge the KNe detectability, we compare the peak luminosity in each band with the

corresponding limiting magnitude (mlim
RO) of the Rubin Observatory for a single, 30s long

exposure. While the KNe in the y-band is the brightest, Rubin wouldn’t have observed it
owing to its relatively poor sensitivity in this band. For the “fiducial” population model,
peak luminosities in the gri bands come closest to the limiting magnitude threshold.
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Figure 3.10: KNe light curves in the i−band corresponding to the different population
models for the H4 EoS. The dotted line shows the light curve associated with the maximum
likelihood parameter estimates for each model.

However, a targeted observation with 600s exposure increases the limiting magnitude for
the g and i bands to 26.62 and 25.62 [37, 61], respectively, making the KNe visible in
these bands.

3.4 Conclusions
The detectability of KN emission from NSBH mergers depends on several key factors,
including the binary mass ratio (q = mBH/mNS), the spin of the BH, and the NS EOS,
which is currently uncertain. Brighter KNe and larger merger ejecta masses typically
result from binaries with smaller mass ratios, higher BH spins, and stiffer EOS, such as
DD2. Conversely, binaries with larger mass ratios and softer EOS, like APR4, generally
yield dimmer KNe that may fail to form or remain too faint for detection. Despite
the enhanced sensitivity provided by XG GW observatories and even under the most
optimistic scenarios with stiffer EOS, the annual rate of mergers producing observable
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KNe is anticipated to be limited to only a few events.
In our case study of GW230529—the most mass-symmetric NSBH merger observed

during the fourth observing run of the LVK detectors—we calculated the associated
KN light curves. Our analysis indicates that the resulting emission in the i-band is too
faint for detection by typical wide-field searches conducted by the Rubin Observatory.
However, targeted follow-up observations may still have detected the associated EM
counterparts.

Early warnings of imminent mergers, issued minutes in advance, would significantly
enhance telescope capabilities by allowing prompt observations of the onset of EM
counterparts and potentially revealing the nature of the central engine powering associated
gamma-ray bursts. Upcoming GW detector upgrades, such as A+ and Voyager, will not
achieve precise localization alerts two or more minutes before merger. In contrast, XG
observatories are projected to provide timely alerts for tens to hundreds of NSBH mergers
per year, with sky localizations better than 100 deg2. A few of these events could be
localized approximately five minutes before merger, and a similar number might achieve
localizations within 10 deg2, significantly enhancing the prospects for multi-messenger
observations.
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Chapter 4 |
Enabling astrophysical inference
with NSBH mergers

All models are wrong, but some are useful.
— George Box

4.1 Introduction
The current ground-based GW detectors are sensitive to GW from binaries containing BHs
and/or NSs. These compact objects form as the end-product of the evolution of massive
stars. The formation mechanism of such compact binaries can be broadly classified into
two types– first, where two closely-located massive stars evolve in isolation [163, 164],
and second, where the binaries are formed due to dynamical interactions in dense stellar
environments [165,166]. The pathway followed for the binary formation and the processes
it undergoes during its evolution leave their imprints on the system, particularly on the
masses and spins of the components. Fortunately, by detecting the GWs from these
systems, these parameters can be inferred, which provides important insights into the
formation and evolution of the binary (e.g., see Ref. [167]). As different formation
channels lead to different parameters of the components [168–170], and a single formation
channel cannot explain the properties of the detected binaries [171], precise estimation of
the mass and the spin distributions is pivotal for understanding the contributions of the
various formation channels to the binary population.

The first direct detection of GW was from a ∼ 65 M⊙, nearly equal mass, BBH
merger [21]. This detection proved that BBH can merge in Hubble time and allowed
the determination of the merger rate for such binaries, rejecting pessimistic formation
scenarios that predicted very low merger rate values [172,173]. While the components’
masses were more than the expectations from low-mass X-ray binary systems [174], they
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were found to be consistent with both isolated and dynamical formation channels, provided
that the corresponding metallicity is lower than solar metallicity [168,175]. Since then,
the Advanced Laser Interferometer Gravitational-Wave Observatory (aLIGO) [22–24,40]
and the Advanced Virgo (AdV) [26, 27] detector have detected ∼ 100 mergers by the
end of the third observing run [75]. Among these, the majority are BBH mergers,
followed by two NSBH mergers and two BNS mergers. Using the detected BBH mergers,
significant constraints have been placed on the mass spectrum of BH [33], revealing
distinctive features that could contain information about the astrophysical processes at
play [176–180]. While the predictions for the masses of the components from different
formation channels can overlap, the spin values and orientations can encode decisive
information for distinguishing between the formation scenarios [84,181,182]. The isolated
binary formation channels are, predominantly, expected to create slowly spinning binaries
with spins aligned with the orbital angular momentum [175, 183–186] (however, see
Refs. [187–189]). On the other hand, binaries formed through dynamical exchanges are
expected to have components with spins that are oriented isotropically [190] and possibly
with large magnitudes [191]. Unfortunately, as the individual spins of the compact objects
cannot yet be precisely measured using GW observations, the spin distribution of the
BHs from the current observations remains uncertain [192], leading to a lack of clarity
about the dominant formation channel for the detected population.

The properties of the cosmic population of BNS and NSBH mergers are even more
uncertain, owing to the limited number of GW observations. Currently, our expectations
are informed by the Galactic pulsar observations which point to a bimodal mass distribu-
tion with the dominant peak at ∼ 1.4 M⊙ and the minor peak at ∼ 1.8 M⊙ [193–195].
NS present in binaries are seen to coincide with the former peak [196, 197]. While
GW170817 [25] seems to follow this trend as well, the component masses inferred for
GW190425 [198] contradict it. Unlike the pulsar population, the NS in BNS and
NSBH mergers detected using GWs so far are consistent with a uniform distribution in
mass [33, 199].

In this chapter, we will show that the precise estimation of binary parameters with
NSBH mergers renders them as powerful astrophysical probes. Specifically, in Sec. 4.2,
we will demonstrate that the spin of the NS participating in the NSBH merger can be
measured very precisely with XG observatories, and that this measurement can inform
the formation and evolution of the NSBH binary. To emphasize the utility of NSBH
mergers for astrophysical inference, in Sec. 4.3, we will again look at GW230529 with
astrophysical informed priors and provide conclusive insights into the probable physical
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processes underlying this binary formation.

4.2 Measuring small NS spin with NSBH mergers
Measuring the spin of the individual NS using GW is trickier. This is due to the following
two reasons. Firstly, individual spins are difficult to measure. The GW signal for low-
mass compact objects, like BNS and NSBH, is dominated by the inspiral—where the
orbit of the binary shrinks due to the emission of GW. This part of the signal is well
approximated with the PN formalism [53], where the dominant spin effect appears at 1.5
PN order and is best represented by the effective spin parameter [200],

χeff = m1χ1 +m2χ2

m1 +m2
= χ1 + q χ2

1 + q
. (4.1)

Here, (m1,m2) are the component masses, (χ1, χ2) are their dimensionless spin compo-
nents aligned with the orbital angular momentum, and q = m2/m1 ≤ 1 is the mass ratio.
Further, the contribution to the GW phase for non-precessing systems to leading order
in spin can be written as,

Ψ(f) = 3
128(πfM)5/3

1 + ν2
(3715

756 + 55η
9

)
+ ν3

(113
3 χeff − 76η

3 χs − 16π
), (4.2)

where M = Mη3/5 is the chirp mass, η = q/(1 + q)2 is the symmetric mass ratio,
ν = (πfM)1/3 is the PN expansion parameter, M = m1 +m2 is the total mass, f is the
frequency of the quadrupolar part, and (χs = χ1 + χ2)/2. The dominant effect of spins
on the phase can be encapsulated in a reduced spin parameter, χPN, defined as

χPN = χeff − (76η/113)χs. (4.3)

As the lowest order contribution to the phase depends on the chirp mass M, it is well
measured. Now, looking specifically at the ν2 (1 PN) and the ν3 (1.5 PN) terms [201],

∆Ψ(f) = 3ν2

128(πfM)5/3

3715
756 + 55η

9 + ν
(113

3 χPN − 16π
), (4.4)

we see that η, or equivalently the q, can be varied without varying M to mimic the
effect of spin (though, it will also have to account for the changing ν with frequency) at
this order. This, together with the dependence of χeff on q, represents the degeneracy
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between mass and spin parameters, which hampers the measurement of the individual
spins [201,202].

Secondly, the dimensionless spins of NS are expected to be small by the time of
merger. Pulsar observations suggest that NS can be rapidly rotating. While most of
the cataloged pulsars have periods P ∼ 0.5 s, a significant and distinct fraction, called
millisecond pulsars, can have periods P ≲ 30 ms [203]. The fastest-rotating known pulsar,
PSR J1748-2446ad, has a period of P ∼ 1.4 ms, translating to a dimensionless spin
χ ≤ 0.4 [25,204]. The fastest-spinning NS that is part of a BNS that will merge within
Hubble time is PSR J0737-3039, with a period of 22 ms [205]. While this is still rapid,
pulsar rotation is expected to slow down with time. This is because pulsars accelerate
charged particles which, in turn, emit radiation, and this radiation carries away the
rotational kinetic energy. In fact, PSR J0737-3039 is expected to spin-down to χ ≲ 0.04
at merger [25]. As ground-based GW observatories are only expected to detect these
binaries close to merger, the NS dimensionless spins are expected to be ≲ 0.04.

Fortunately, the mass-spin degeneracy can be broken with the inclusion of HOMs and
precession [69] in the waveform. In this work, we will restrict ourselves to non-precessing
systems. While the quadrupolar (2, 2) mode dominates the GW from equal-mass and
face-on (inclination angle ι = 0◦) systems, the sub-dominant HOMs get activated for
systems with unequal masses [8, 206] (and for precessing systems). We expect the
contribution of these HOMs to increase with the asymmetry in the masses. As the
NS mass function is restricted to a small range of values [207–214], we do not except
significant contribution of HOMs in the inspiral of BNS mergers. On the other hand,
NSBH mergers will have unequal masses. Population synthesis studies (like Ref. [1])
that have looked at NSBH mergers formed through isolated binary formation channels
find that BH mass in NSBH mergers rarely exceeds 20 M⊙, with the peak of the mass
function lying between 5 M⊙ − 15 M⊙. This is also supported by the inference of BH
mass spectrum from detected NSBH mergers [103]. Given that the expected NS masses
are less than 2 M⊙, NSBH systems will be largely asymmetric with q ≲ 0.4. Thus, due
to the contribution of HOMs to the GW signal, NSBH systems can be instrumental in
measuring the NS spin (χNS).

In this section, we assess the precision with which χNS can be measured from non-
precessing NSBH mergers. The “non-precessing” choice is partly motivated by our focus
on binaries formed through isolated binary formation channels (see Section 4.2.1.2) and
partly due to computational feasibility (briefly discussed in Section 4.2.2). We find that
the precision in the measurement of χNS strongly depends on the BH spin (χBH), with
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high BH spins (χBH ≥ 0.6) being conducive to more precise χNS measurement. We also
show the importance of HOMs in improving the measurement precision, by comparing the
bounds placed on χNS using a waveform model that only contains the quadrupolar mode
with one that also contains HOMs, at varying inclination angles. As the detected NSBH
events fail to constrain χNS [33,75,76], we focus on the abilities of XG GW observatories
in measuring the same. We find that a five-detector A+ [39,40] (three-detector A♯) [46]
network might distinguish χNS = 0.04 from zero at 1 − σ confidence for an NSBH merger
at ∼ 30 (∼ 50) Mpc, while a network with ET [37, 50, 51] and two CE [38, 47–49, 215]
can accomplish the same for an NSBH merger at ∼ 350 Mpc. Based on these results,
we claim that if there exists a sub-population of NSBH binaries in nature that merge
within Hubble time and contain rapidly spinning NS, then XG observatories will discern
such NS from slowly or non-spinning ones, identifying extragalactic NS with millisecond
rotational periods without EM observations.

In this section, we emphasize the significance of measuring the NS spin with high
precision. However, it is also vital to highlight that breaking the mass-spin degeneracy
also enhances BH spin measurements (see Section 4.2.3.1). This improvement holds
astrophysical significance since accurately determining χBH can provide valuable insights
into the formation processes underlying binary creation. For a brief discussion on this
aspect, refer to Section 4.2.1.2.

The rest of the section is structured as follows. In Section 4.2.1, we build on
the motivation for this study. The description of the employed parameter estimation
techniques, the NSBH systems that are considered, and the GW network configurations
that are used are presented in Section 4.2.2. In Section 4.2.3, we show the constraints on
χNS that can be placed with NSBH mergers, accompanied by the analysis of how BH
parameters, the presence of HOMs, and detector sensitivity can affect the precision with
which χNS can be estimated.

4.2.1 Motivation

In this section, we describe the motivation for considering NSBH mergers to precisely
measure the NS spin. In Section 4.2.1.1, we use PN expressions to show the utility
of HOMs in improving the measurement of χNS. In Section 4.2.1.2, we discuss the
astrophysical processes that can lead to the formation of NSBH systems with rapidly
spinning NS that merge within Hubble time.
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4.2.1.1 Theoretical Arguments

In Section 4.1, we explained the degeneracy between the mass and spin parameters using
the PN expansion of the GW phase to leading order in spin. We encapsulated the effect
of spin to the phase at this order in the term χPN, which is a function of χeff and χs.
For BNS systems, the mass ratio is close to 1, leading to χeff ∼ χs. Thus, while these
combinations of component spins can be measured to significant precision, it is difficult
to disentangle the values of individual spins from them. These degeneracies could be
affected due to higher-order spin effects, including the effect of spin-induced quadrupole
moments on the phase [216–218]. However, given that the values of χNS are expected to
be small, we do not expect these effects to drastically improve the measurement of NS
spins.

For NSBH systems, we expect χNS to be small and the mass ratio to be much smaller
than 1. With these assumptions,

χeff = χBH + q χNS

1 + q
≈ χBH,

i.e., most of the information contained in χeff is about χBH, as the contribution of χNS is
weighed down by q. While χBH and χNS are at equal footing in χs, the contribution of
χs compared to χeff is weighed down by η (as, by definition, η ≤ 1/4).

The HOMs also contain contributions from the spins, which can help improve the
measurements of individual spins of binary components. Revisiting the discussion from
Chapter 1, the complex time-domain GW strain h(t) can be decomposed in the basis of
−2 spin-weighted spherical harmonics Y lm

−2 ,

h(t,λ) =
∞∑

l=2

l∑
m=−l

Y lm
−2 (ι)hlm(t,λ), (4.5)

where ι is the inclination angle, and λ is the set of parameters, including masses and
spins of the binary components, that affect the strain. For non-precessing systems, the
(l,±m) modes obey the symmetry hlm = (−1)l h̄l−m. The phase of (l,m) modes has an
approximate relation to the phase of the (2, 2) mode in the inspiral regime, given by
Φlm ≈ m

2 Φ22, which also means that the frequency corresponding to the (l,±m) mode
is m/2 times the frequency of the (2,±2) mode. On the other hand, the amplitudes
of the HOMs contain important differences. Firstly, the relative contribution of the
(l,m) mode to the signal depends on the inclination angle, which enters the equation
through Y −2

lm . Figure 1.2 in Chapter 1 shows the dependence of the absolute value of
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Table 4.1: The table lists the leading-order spin terms that contribute to the amplitudes
of some of the different (l,m) modes, retrieved from Ref. [8]. Here, the column titled
PN lists the PN order of the leading order term that contributes to the amplitude of the
mode, and the PN(χ) column lists the leading order at which the spin terms show up in
the amplitudes of the respective modes. Similar to χeff , we introduce another combination
of component spins and mass ratio, χ̃ = χBH−q χNS

1+q
, which contains the leading order spin

effects to the (2, 1) and the (3, 3) mode amplitudes. We have also used the asymmetric
spin combination, χa = (χBH − χNS)/2.

Mode PN PN(χ) Leading order spin terms

(2, 1) 0.5 1 4i
R

√
π
5 ηM χ̃

(2, 2) 0 1.5 32
3R

√
π
5 ηM (χeff − ηχs)

(3, 2) 1 1.5 32
3R

√
π
7 η

2M χs

(3, 3) 0.5 2 3i
2R

√
6π
7 ηM ((4 − 5η)χ̃− 14ηχa)

(4, 4) 1 2.5 256
9R

√
π
7 ηM

[
(−2

3 + 13
5 η)χeff

+ 2η
5

(
1
3 − 7η

)
χs

]

Y −2
lm with inclination for different modes. Secondly, various combinations of component

spins contribute to the amplitude of the (2, 2) mode and the HOMs. The leading-order
spin contributions to hlm are listed in Table 4.1, with lower-order terms only depending
on mass parameters. Based on Table 4.1 and Fig. 1.2, we conclude the following:

• The leading order term in the (2, 2) mode amplitude is at 0 PN. This makes (2, 2)
the dominant mode in the GW strain.

• Only the (2, 2) and (3, 2) modes contribute to the signal for face-on (ι = 0◦) systems.
The (2, 1), (3, 3) and (4, 4) modes peak at ι > 40◦.

• The (2, 2), (3, 2) and (4, 4) modes contain positive combinations of spins, like χeff

and χs, whereas (2, 1) and (3, 3) modes contain negative combinations, like χ̃ and
χa.

• In their respective modes, the χs (χa) spin terms are suppressed by a factor of η
compared to the χeff (χ̃) term.

The different ways in which the mass and spin terms interact in the various (l,m) modes
help remove the degeneracy between these parameters. While χeff and χ̃ values for BNS
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Figure 4.1: Left panel: The square-root of the Fisher term corresponding to χNS for
the various (l,m) modes as a function of inclination angle (see Equations (4.6)-(4.8) for
definitions of the various terms). The dotted vertical line indicates ι = 45◦. Right panel:
Assuming ι = 45◦, the figure shows the normalized Fisher term as a function of frequency
for the different (l,m) modes separately, whereas the black curve shows the normalized
Fisher term for the full waveform that contains all the modes. The highly oscillatory
nature of the full waveform, due to constructive and destructive interference between
modes, is highlighted in the inset. The 40 km CE PSD was used for obtaining the Fisher
estimates. Using a different PSD, like that for aLIGO, which has worse sensitivity at
lower frequencies, will shift the curves towards higher frequencies, which is shown for the
(2,±2) mode with the dot-dashed line.

systems are expected to be small, they can be significant for NSBH systems if the BH is
highly spinning. Larger values of χeff and χ̃ result in longer inspirals and greater imprints
of spins on the amplitude and phase of the GW, which improves their measurability.
Thus, we expect a correlation between greater χBH values and better measurement of
χNS. This expectation will be validated in Section 4.2.3.1.

To better illustrate the effect of HOMs, we calculate the Fisher matrix element (ΓχNS)
for a typical NSBH system using gwbench [102]. ΓχNS is a measure of the amount of
information about χNS that can be extracted from the GW strain. For demonstration,
we choose the plus polarization of the strain and calculate

h+
lm,χNS

(f) = ∂h+
lm(f)
∂χNS

, (4.6)

γ+
χNS

(f) =
h+

lm,χNS
(f) h̄+

lm,χNS
(f)

Sn(f) , (4.7)

Γ+
χNS

= 4 Re
∫ fhigh

flow
γ+

χNS
(f) df, (4.8)
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where h+
lm(f) is the plus polarization of the (l,m) mode in frequency-domain obtained

using IMRPhenomXHM [112] for an NSBH system with 10 M⊙ BH, 1.4 M⊙ NS with the
PSD (Sn) associated with the 40 km CE detector considered between flow = 5 Hz and
fhigh = 2048 Hz. We choose χBH = 0.4 and χNS = 0.04. Note that the square-root of
the inverse of the full Fisher matrix gives the measurement errors on the parameters.
However, due to the process of inversion, the measurement precision on χNS is not
determined just from (Γ+

χNS
)−1/2 but has contributions from the correlations between χNS

and all the other GW parameters.
Hence, keeping in mind that (Γ+

χNS
)1/2 is only an indicator of the contribution of

different modes, we show how these contributions vary with the inclination angle and the
frequency in Fig. 4.1. The left panel shows the contributions of the different (l,m) modes
to the measurement of χNS. The effect of the variation of |Y −2

lm | (c.f. Fig. 1.2) with
inclination is apparent. As expected, the bulk of the information about χNS comes from
the (2,±2) mode across the various inclination angles. The second strongest contribution
comes from the (3,±3) mode, which considerably informs the χNS estimates for systems
with ι > 20◦. At high inclination angles, the contribution from the (3,±3) mode can reach
about 1/3 the contribution of the (2,±2) mode (see Ref. [68] for details on the importance
of different modes). In the right panel, we show γ+

χNS
(f) as a function of frequency, but

normalized by its integral over the frequency band, Γ+
χNS

. The normalization removes
information about the relative importance of each mode, which is already shown in the left
panel, and allows the portrayal of frequency regions in which each of the modes dominates.
The (2,±2) and (2,±1) modes contribute predominantly to the lower frequencies, whereas
the other HOMs contribute to the higher frequencies as well. The information from the
waveform that contains the (2,±2) and the HOMs, shown in black, follows the (2,±2)
mode curve, with oscillations due to the constructive and destructive interference between
the (2,±2) mode and the HOMs [219].

It is important to note that the choice of Sn(f) affects the frequency regions to
which the different modes contribute the most. The PSD corresponding to CE 40 km
is relatively flat at lower frequencies, where the systems spend the majority of their
inspiral. However, aLIGO poor low-frequency sensitivity will result in the shift of the
curves shown in the right panel of Fig. 4.1 towards higher frequency values. This shift
has been specifically shown for the (2,±2) mode with aLIGO sensitivity in Fig. 4.1.

From the theoretical considerations involving the PN theory and Fisher estimates, we
conclude that the (2, 2) mode will dominate the χNS measurement, followed closely by
the (3, 3) mode, especially for near edge-on (ι = 90◦) systems. We highlighted that η
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combines differently with different spin contributions in the amplitude of the HOMs. We
also posit that a large χBH value will be conducive to χNS measurement.

4.2.1.2 Astrophysical Considerations

As discussed in Section 4.1, pulsar observations have shown that rapidly rotating NS
can exist in binary configurations that merge within Hubble time. Further, in Section
4.2.1.1, we assert that for an NSBH system, larger values of BH spin will correspond to
better measurements of the NS spin. In this section, we assess the formation scenarios
for NSBH systems, via isolated binary formation channels, with a rapidly rotating NS
and, preferably, a highly spinning BH.

One way NS can attain their spins is due to the collapse of an initially spinning
Chandrashekhar core. However, as the mass transfer from the core to the outer layers
before collapse is expected to be highly efficient [220], the cores right before collapse are
likely to be slowly spinning, leading to slowly spinning compact stars post-collapse [185].
Recent studies [221,222] suggest another method to spin-up the NS at birth— through
stochastic accretion of in-falling matter after the core collapse supernova explosion. In
fact, Ref. [222] finds that NS created in this way from lower mass (< 10 M⊙) ZAMS stars
have lower spins (P ∼ O(103) ms) and natal kick velocities (vkick ≲ 200 km s−1), whereas
those from higher mass (> 10 M⊙) ZAMS stars generally have higher spins (P ∼ O(10)
ms) and natal kick velocities (vkick ≳ 400 km s−1). While the latter is favorable for
generating rapidly-spinning NS, the high kick velocities could disrupt the binary system,
reducing the chance of such NS to exist in binary configurations. A similar trend is seen in
BH, where BH formed after core-collapse are seen to have large spins and kicks, whereas
those born from failed explosions have smaller values for spins and kicks [222,223].

Stars present in binary configurations can undergo other physical processes that can
lead to rapidly rotating compact objects. The primary, more massive, star is the first to
evolve off the main sequence and undergo a supernova explosion to become a compact
object. Assuming the binary survives this explosion, the second star evolves off the main
sequence, expands and initiates the common envelope phase [224–227]. The common
envelope extracts energy from the binary and, if ejected successfully, leaves behind a
tighter binary with smaller period, containing a compact object and a Wolf-Rayet star
(for other scenarios, see Ref. [1] and references therein). In certain cases, the Wolf-Rayet
star can expand further and fill its Roche Lobe, leading to stable mass-transfer from this
helium-star to the compact object [228, 229]. This mass transfer episode can spin-up
the first-born compact object [229, 230]. If the BH is formed first, Ref. [231] shows
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that super-Eddington accretion can result in highly spun-up (χBH > 0.6) BH. If the
NS is formed first, its spin can be further increased (often referred to as recycling the
NS/pulsar), leading to more massive NS with millisecond periods [196] and possible
burial of their magnetic fields [4,232]. As the spin-down rate of the NS increases with the
magnetic field strength and decreases with mass, these recycled NS can have considerable
spins at the time of merger. In their simulation study, Ref. [4] find that ∼ 20% of the
NSBH systems where NS is formed first contain a pulsar and more than 96% of such
radio-alive systems are noted to be recycled. They also find that for a significant fraction
of such binaries, χNS > 0.05 during merger. However, only ∼ 3% of the NSBH systems in
their simulations, that are expected to be detected by the LIGO-Virgo detectors, contain
a first-born NS. For the rest of the systems, NS is born second and cannot get spun-up
due to accretion. Other studies also estimate the rate of NSBH mergers with first-born
NS to be subdominant to those with second-born NS, with the ratio of rates for the
former to that of the latter ranging from O(0.001) − O(0.1) [1, 2].

The helium core of the secondary, present in a close binary, can also get spun up
due to tidal locking [106,185,233,234]. Ref. [185] find that the spin of second-born BH
can exceed the value of 0.5 for such systems. However, as the tidal torques depend on
the orbital angular frequency, the binary has to be very close (Porb ≲ 1 day [235]) for
tidal locking to take effect. Ref. [235] find that for the orbital period Porb = 0.5 day,
second-born NS can be spun-up to millisecond periods. As shorter orbital separations
are required for tidal synchronization, the companion has to be small enough to fit in the
orbit. Compact objects like NS and BH make ideal companions that can tidally spin up
the helium core, which is why it is the secondary that is expected to spin up appreciably
due to tidal locking. Using Refs. [4, 106] find that a significant fraction of second-born
BH in NSBH systems can have spins greater than 0.4. They also probe the effect of
metallicity on the NS spins in NSBH mergers, finding that lower metallicity results in a
lower mass loss through stellar winds. This results in more massive helium stars, which
expand less and result in lower mass transfer. Thus, the NS are not efficiently recycled
due to accretion for such systems.

While the problem of binary formation and evolution is dominated by modelling
uncertainties, several plausible pathways lead to the formation of NSBH binaries with
rapidly rotating components, even under the constraints of the isolated binary formation
mechanisms. Although the actual merger rates and properties of such systems can only
be ascertained with more observations, it is worth investigating if these properties can
be precisely determined with future GW observatories. Given the specific and countable
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scenarios that lead to the presence of a rapidly rotating NS during merger, decisively
differentiating the spin of the NS from 0 can illuminate the astrophysical processes that
contribute to cosmic binary formation and evolution, and the physics that affects the
spin-down of NS. This is the objective of this section, and the particular question of the
precision in the NS spin measurement will be answered in Section 4.2.3.

4.2.2 Methodology

To explore the precision with which χNS can be measured using NSBH mergers, we apply
Bayesian parameter estimation on simulated GW data. The GW data d is the detector
response defined by,

d(t,θ) = n(t) + s(t,θ), (4.9)

where n(t) is the noise and s(t,θ) is the GW signal which depends on a set of intrinsic and
extrinsic parameters (including masses and spins), θ. Then, the posterior distribution
p(θ|d) can be obtained using

p(θ|d) = p(d|θ) p(θ)
Z

. (4.10)

Here, p(d|θ) is the likelihood function, p(θ) is the prior on the GW parameters, and
Z =

∫
p(d|θ) p(θ) dθ is the evidence. The probability distribution for χNS can be retrieved

from the joint posterior distribution by marginalizing it over all other parameters [236],

p(χNS|d) =
∫  ∏

θi ̸=χNS

dθi

 p(θ|d). (4.11)

The calculation of these posterior distributions is a computationally challenging task and
is accomplished using stochastic samplers [237–239]. However, covering the prior space
and sufficiently mapping the likelihood surface could involve O(108) likelihood evaluation,
which can be time-consuming. This is especially true for the long and high SNR signals
expected to be detected by XG observatories. Hence, several likelihood evaluation and
sampling techniques have been introduced to speed up this process [240–255].

For accelerated parameter estimation, we use the relative binning technique [256–258]
implemented in Bilby [259–261]. The relative binning technique relies on the assumption
that the ratio of the waveform between neighboring points in the parameter space
varies smoothly. The waveform corresponding to the maximum likelihood point in the
parameter space is chosen as the fiducial waveform, and the waveforms around this point
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are obtained using piecewise linear functions informed by this fiducial waveform. These
approximations can amount to speed ups by O(103), without compromising significantly
in the accuracy [257, 261]. However, waveforms that contain contributions of HOMs
and involve precession can be highly oscillatory and may not be well-approximated by
piecewise linear functions. While Ref. [261] show that the technique fairs well even
for asymmetric systems, a mode-by-mode adaptation of relative binning has also been
proposed [262], which approximates each (l,m) mode separately and then adds them
together to obtain the full (approximated) waveform. As our study only considers NSBH
systems whose spins are aligned with the orbital angular momentum, we use the original
relative binning technique and its implementation in Bilby [261], but also validate our
results against those obtained with our implementation of the mode-by-mode technique,
and find them to be consistent.
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Figure 4.2: The posterior distributions for χNS as a function of χBH. The red and
blue plots show the posteriors for systems where χNS is set to 0.04 and 0.1, respectively.
Along with the posteriors, we also show the median (small solid horizontal line) and the
boundaries of the 1 − σ region (dashed horizontal lines). The posteriors correspond to a
system with BH of mass 10 M⊙ and NS of mass 1.4 M⊙ at an inclination angle of 45◦.
The dash-dotted horizontal line indicates χNS = 0.

The GW signals are generated using the IMRPhenomXHM waveform [112], which is
an aligned-spin frequency-domain waveform that includes the (2, 2), (2, 1), (3, 3), (3, 2)
and (4, 4) modes. We set the right ascension α = 78.78◦, declination δ = −69.37◦, phase
ϕc = 74.48◦, polarization angle ψ = 152.34◦, and the geocentric time tc = 1126259642.413
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s. Other than Section 4.2.3.3 where we look at various detector sensitivities, we inject
GW signals in a network of one ET and two CE (one with 40 km arms and the other
with 20 km arms), henceforth referred to as the ECC network. Our simulated binaries
comprise of NSBH systems with a 10 M⊙ BH and a 1.4 M⊙ NS (henceforth, referred to
as 10+1.4 system), at ι = 45◦. We assess the effect of varying BH mass in Section 4.2.3.1
and ι in Section 4.2.3.2. The BH spins can range from [0,0.8], whereas the NS spins are
only considered up to 0.1 (an informed upper-bound based on the results of Ref. [4]).

For all the simulations, we use uniform priors in χ1 and χ2 (i.e. χBH and χNS,
respectively) bounded between [-0.99,0.99], and uniform priors in component masses.
For all other parameters, we choose the default Bilby priors. We predominantly use
the nessai [252, 263, 264] and pymultinest [265] samplers for our runs, and perform
spot-checks with the dynesty [266,267] sampler to ensure consistency.

Note that the NS may get tidally disrupted by the BH before merger [72]. These tidal
effects will affect the waveform and can potentially contribute to χNS constraints due to
spin-induced quadrupole moments. These effects are not considered in IMRPhenomXHM
as it is predominantly used for BBH systems. While high BH spins favor the disruption
of the NS, low mass ratio (i.e. a heavy BH) will disfavor it.

In this section, we have not considered several issues that will affect parameter
estimation with XG observatories. Networks with ET and CE are expected to detect
the majority of compact binary mergers that occur in the universe [37,38]. Due to the
abundance of mergers, several signals are expected to overlap at any instance, leading
to confusion noise that may affect the detectability of individual events [268] and bias
the parameter inference [269]. For a fraction of these signals which will be detected
with high SNRs, the systematic errors due to the limited accuracy of the currently used
waveforms will dominate the statistical errors in parameter measurement, resulting in a
biased estimation of binary properties [270,271]. These systematic biases increase with
χBH [272], which is especially relevant to this work. Another contributing hurdle is the
systematic error due to detector calibration, which can lead to significant uncertainty in
amplitude and phase between 20-2000 Hz [273,274]. Such calibration errors can result
in biased parameter, and cosmological, inference [275]. We do not account for these
effects with the hope that these challenges will be mitigated before XG observatories are
operational (e.g., see Refs. [276–278]).
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4.2.3 Results

In this section, we show the results of the parameter estimation runs performed on
simulated NSBH GW events. Focusing on the precision with which χNS can be measured,
we assess the impact of BH mass and spin as well as that of ι and HOMs on these
measurements in Sections 4.2.3.1 and 4.2.3.2, respectively. Note that for a system situated
at a particular luminosity distance DL, changing the masses/spins of the compact objects
or the inclination angle will affect the SNR associated with the detected signal, which
has direct consequences for the bounds that can be placed on χNS. To isolate the effect of
binary parameters from the effect of SNR, all the systems considered in Sections 4.2.3.1
and 4.2.3.2 have the same SNR (∼ 700), which is achieved by varying DL appropriately.
The effect of detector sensitivity, luminosity distance (and, consequently, the SNR) are
discussed in Section 4.2.3.3.

4.2.3.1 Effect of BH mass and BH spin

5 10 15 20

mBH

0.
2

0.
4

0.
6

0.
8

χ
B

H

0.0480 0.0579 0.0711 0.0802

0.0434 0.0476 0.0459 0.0415

0.0397 0.0355 0.0307 0.0249

0.0339 0.0251 0.0203 0.0171

∆χNS

5 10 15 20

mBH

0.0117 0.0067 0.0058 0.0051

0.0102 0.0051 0.0034 0.0023

0.0080 0.0035 0.0020 0.0013

0.0065 0.0020 0.0011 0.0006

∆χBH

0.02 0.04 0.06 0.08 0.002 0.004 0.006 0.008 0.010

Figure 4.3: The half-widths of the 68% confidence intervals (i.e., one-sided 1 − σ
widths) corresponding to the bounds on χNS (left panel) and χBH (right panel) for the
sixteen NSBH systems with BH mass in {5 M⊙, 10 M⊙, 15 M⊙, 20 M⊙} and BH spin in
χBH ∈ {0.2, 0.4, 0.6, 0.8}. The NS mass for all the systems was fixed to 1.4 M⊙, the NS
spin to 0.04, and ι to 45◦.
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In Section 4.2.1.1, we claimed that a high value of χBH should improve the χNS

measurement. To validate this, we consider 10+1.4 NSBH systems at ι = 45◦ and varying
(χBH, χNS) values, and report the 68% confidence interval (i.e., 1 − σ) on the inferred
values of χNS in Fig. 4.2. It is evident that the bounds on χNS improve with higher χBH

values, which validates our expectations. For the chosen SNR (corresponding to systems
located at DL ∈ (200, 205) Mpc), a highly-spinning NS with χNS = 0.1 can be easily
differentiated from a non-spinning one, even for a non-spinning BH companion. A slightly
slower NS with χNS = 0.04 can only be differentiated from 0 with 1 − σ confidence at
this SNR if χBH > 0.4. As the χNS values are small, the bounds are not significantly
affected by the true value of the NS spin.

The effect of the mass of the BH (mBH) needs greater care. Keeping the SNR constant,
as mBH increases, so does the contribution of the HOMs to the signal [68], which should
be favorable for spin measurements. However, this also leads to a lower value for q
(and η), which reduces the contribution of χNS to χeff and χ̃, and of χs and χa to the
amplitude of the modes (c.f. Table 4.1). To evaluate the effect of mBH, we fix the mass
and spin of the NS to 1.4 M⊙ and 0.04, respectively, and perform parameter estimation
for systems with mBH ∈ {5 M⊙, 10 M⊙, 15 M⊙, 20 M⊙} and χBH ∈ {0.2, 0.4, 0.6, 0.8}. For
this set of 16 events, we state the half-width of the 68% confidence interval of the bounds
on χNS and χBH (referred to as ∆χNS and ∆χBH, respectively) in Fig. 4.3.

The measurement precision of χBH is about an order of magnitude better than χNS.
As discussed in Section 4.2.1.1, most of the information to χeff comes from χBH for highly
asymmetric NSBH systems, and χeff being the best-measured spin parameter leads to
a precise measurement of χBH as well. Further, χBH measurement improves both with
increasing values of χBH and mBH, which was anticipated earlier in this section. The
behavior of bounds on χNS is more interesting— when χBH is small, bounds on χNS

worsen with increasing mBH, whereas when χBH ≥ 0.6, the bounds on χNS improve with
higher mBH. This is due to two competing effects— as mBH increases, χBH measurement
improves (and so, χNS measurement should also improve), whereas the contribution of
χNS to χeff and χ̃ decreases (worsening the measurement of χNS). It turns out that at low
χBH, the latter effect dominates and χNS worsens as mBH increases, whereas at high χBH,
the former effect dominates and χNS measurement improves with mBH. Stated differently,
for high χBH values, it is extremely well measured, and it is possible to distinguish
between χBH and the contribution from q χNS in χeff and χ̃.

Hence, we see that the χNS measurement strongly depends on the values of χBH.
In agreement with our expectations from theoretical arguments, higher χBH values
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are conducive to better χNS measurement. For NSBH systems with slowly spinning
(χBH < 0.4) BH, the bounds on χNS worsen with increasing mBH, whereas for NSBH
systems with highly spinning BH, higher mBH improves the measurement precision for
χNS.

4.2.3.2 Effect of inclination and HOMs
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Figure 4.4: The posterior distributions for the spin of the NS as a function of the
inclination angle. The red plots represent the systems for which the injection and the
recovery were performed with a waveform that contains both the (2,±2) mode and the
HOMs (IMRPhenomXHM), whereas the blue plots correspond to the systems where the
waveform only has the (2,±2) mode (IMRPhenomXAS). The dash-dotted horizontal line
indicates χNS = 0.

The relative contribution of HOMs to the GW waveform increases with inclination
angle, which is expected to improve the constraints that can be imposed on χNS. To
evaluate the usefulness of HOMs towards χNS measurement, we compare the bounds
on χNS obtained when using a waveform model that contains the dominant (2,±2)
mode as well as HOMs to a waveform model that only contains the (2,±2) mode.
For the former, we continue the use of IMRPhenomXHM, and for the latter, we use
IMRPhenomXAS [279], which is an aligned-spin waveform model which contains only
the quadrupole mode.

We consider the 10+1.4 NSBH systems with (χBH, χNS) = (0.8, 0.04). These are
simulated at inclination angles ι ∈ {0◦, 22.5◦, 45◦, 60◦, 90◦} and the DL are set such

82



that all the systems are detected with the same SNR. The constraints on χNS for these
systems when injection and parameter estimation are performed with and without HOMs
are shown in Fig. 4.4. The red plots show the bounds on χNS for systems where the
waveform contains HOMs, whereas the blue plots correspond to those that only contain
the quadrupole mode. It is evident from the figure that χNS measurement is significantly
improved with the increase in the HOMs contribution to the waveform at greater ι. On
the other hand, the constraints on χNS for systems where only the quadrupole mode is
used are not affected as ι is varied, as the signal SNR is kept constant. It is also important
to note that the χNS posteriors of the two sets of injections do not differ considerably
till ι = 22.5◦. From this, we infer that for such 10+1.4 systems, HOMs are expected to
noticeably affect χNS measurements only at inclination angles ι ≳ 45◦. However, GW
detections are biased against systems with high ι values; an edge-on system has similar
SNR to a face-on system that is much farther away. Thus, while more GW systems
are expected to be oriented face-off, they will be detected with lower SNR compared to
face-on systems at the same DL.

4.2.3.3 Effect of detector sensitivity

Till now, we have probed the effect of BH properties and HOMs on the measurability
of χNS by keeping the systems at the same SNR (∼ 700). In this section, we look at
the measurability as a function of DL and detector sensitivities. For this purpose, we
consider five XG networks- A+ (a network of five detectors at A+ sensitivity), A♯ (a
network of three detectors with A♯ sensitivity), ET (the triangular ET observatory),
CE40 (the 40 km CE observatory), and ECC (a network with the triangular ET, the
40 km CE and the 20 km CE observatories). We consider 10+1.4 NSBH systems at
ι = 45◦. Parameter estimation is performed for two types of systems— first, with a
slowly-spinning BH (χBH = 0.2), and second, with a rapidly-spinning BH (χBH = 0.8).
In Fig. 4.5, we show the DL (averaged over the sky) at which the NSBH mergers occur
for different XG observatories to obtain (one-sided 1 − σ) ∆χNS = 0.04 and 0.1. Along
with the DL, we also report the corresponding NSBH merger rate up to that distance,
which is assumed to follow the Madau-Dickinson star-formation rate [280,281] and the
local merger rate density for NSBH systems is chosen to be 45 Gpc−3 yr−1 [33,76] (see
Ref. [38, 73] for more details).

For χBH = 0.2, Fig. 4.5 shows that the chances for A+ or A♯ to constrain χNS to
even ∆χNS = 0.1 are bleak, and it would only be possible to do so only for a golden
event that may occur once every ten to hundred years. However, networks containing
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Figure 4.5: The sky-averaged DL corresponding to each XG detector network for which a
given ∆χNS ∈ {0.04, 0.1} bound can be achieved with a 10+1.4 NSBH system at ι = 45◦

and a given χBH ∈ {0.2, 0.8}. We also denote the corresponding NSBH merger rate per
year that is expected at those distances.

ET and CE will be able to constrain χNS to ∆χNS = 0.04 for an event every few years,
and ∆χNS = 0.1 for a few events every year. For NSBH systems with rapidly spinning
BH, A+ and A♯ are expected to constrain χNS to ∆χNS = 0.1 for events occurring once
in 10 years. Networks with just the ET and/or CE will be able to constrain χNS to
∆χNS = 0.04 for a few events every year, and to ∆χNS = 0.1 for tens of events every
year. In fact, the ECC detector can constrain χNS to ∆χNS = 0.1 for events merging at
∼ 1000 Mpc. Up to this distance, we expect ∼ 100 NSBH mergers every year, which
increases the chances of detecting a highly spinning NS.

These estimates will depend on the choice of masses for the system as well as the
inclination angle. Both these effects have been explored in the previous sections. Based
on the current GW observations, χBH in NSBH systems is expected to be low [103]. If
this is indeed true for the cosmic NSBH population, then resolving NS spin well enough
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to differentiate it from 0 may only be possible, realistically, for networks with CE and
ET. However, if rapidly spinning BH were to merge with rapidly spinning NS, A+ and
A♯ networks may constrain χNS well enough to distinguish such an NS from a slowly
spinning one.

4.3 Inferring the formation scenario for GW230529
Electromagnetic observations have played a pivotal role in constraining the mass spectrum
of NSs and BHs. Notably, X-ray and radio observations have consistently indicated that
the maximum mass of NSs falls within the range of 2 − 2.6 M⊙, while BH masses have
been found to exceed 5 M⊙ [174, 193, 194, 282–286]. Consequently, these detections have
implied a notable absence of compact binaries within the mass range of 2.6 − 5 M⊙, a
notion reinforced by initial GW observations [287,288]. However, SNe simulations have
predicted the existence of BHs within this gap [289]. Furthermore, the recent observation
of the binary merger GW230529 has provided conclusive evidence for the existence of
compact objects within this mass range [3].

Measuring these mass parameters is part of the inverse problem. A Bayesian inference
approach is typically employed, which necessitates model evaluations to reliably infer the
posterior distribution for the parameters that characterize the observed signal [236,290].
While the data containing GW230529 was matched against several state-of-art GW signal
models, Ref. [3]’s initial analysis assumed priors that are effectively flat in component
masses, spin magnitudes and isotropic spin orientations. These astrophysically-agnostic
priors do not provide information about GW230529’s possible formation mechanism.

Therefore, Ref. [3] reweighted the posterior samples using a few astrophysically-
informed mass and spin distributions to constrain the source properties [103,291–293]. For
instance, the study revealed that the phenomenological population-informed prior, “Power-
Law+Dip+Break”, predicts significantly different component masses than uninformed
priors. This demonstrates the substantial impact that prior choice can have on the inferred
masses and spins of the GW230529 source. The observed differences are consistent with
the model’s preference for mass-symmetric systems, especially considering the event’s
low SNR.

Also, the employed astrophysically-informed priors are phenomenological and contain
only an observationally constrained understanding of stellar and binary evolution. Fur-
ther, Ref. [294] found that the GW230529’s masses are close to those predicted in their
BHNS population simulations.
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Figure 4.6: Predicted component mass distributions for BHNS (top panel) and NSBH
systems (bottom panel) across varying sub-solar metallicities, as outlined in Ref. [4].
As can be observed, NSBH systems tend to produce binaries with lighter BHs across
different metallicity.

In this section, we re-analyze the data containing GW230529 with population-informed
priors to provide conclusive insights into the probable physical processes underlying
this binary formation. Leading formation models of GW230529-like systems include the
isolated evolution of massive binary stars in galactic fields via the common envelope
process and the dynamical assembly aided by either a tertiary companion, multiple
exchanges in dense clusters or gas-assisted migration (see Ref. [295] and references
therein). While direct collapse leading to the formation of the primary component
is unlikely due to its low mass, recent population synthesis models have argued the
plausibility of such systems arising from isolated evolution scenarios [1, 4, 296, 297].
However, these models have major uncertainties such as mass loss, mass transfer and the
impact of supernova explosions, resulting in a broad spectrum of merger rate predictions
and varying mass and spin distributions.

We describe our methodology in Sec. 4.3.1, utilizing it subsequently in Sec. 4.3.2.1
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to ascertain the nature of the merger—specifically, whether the NS or BH formed first.
Consequently, in Sec. 4.3.2.2, we employ the evidence ratio of posterior samples and
the distribution of log-likelihood ratios to distinguish between various formation models,
shedding light on the most likely formation mechanism of GW230529.

Figure 4.7: Posterior densities for the mass of GW230529 as inferred using population-
inspired BHNS (top panel) and NSBH (bottom panel) priors described in Sec. 4.3.2.1.
In the right-hand column, we include the log-likelihood ratio distribution.

4.3.1 Methods

We infer GW230529’s properties by analysing 128s of LIGO Livingston data using the
Bayesian PE library bilby [298] and the posterior sampling algorithm dynesty [299]. We
assume a noise power spectrum given by the median estimate provided by bayesline [300]
and use frequencies in the range of 20 − 1792 Hz for evaluating the GW Transient
log-likelihood ratio ln L. Furthermore, to speed up the likelihood evaluation, we in-
clude heterodyning (also known as relative binning; [256–258, 261]). For our anal-
ysis, we use the quasi-circular frequency-domain phenomenological waveform model,
IMRPhenomNSBH [113,218,301–303]. This waveform approximant models signals using the
dominant (quadrupole) harmonic and is specifically designed to model GWs emanating
from BHNS mergers with mass ratios ranging from equal-mass up to q = mBH/mNS = 15.
It also incorporates BH spins up to a dimensionless value of χBH = 0.5 and includes
matter-effects through tidal parameters ΛNS ranging from 0 to 5000.
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However, unlike the original analyses, we exclude the marginalization over the system-
atic error in the measured astrophysical strain due to the detector calibration. This error
is sub-dominant to the systematic errors from waveform modelling and prior choices,
and we, therefore, neglect it [304]. Furthermore, as discussed in Sec. 4.3.2.2, we apply
astrophysically motivated mass and spin priors while using uninformative priors for all
other parameters. It is important to note that, for all our analysis, we utilise the BH
and NS masses viz mBH and mNS priors derived from population synthesis models as two
distinct, one-dimensional independent priors.

While various assumptions may be made to model the formation pathway of this
system, one needs to determine the relative probability of two models (in this case,
binary formation process) given the data. The Bayesian evidence, Z, quantifies this
support. Varying prior assumptions can yield differing parameter estimates; therefore,
the Bayes Factor, BFA

B = ZA/ZB, indicates whether the prior assumption A is favoured
or disfavoured compared to B based on the data. This comparison is particularly crucial
as strong prior assumptions may bias the posteriors towards potentially arbitrary values
at the expense of the evidence. Furthermore, we also compare the log-likelihood ratio
distribution since certain models allow for broader priors and incur a higher Okkam
penalty.

4.3.2 Astrophysical Implications

Ref. [3] found no conclusive evidence either supporting or refuting the presence of tidal
effects in the GW230529 signal. This makes it difficult to determine the nature of the
compact objects involved. However, they showed that the (lighter) secondary component
appears to be a NS, while the (heavier) primary is likely a BH, when using observationally
constrained priors. In this section, we investigate which of the binary components formed
first and determine their formation mechanism.

4.3.2.1 BHNS or NSBH?

Black hole-neutron star binaries can generally be divided into two categories: (1) BHNS
mergers, where the BH forms first, and (2) NSBH mergers, in which the NS forms first.
While BHNSs are the dominant binaries according to population synthesis studies [4],
NSBHs are more exciting as they can form radio pulsars, generate KN [305], and lead to
precise measurement of NS spins [67].

To discriminate between the two, we analyze GW230529 using different predicted
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distributions of the detectable BHNS and NSBH masses and spins for different metallicity
choices (Z = 0.02, 0.001, 0.005, 0.0005) from the base model of Ref. [297]. These models
are expected to be representative of the population of such binaries obtained from GW
observations.

As can be seen in Fig 4.6, the BHNS (top panel) and NSBH (bottom panel) systems
exhibit distinct mass spectra, with BHs in BHNS systems being more massive. This is
because the heavier star evolves faster and remains massive enough to form a BH even
after the mass transfer [306,307]. In contrast, NSBH systems have more mass-symmetric
progenitors, more so at higher metallicities. The heavier star transfers enough mass to
its companion to form a NS, whereas its companion becomes a BH. However, at lower
metallicities, reduced stellar winds lead to reduced mass loss, creating larger BHs that
merge in a shorter time scale [306].

We use BH spins derived from fits in Ref. [4] for NSBH mergers but restricted to
χBH = 0.5 as IMRPhenomNSBH is not calibrated for χBH > 0.5. Moreover, attaining
spins greater than this would require an unphysical amount of matter accretion [308].
Although tidal synchronization can lead to higher BH spins, the fraction of such binaries
is small [4]. For the BHNS case, we set χBH = χNS = 0 as the rotational velocities of NSs
are anticipated to diminish over time due to EM radiation [309,310]. As ground-based
GW observatories are only expected to detect these binaries close to the merger, we
assume that the BH and NS objects have negligible spin. Thus, for the second analysis,
we effectively assume that the source of GW230529 is a non-spinning BHNS binary. This
is because the efficiency of angular momentum transfer in BH progenitors is crucial for
determining the spin characteristics of the resultant BH. In the dominant evolutionary
scenarios involving helium (He) stars, efficient angular momentum transfer from core
to envelope typically results in most of the He-star’s core becoming non-spinning, and
hence the final BH [311, 312]. In a NSBH system, however, the first-formed compact
object (NS in this case), if sufficiently close and massive, can induce tidal interactions
that potentially spin up the second-born BH at birth.

Figure 4.7 shows an obvious trend; the log-likelihood ratio distribution associated
with the BHNS (top panel) has a higher median log-likelihood ratio value and contains a
prominent peak compared to the NSBH case (bottom panel) for the same metallicity
choices. Further, the BHNS hypothesis is preferred with a ln BFBHNS

NSBH > 17(9) for
metallicity choice of Z = 0.02(0.0005). Therefore, we will assume that GW230529 is a
BHNS merger for the remainder of the article. Note that our results are robust against
waveform systematics [162].
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Figure 4.8: Predicted BHNS component mass distributions. Each row shows the 15
different population synthesis variations used by Ref. [1].

4.3.2.2 Constraints on binary evolution

The pathway leading to BHNS mergers is still debated. The prevailing hypothesis suggests
that these mergers arise from two massive stars that were born in a binary and evolved
in isolation, typically involving the common envelope episode that tightens the binary’s
orbit [295]. However, accurately estimating the rates of these mergers is challenging for
several reasons.

Firstly, the physical processes that govern the evolution of massive binary star systems,
including the dynamics of the common envelope phase [313], mass transfer efficiency
between binary components, and the kicks imparted to stars during supernovae (SNe),
are complex and poorly understood, leading to considerable uncertainty [314]. Secondly,
uncertainties arise due to the star formation rate and the metallicity distribution within
star-forming gas across cosmic time [315,316]. Together, they significantly impact the
detectable BHNS mass distributions.

Since we are interested in determining the physical process leading to GW23059’s
formation, we only focus on the uncertainties related to the physical processes. To that
end, we, following Ref. [1], assumed 15 different binary population synthesis predictions
for BHNS mass distribution. These models implement variations to the fiducial model
in different aspects of physics relevant to the binary evolution, such as mass transfer
efficiency between binary components and the kicks imparted to the stars. The resultant
BH and NS mass distributions for the different models are shown in Fig 4.8, and we
briefly summarise these models below.

The β = 0.25, 0.5, 0.75 models assume fixed mass transfer efficiencies. These models
represent the fraction of mass lost by the donor star that its companion accretes. On the
other hand, the “unstable case BB” model involves an unstable mass transfer phase from
a stripped post-helium-burning star onto a BH.
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Figure 4.9: Posterior densities for the mass of GW230529 under different binary evolution
assumptions. We also include the distributions of the log-likelihood and log-prior of the
posterior samples. The dotted lines in the first two rows denote the maximum likelihood
estimates of mBH and mNS respectively.

For the α = 0.5 and α = 2 models, a pessimistic common envelope scenario is assumed,
where the donor stars struggle to successfully eject their envelopes, resulting in efficiency
parameters of 0.5 and 2, respectively. Conversely, the “optimistic” common envelope
scenario posits that these systems can survive such challenges.

To avoid creating a remnant mass gap between NSs and BHs, which contradict
observations from X-ray binaries, Ref. [1] use a delayed remnant mass prescription
in their simulations. However, the “rapid SNe” model adopts a faster remnant mass
prescription and is consistent with current observations.

The models labeled as mmax
NS = 2M⊙ and mmax

NS = 3M⊙ set the maximum mass of NS
to 2 and 3M⊙, respectively. It’s worth noting that the latter case may be considered
unrealistic since the maximum mass supported by current EoS for non-rotating NS is
≲ 2.9M⊙ [71].

The “no PISN” prescription excludes the pair-instability process, responsible for
the scarcity of first-generation BHs with masses between 65–120M⊙. Additionally, the
σcc = 30 km/s and σcc = 100 km/s prescriptions explore variations of natal kicks
compared to the one-dimensional root-mean-square velocity dispersion of σcc = 265 km/s
used in the fiducial model. These lower values can occur in ultra-stripped SNe and
electron-capture SNe, leading to reduced binary disruption. Finally, the vk,BH = 0 km/s
assumption posits that BHs receive no supernova natal kicks.
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Fig 4.9 summarises our findings when assuming these populations. We observe that,
except for the “unstable case BB” and “rapid SNe” models, the inferred posteriors are
largely in agreement with each other. This alignment was anticipated, given that these
two population models restrict the BH mass to a range outside the support for this
signal. Moreover, we do not observe any trends in the log-prior distribution for the
other models, which indicates that all the information about the evidence for and against
binary evolution is contained in the distribution of the log-likelihood ratio. However,
we also do not observe any differences in the shape and location of the log-likelihood
ratio distribution, indicating that all models are equally likely. In fact, the ln BFS

N for all
analyses, except for the “unstable case BB” and “rapid SNe” models, is approximately
63.± 0.15. This suggests that the outputs of these analyses are statistically equivalent.
The “unstable case BB” and “rapid SNe” models have ln BFS

N values of 37.0 and 51.87,
respectively, indicating they are less favoured. This is because these priors prevent
exploration of the higher likelihood region.

This is not surprising since the signal’s SNR is low. Finally, it is noteworthy that, for
the majority of our analysis, we determine the BH and NS masses to be mBH = 4.3+0.08

−0.09M⊙

and mNS = 1.4+0.02
−0.02M⊙, respectively, while finding that the ln BFfiducial

pop−agnostic ∼ 1.

4.4 Conclusions
GW observation can be used to infer source parameters that can illuminate the astro-
physical processes involved in binary formation and evolution. Precise measurements
of these parameters, particularly the mass and the spin of the binary components, can
be used to distinguish between the different astrophysical formation channels. In this
chapter, we have assessed the measurability of the spins of the NS using NSBH detections
with XG GW detector networks. Furthermore, using GW230529 as a case study, we
demonstrated how Bayesian model selection—combining GW parameter estimation with
population synthesis simulations—can be employed to distinguish between, or rule out,
specific formation scenarios for NSBH binaries.

In Section 4.2.1.1, we showed that HOMs can contribute significantly to the waveform
and the measurement of the NS spin, especially at higher inclination angles, with (3,±3)
being the second highest contributor to the χNS measurement. We also noted that η
interacts with negative combinations of the component spins in the amplitude of the
(2,±1) and the (3,±3) modes, and with the positive combinations of component spins
in the (2,±2), (3,±2) and (4,±4) modes. These different interactions help mitigate
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the mass-spin degeneracy. However, due to the narrow mass function of the NS, we do
not expect an appreciable contribution of HOMs to the BNS signal. Hence, we instead
look at the bounds that can be placed on χNS with NSBH systems, which are naturally
mass-asymmetric.

Using the relative binning technique of accelerated parameter estimation, we performed
Bayesian analyses on a set of NSBH systems, the results of which are detailed in Section
4.2.3. We find that the constraints on χNS are highly contingent on the spin of the
companion BH, with high χBH values improving the bounds on χNS (c.f. Fig. 4.2). We
also discussed the effect of χBH on the measurement of χNS when varying BH mass– for
low χBH (∼ 0.2), the bounds on χNS get worse as we increased the BH mass, whereas for
a rapidly rotating BH (χBH ≳ 0.6), χNS is measured better for a more massive BH (c.f.
Fig. 4.3).

To show the improvements in χNS measurement brought out by HOMs, we compare
the posterior distribution of χNS for 10+1.4 M⊙ NSBH systems for two sets of injections
at varying inclination angles— first, with a waveform that contains only the (2,±2) mode
(IMRPhenomXAS), and second, with a waveform that contains the (2,±2) and HOMs
(IMRPhenomXHM). We find that as the inclination angle increases (and so does the
relative HOMs contribution (c.f. Fig. 4.1)), χNS measurements improve considerably
when HOMs are included in the waveform, whereas no significant change is seen in the
χNS measurement when HOMs is not included (c.f. Fig. 4.4), showing the utility of HOMs
in χNS measurement. Finally, we explored the effect of SNR and detector sensitivity on
the measurability of χNS. We found that χNS = 0.1 can be distinguished from 0 with A+
and A♯ for golden events that may occur once in every tens of years. However, if the BH
is rapidly rotating (χBH = 0.8), networks with ET and CE will be able to make the same
distinction for O(100) events, merging up to 1000 Mpc (c.f. Fig. 4.4).

Thus, if rapidly spinning NS were to merge with BH, XG observatories with ET
and CE would be capable of differentiating such NS from non-spinning ones, making
it the first discovery of such NS without EM observations. Such a discovery would be
monumental for astrophysical studies on binary formation and evolution. As high values
of aligned spins are conducive to the tidal deformation of NS before merger, such systems
can also be important for multimessenger astronomy [73] and cosmology [61]. In this work,
we have restricted ourselves to aligned-spin systems. However, with better parameter
estimation techniques, this work can be extended to precessing (and even eccentric)
NSBH mergers formed due to dynamical interactions. While precession will improve
the relative contribution of HOMs, the additional spin and tilt parameters may increase
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the uncertainty in χNS measurement. Further, the asymmetry between ±m modes for
precessing system can also play a role in measuring the spins of the components [317,318].
Thus, a similar study spanning various binary configurations (in terms of spin and tilt
values) will be useful to ascertain if χNS can be even better measured than what has
been claimed in this work. Another possible extension would be to look at the prospects
of detecting a sub-population of such rapidly spinning NS with NSBH systems. This
may require less stringent bounds on χNS for each event, which will increase the number
of potential candidates that can contribute to the analysis.

Finally, we studied the origins of GW230529, assuming that it is a binary formed via
the classical isolated binary evolution via the common envelope phase. As discussed in
Sec 4.3.2.2, by leveraging the BHNS binary population synthesis model from Ref. [1], we
present compelling evidence that the system’s properties are consistent with the predic-
tions derived from the isolated binary evolution pathway of BHNS systems. However,
due to the event’s relatively low SNR, we face difficulties in identifying the underlying
physical mechanism driving its formation unequivocally. However, we could rule out with
confidence certain formation mechanisms such as the one involving the “rapid SNe” or
the “unstable case BB”.
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Chapter 5 |
Constraining cosmological param-
eters with NSBH mergers

Measure what is measurable, and make measurable what is not so.
— Galileo Galilei

5.1 Introduction
The Hubble-Lemaître constant (H0) informs us about the rate of expansion of the universe.
Thus, precise measurement of H0 is of fundamental importance to cosmology. Two of
the most accurate measurements of H0 come from the Planck Collaboration and the
SH0ES Program. The Planck Collaboration obtains constraints on the Hubble-Lemaître
parameter using the cosmic microwave background measurements. The latest study
reports the value of Hubble-Lemaître to be H0 = 67.4 ± 0.5 km s−1 Mpc−1 [319]. The
SH0ES Program utilizes the Cepheid variable stars and the Type-Ia supernovae to obtain
bounds on H0. The reported value from this approach is H0 = 73.30 ± 1.04, which has
a 5σ difference with Planck’s measurement [56]. Several other analyses have reported
measurements of H0 [320] resulting in 4.0σ − 5.8σ discrepancy in the measurement of
the Hubble-Lemaître constant from the early and the late universe. This discrepancy is
known as the Hubble-Lemaître tension.

One way to resolve the tension is by using an independent method to measure the
Hubble-Lemaître constant– using GWs. The method was first suggested in Ref. [57],
predating the knowledge of tension in H0 measurements. The Schutz method employs
the fact that GW observations can be used to constrain the luminosity distance DL

associated with a compact binary. As GW observations can measure DL directly and
do not require a distance calibrator, they are also referred to as standard sirens [321].
The corresponding redshift can be obtained by host-galaxy identification if the merger
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event is followed by an EM counterpart. Without the counterpart, one can look for
galaxies in the sky patch acquired from the sky-area localization using GW detection.
Each galaxy/galaxy cluster in that sky patch will have an associated redshift and give
a value of H0, with the true value of H0 among them. Combining H0 measurement
associated with multiple such GW detections will help isolate the true value of H0 from
the noise. This is the statistical method suggested in Ref. [57] and is often referred to as
the statistical standard siren approach. Another statistical approach makes use of the
clustering information of the large-scale structures by cross-correlating a population of
BBH sources with spectroscopic galaxies [322].

As BBH mergers are standard sirens that are not expected to be followed by EM
counterparts, they are often called dark sirens. The sky position for a fraction of these
dark sirens can be measured well enough such that, on average, only one galaxy will lie in
that sky patch, allowing one to uniquely identify the host galaxy [59,323,324]. The host-
galaxy identification is used to obtain the corresponding redshift measurement. Using
this technique, Ref. [59] claim to resolve the tension in H0 measurement with two years
of observation using a planned 5 detector network HLVKI at A+ sensitivities [39,40], which
is expected to be functional in the late 2020s. As the current detector sensitivities do not
allow for such precise sky-area measurements, present analyses employ statistical methods
by using Bayesian frameworks developed in Ref. [325,326]. Using the statistical method
with Gravitational-Wave Transient Catalog-2 (GWTC-2) [288], without GW170817, H0

is constrained to 67.3+27.6
−17.9 km s−1 Mpc−1 [327].

In contrast to the BBH systems, BNS systems are expected to be followed by EM
counterparts, which can then be used to identify the host galaxy and obtain the redshift.
Thus, BNS systems can be used as bright sirens. This was first realized with the detection
of GW170817 [25], which was the first GW event for which EM counterparts were
detected [18,29,328]. Using the EM detection, the host galaxy was identified as NGC4993
and the Hubble-Lemaître constant was measured to be 70+12

−8 km s−1 Mpc−1 [329]. Note
that this measurement alone is better than the combined measurement using GWTC-2
events without GW170817. In fact, Ref. [326] shows that BNS systems with detected
counterparts constrain H0 better than BBH systems without counterparts. Further, it
has been shown that ∼ 50 BNS mergers with counterparts will be enough to resolve the
Hubble-Lemaître tension [326,330]. There have also been studies that have combined the
Hubble-Lemaître constant measurements from dark and bright siren approaches. Using
GWTC-3 events [75], H0 is estimated to be 68+12

−8 km s−1 Mpc−1 [34]. Similarly, Ref. [327]
includes the Hubble-Lemaître constant measurement with GW170817 to the H0 measured
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using dark sirens to report an improved measurement of H0 = 72.2+13.9
−7.5 km s−1 Mpc−1.

In January 2020, the LIGO-Virgo detectors recorded the first detection of an NSBH
merger [76], adding another class of compact binary systems to the set of detected events.
In general, depending on the characteristics of the system, NSBH mergers can be followed
by EM counterparts [85–88] and can be used as bright sirens for H0 measurement. In fact,
NSBH systems can produce better bounds on H0 than BNS systems if the local merger
rate for NSBH systems is better than 1/10 the rate for BNS and if the NSBH systems
are precessing [91]. Further, Ref. [92] shows that for an NSBH merger rate density of
610 Gpc−3 yr−1, the HLVKI network with A+ sensitivities might be able to resolve the
Hubble-Lemaître tension in 5 years. However, the merger rate density chosen by this
analysis has been ruled out by the event-based local merger rate density reported in
GWTC-3 [33], with the new upper limit on the NSBH merger rate to be 140 Gpc−3 yr−1.
This will affect the constraints on H0 reported by the work.

NSBH systems are interesting candidates for the measurement of the Hubble-Lemaître
constant. The dominant contribution to the GW waveform comes from the quadrupo-
lar (2, 2) mode. However, when the binary consists of objects with unequal masses,
subdominant higher-order modes can become important [206]. In general, the mass
ratio q = mBH/mNS for NSBH systems is greater than 2, which leads to the activation
of the higher-order modes in the GW waveform. Inclusion of the higher-order modes
breaks the inherent degeneracy between the luminosity distance DL and the inclination
angle ι in the GW waveform and leads to improved estimation of DL and ι, among
other parameters [331–334]. Also, the fractional error in luminosity distance ∆DL/DL

is inversely proportional to the SNR. The SNR, in general, is higher for systems with
heavier masses. That is why BBH are effective as dark sirens, and NSBH systems perform
better than BNS systems as dark sirens for the measurement of H0. Moreover, NSBH
systems can measure H0 up to a higher redshift than BNS systems by virtue of having
a larger total mass. For the bright siren method, only NSBH systems with low q and
high BH spin are favorable for the generation of a KN. On the other hand, most, if
not all, BNS systems are expected to be followed by an EM counterpart. This makes
BNS systems more efficient as bright sirens for Hubble-Lemaître constant measurement.
However, the constraints on H0 from NSBH events that qualify as dark sirens and the
ones that qualify as bright sirens can be combined to calculate H0 to better precision
compared to only using the dark siren or the bright siren approach. Due to the ability to
act both as dark and as bright sirens, we refer to NSBH systems as gray sirens.

In this chapter, we will assess the potential of NSBH systems to resolve the Hubble-
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Table 5.1: The six XG ground-based GW detector networks that are included in the
analysis, with the abbreviation used to refer to the network. In the text, HLVKI+ and
VK+HLIv are also referred to as the A+ network and the Voyager network, respectively.

Network Detectors

HLVKI+ LIGO (HL+), Virgo+, KAGRA+, LIGO-I+

VK+HLIv Virgo+, KAGRA+, LIGO (HLI-Voyager)

VKI+C Virgo+, KAGRA+, LIGO-I+, CE-North

HLKI+E LIGO (HL+), KAGRA+, LIGO-I+, ET

KI+EC KAGRA+, LIGO-I+, ET, CE-North

ECS ET, CE-North, CE-South

Lemaître tension using GW observations and EM detections. This study uses results
from Chapter 2 where we analyze the detectability, measurement ability, and the science
that can be done with XG ground-based GW detector networks with NSBH mergers [73].
We consider NSBH events that can be detected by six future GW observatories. These
networks include advancements like A+ and Voyager sensitivities [45] for LIGO detectors,
two 40 km long Cosmic Explorer (CE) detectors [47–49] and triangular-shaped Einstein
Telescope with 10 km arms [50, 51]. The combinations of detectors making up the six
networks are listed in Table 5.1.

Following Chapter 2, we construct two NSBH populations for an observation time of
10 years. The population parameters are described in Section 5.2. In Section 5.3, we
describe the motivation behind using NSBH as dark sirens and as bright sirens. We also
explain the use of the Fisher information matrix in calculating the measurement errors
on H0 using the errors in luminosity distance. In Sections 5.4 and 5.5, we discuss the
performance of NSBH systems as dark sirens and bright sirens respectively. Using the
results in these two sections, we justify the treatment of NSBH systems as gray sirens,
showing results for the same in Section 5.6. Our conclusions are summarized in Section
5.7.

5.2 Population Characteristics
Due to the low number of NSBH detections, the population characteristics of NSBH
systems are uncertain. While there have been attempts at deriving the mass and spin
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Parameter
Pop-1 Pop-2

Neutron
Star

Black Hole Neutron
Star

Black Hole

Mass m [1,2.9] M⊙ [3,100] M⊙ [1.26,2.50]
M⊙

[2.6,39.2] M⊙

Mass Model Uniform POWER+PEAK
[33]

Derived from the fiducial model [1]

Spin χ [-0.05,0.05] [-0.75,0.75] 0 [0,1]

Spin Model Aligned Uniform Aligned
Eqs. (2) and (3) in

Ref. [2]

z Uniform in six bins: [0.02,0.05], [0.05,1], [1,2], [2,4] and [4,10]

DL z converted using ASTROPY.Planck18

cos(ι) Uniform in [-1,1]

α Uniform in [0,2π]

cos(δ) Uniform in [-1,1]

ψ Uniform in [0,2π]

tc, ϕc 0

Table 5.2: The table summarizes the parameters that characterize the two population
models considered in this study. The parameters are used to generate injections and carry
out the analysis for the constraints that can be put on the Hubble-Lemaître constant
using GW observations of NSBH systems.

distributions for the NS and the BH using the available events [103,104], these models
can change drastically with more detections in the coming years. From a theoretical
standpoint, different formation channels can give distinct predictions regarding the
masses and spins of the two components in NSBH systems [77–83]. To gauge these
uncertainties, we consider two population models for NSBH systems- Pop-1 and Pop-2.
Pop-1 considers broad mass and spin distributions for NSBH systems. The BH mass
follows the POWER+PEAK [33] distribution between [3 M⊙, 100 M⊙] and the NS mass is
sampled from a uniform distribution between [1 M⊙, 2.9 M⊙]. The spins for both the
NS and the BH are assumed to be aligned with the orbital angular momentum of the
binary system, i.e., χ1x = χ1y = χ2x = χ2y = 0. Here, the orbital angular momentum is
assumed to be along the z direction and (χ1,χ2) denote the dimensionless spin vectors
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of the BH and the NS, respectively. The NS spins are chosen from a uniform distribution
between [−0.05, 0.05] and the BH spins are taken from a uniform distribution between
[−0.75, 0.75]. For Pop-2, the masses and spins for the NS and the BH are taken from
the fiducial model in Ref. [1], which is a binary population synthesis model for NSBH
systems which are formed through the isolated binary formation channel. The NS are
assumed to be non-spinning, whereas BH have aligned spins and their magnitude is
calculated using Eqs. (2) and (3) in Ref. [2]. The equations only apply to systems where
the NS progenitor is formed first, allowing the second-born BH progenitor to have high
spins as it can get tidally spun up by its companion [4,106–108]. For each population,
we generate 250, 000 injections per redshift bin for five redshift bins: z ∈ [0.02, 0.05],
[0.05, 1], [1, 2], [2, 4] and [4, 10]. The luminosity distance for each injection is obtained
by converting the corresponding redshift, z, using ASTROPY.PLANCK18 [109,110]. cos(ι)
and cos(δ), where ι and δ are the inclination angle and the declination respectively,
are sampled uniformly between [−1, 1]. The right ascension α and the polarization
angle ψ are sampled uniformly between [0, 2π]. tc and ϕc are the time and phase of
coalescence respectively and are fixed to 0 for all the injections. All the parameters for
both populations have been summarized in Table 5.2.

We logarithmically divide the redshift range into 50 bins and randomly pick injections
from each of these bins. The number of injections picked from a redshift bin corresponds to
the expected number of NSBH mergers for that redshift range. This number is calculated
by using a redshift distribution for the NSBH systems. We follow the analytical redshift
distribution given in Ref. [120] that uses the star formation rate (SFR) model described
in Ref. [115] with a log-normal time delay model proposed in Ref. [116]. The model
is calibrated to match the local (i.e., at z = 0) merger rate density estimated by the
LIGO-Virgo collaboration using the detected events. The inferred event-based local
merger rate density is in the range 7.8 − 140 Gpc−3 yr−1 [33]. We fix the local merger
rate density for NSBH systems to 45 Gpc−3 yr−1 (which is the median value reported
in Ref. [76]), resulting in a cosmic NSBH merger rate of 4.0+8.5

−3.3 × 104 yr−1, where the
upper and lower bounds are calculated using the upper and lower bounds on the local
merger rate density. Using the redshift distribution and local merger rate density, we
construct populations of NSBH events using Pop-1 and Pop-2 parameters corresponding
to an observation time of 10 years. In the following sections, we will present results for
both Pop-1 and Pop-2 events and for three local merger rate densities, low: 7.8 Gpc−3

yr−1, median: 45 Gpc−3 yr−1 and high: 140 Gpc−3 yr−1.
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5.3 Motivation and Methodology
GWs can obtain an independent measurement of the Hubble-Lemaître constant as they
can constrain the luminosity distance of the source, which can be used together with
the associated redshift to obtain H0. To calculate the errors in the measurement of the
constant, we need to account for the uncertainty in the measurement of the luminosity
distance and the involved cosmological parameters. Further, to achieve the corresponding
redshift, we need to identify the galaxy that hosts the binary system. This can be
accomplished in two ways-

1. Dark siren approach: If the sky-position of the binary can be localized using GW
observations well enough that only one galaxy can lie in that sky patch, then the
host galaxy can be uniquely identified.

2. Bright siren approach: If the compact binary merger is accompanied by an EM
counterpart that is detected by one of the EM telescopes, then the sky-position of
the counterpart will pinpoint the location of the host galaxy.

Once the redshift is acquired, the measurement errors in the luminosity distance and
cosmological parameters can be appropriately combined for multiple events using FIMs
to get constraints on the Hubble-Lemaître constant.

In this chapter, we work with compact binaries where the NS and the BH are assumed
to be in a quasi-circular orbit and their spins are assumed to be aligned with the orbital
angular momentum of the binary. In this case, the detector response to the GW is given
by,

h(A)(t,µ) = F
(A)
+ (α, δ, ψ,ν)h(A)

+ (t,Mc, η, χ1, χ2, ι, DL)

+ F
(A)
× (α, δ, ψ,ν)h(A)

× (t,Mc, η, χ1, χ2, ι, DL).
(5.1)

Here, F (A)
+ and F

(A)
× are the antenna pattern functions corresponding to the detector

A that depend on the location of the detector, denoted by ν, and the location of the
source, expressed using the right ascension α, the declination δ and the polarization
angle ψ. h(A)

+ and h(A)
× are the plus and cross polarizations of the GWs and are a function

of variables that describe the properties of the source— chirp mass Mc and symmetric
mass-ratio η are functions of the masses of the two compact objects, χ1 and χ2 are the
dimensionless spins of the BH and the NS, ι is the angle between the line of sight of
the observer and the total angular momentum of the binary and DL is the luminosity
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distance of the binary from the observer. Hence, for a given detector, the detector output
is a time-dependent function of µ = (Mc, η, χ1, χ2, ι, DL, α, δ, ψ).

To obtain the errors in measurement of parameter µ, we utilize the FIM method
implemented in GWBENCH [102]. The method gives the measurement errors in µ as
elements of the covariance matrix Σ, which is the inverse of the FIM Γ, defined as

Σij = Γ−1
ij =

(
∂h

∂θi

,
∂h

∂θj

)−1

, (5.2)

where h is the GW waveform in the frequency-domain, θi is the ith parameter in µ and
(· , ·) is the noise-weighted inner product. The square root of the diagonal elements of
the covariance matrix, i.e., Σ1/2

ii , gives the uncertainty in the measurement of the ith

parameter.
Figure 5.1 shows the detection rate of NSBH systems for the six GW detector networks

as a function of redshift. The pink-shaded area denotes the uncertainty in the local
merger rate of NSBH systems. In this chapter, we will only look at systems located
within the redshift of z = 0.5, as for the dark siren study, only systems within z = 0.1
are considered, and for bright sirens, we do not get any KN detections beyond z ∼ 0.4
for the two telescopes we have used (c.f. Chapter 3). Up to the redshift of z = 0.5, our
populations contain ∼ 4000 NSBH systems, all of which are detected by networks with
at least one detector as the CE or the ET detectors. The Voyager network, VK+HLIv, is
seen to detect ∼ 75% of these events, whereas the A+ network, HLVKI+, detects only 15%
of all the events. For the detected events, Fig. 5.2 shows the detection and measurement
ability of the GW detector networks in the form of cumulative density function (CDF)
plots for the SNR ρ, the fractional measurement errors in luminosity distance ∆DL/DL

and 90%−credible sky area Ω90. The corresponding numbers are presented in Table 3.1 in
Chapter 3, where we list the number of detections every year that can be localized in the
sky to Ω90 ≤ 10, 1 and 0.1 deg2 and the fractional error in luminosity distance is better
than 0.1 and 0.01. We see that, depending on the network, we can expect to detect O(10)
to O(1000) events every year where Ω90 < 1 deg2, and also when the luminosity distance
is constrained to better than 10%. Further, O(1) to O(1000) events in an observation time
of 10 years can be constrained to better than 0.1 deg2. The unprecedented measurement
ability of XG ground-based GW detector networks, especially in the measurement of
luminosity distances and sky localization, prompt the evaluation of the potential of NSBH
systems as dark siren candidates.

In Chapter 3, we reported the number of KN detections corresponding to the NSBH
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Figure 5.1: The detection rate of NSBH systems as a function of redshift for the six
GW detector networks. The black solid line refers to the total NSBH merger rate. The
pink-shaded area shows the variation in the total merger rate due to the uncertainty
in the value of the local merger rate density. The gray shaded area covers the z > 0.5
region that is excluded from this analysis.

GW observations that can be expected using the Vera C. Rubin Observatory [6] and
the Nancy Grace Roman Space Telescope [128]. We also showed that, depending on the
EOS of the NS, we can expect to detect O(1) to O(10) KN detections using the r−filter
in Rubin and O(1) to O(100) KN with R−filter in Roman, in an observation span of
10 years. As all of these events are within a redshift of z ∼ 0.4, we expect the errors in
luminosity distances to be in accordance with Fig. 5.2 and Table 3.1, i.e., for most of
these events, the luminosity distances will be measured with accuracies better than 10%
for the most advanced detector networks. The well-constrained luminosity distance with
a detected EM counterpart points to the possibility of using NSBH systems as bright
sirens for measuring the Hubble-Lemaître constant.
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Figure 5.2: The cumulative density function plots for SNR ρ, 90%-credible sky area
Ω90 and fractional error in luminosity distance ∆DL/DL for the population restricted to
z < 0.5. The vertical black dotted lines in the plot for Ω90 correspond to the field of view
(FOV) of the Roman Space Telescope (FOV = 0.28 deg2 [5]) and the Rubin observatory
(FOV = 9.6 deg2 [5, 6])

To convert the errors in the measurement of luminosity distance into errors in mea-
suring the Hubble-Lemaître constant, we assume the ΛCDM cosmology. The relationship
between luminosity distance DL and the redshift z can then be written as

DL = 1 + z

H0

∫ 1

1/(1+z)

dx

x2
√

ΩΛ + Ωm x−3

= 1 + z

H0

∫ 1

1/(1+z)

dx

x2
√

1 − Ωm(1 − x−3)
,

(5.3)

where Ωm is the matter density, ΩΛ is the dark energy density, and we have used
ΩΛ = 1 − Ωm. As luminosity distance is a function of H0 and the matter density, i.e.,
DL = DL(θ) with θ = (H0,Ωm) the corresponding FIM obtained by combining the
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estimates from N events can be given as

Γij =
N∑

k=1

1
σ2

DL

(
∂DL

∂θi

)(
∂DL

∂θj

)∣∣∣∣∣
k

, (5.4)

i.e., we calculate the FIM for each event and then sum them over for all events. In Eq.
(5.4), σDL

is the absolute error in luminosity distance for a particular GW observation.
The expression for luminosity distance is obtained using the Planck18 module of astropy.
The FIM can then be numerically inverted to obtain the covariance matrix Σ, whose
first and second diagonal elements give the squares of the absolute errors in H0 and Ωm,
respectively.

This method is agnostic of any prior information we might have about Ωm. Further,
as we only consider events up to a redshift of z = 0.5, we do not expect Ωm to be
estimated well, which will also affect the estimates on H0. A possible improvement
comes from the realization that, while there is a disagreement between the Planck and
the SH0ES measurements of the Hubble-Lemaître constant, their estimates on Ωm are
consistent. Planck reports Ωm = 0.315 ± 0.007 and SH0ES measurement of q0 is used to
give Ωm = 0.327 ± 0.016. We can include this information in our analysis by applying a
Gaussian prior on Ωm with variance given by

σΩm =
√
σ2

Planck + σ2
SH0ES = 0.017. (5.5)

A simple way to incorporate this prior in the FIM is to add the FIM term corresponding
to Ωm with 1/σ2

Ωm
[202], i.e.,

Γ22 =
N∑

k=1

1
σ2

DL

(
∂DL

∂Ωm

)2
∣∣∣∣∣∣
k

+ 1
σ2

Ωm

, (5.6)

and the rest of the terms in the FIM are calculated the same way as before. The
covariance matrix obtained using this FIM is expected to show better constraints for
H0 because the application of the prior on Ωm restricts the parameter space of (H0,Ωm).
In the following sections, we will report the fractional errors in H0 for both the cases–
without prior on Ωm and with prior on Ωm, and we will see that the inclusion of prior will
significantly improve the measurement of the Hubble-Lemaître constant. Note that we
also obtain bounds on H0 with a broader prior on Ωm where the width of the Gaussian
prior is taken to be 5 times the previous value, i.e., σΩm = 0.085. However, we do not
observe significant changes in the bounds on H0 with this broader prior, and all the
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general conclusions drawn using the narrow prior still hold. Hence, we only report the
results for the narrow prior on Ωm, i.e., with σΩm = 0.017.

5.4 NSBH systems as Dark Sirens
The detection of GWs from a compact binary merger allows us to constrain the sky-
position of the binary using the right ascension and declination measurements [335]. The
compact binary can be used as a dark siren to measure the Hubble-Lemaître constant if
the 90%−credible sky area is small enough such that, on average, only one galaxy can be
present in that patch of the sky. Using Eq. (7) in Ref. [122], we find that at a redshift of
z = 0.1 (∼ 476 Mpc), ∼ 25 suitable galaxies can exist in a sky-area of 1 deg2. Thus, in a
sky-patch of 0.04 deg2 contains, on average only ∼ 1 galaxy. Consequently, we consider
only those NSBH events for the dark siren study for which Ω90 < 0.04 deg2.

The combined FIM calculation and inversion to obtain the measurement errors on
H0 are done for two cases- first, without including any prior on Ωm, and second, with
prior on Ωm, as specified in Section 5.3. We present the fractional errors in H0 using
dark sirens detected by the six GW detector networks in Fig. 5.3. The plots are shown
for an observation time of 2 and 5 years and for three NSBH local merger rate densities,
to account for the uncertainty in the local merger rate of NSBH systems. For a given
local merger rate density, to pick dark sirens for an observation time of N years from our
populations which contain events corresponding to an observation time of 10 years, we
randomly pick N/10 fraction of dark siren events from the population and calculate the
fractional error in H0 using the combined FIM for the selected events. This process is
repeated 1000 times, giving us 1000 instances of fractional errors in H0 corresponding
to a particular observation time, local merger rate, and detector network. The markers
in Fig. 5.3 denote the median value of ∆H0/H0 from these 1000 iterations and the
corresponding error bars show the 68%−confidence region.

The error in H0 decreases with the number of events N as ∼
√
N . Thus, the greater

the number of events a detector network detects (with Ω90 < 0.04 deg2), the better the
estimate of H0 will be. Estimating the Hubble-Lemaître constant with measurement
errors better than 2% is expected to resolve the tension between the Planck and the
SH0ES measurements. Among the detected dark sirens, there can also be events where
the luminosity distance is measured better than a fractional error of 2%, which can result
in a sub-2% measurement of the Hubble-Lemaître constant just by using a single event.
In addition, a collection of such events can be used to measure H0 in different directions
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and study the anisotropies in H0 [336]. We call these mergers golden events. The number
of dark sirens and the number of golden events that can be detected by the six GW
detector networks in an observation time of 10 years are mentioned in Table 5.3.
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Figure 5.3: The fractional errors in H0 measurement using NSBH systems as dark sirens
for the observation time of 2 and 5 years and for three different values for the local merger
rate of NSBH systems, low: ṅ(0) = 7.8 Gpc−3 yr−1, median: ṅ(0) = 45 Gpc−3 yr−1 and
high: ṅ(0) = 140 Gpc−3 yr−1. The dotted black line corresponds to the 2% error in H0
measurement which would be enough to resolve the Hubble-Lemaître tension.

.

From Table 5.3 and Fig. 5.3, we see that, regardless of the choice of population,
local merger rates, or observation times considered in this study, the A+ network will not
detect any NSBH dark siren events. VK+HLIv is expected to detect 0 − 3 NSBH dark
siren events in 10 years, depending on the population model and the local merger rate
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Table 5.3: The number of dark siren and golden event detections for both the population
models with the six XG ground-based GW detectors in an observation time of 10 years.

Network
Pop-1 Pop-2

Dark Golden Dark Golden

HLVKI+ 0 0 0 0
VK+HLIv 1+2

−1 1+2
−1 0+1

−0 0+1
−0

VKI+C 1+1
−1 1+1

−1 0 0
HLKI+E 1+5

−1 1+5
−1 0+3

−0 0+2
−0

KI+EC 24+55
−22 23+54

−21 25+71
−21 25+71

−21

ECS 106+238
−91 103+232

−88 103+241
−85 101+239

−84

density. While the Hubble-Lemaître constant can be constrained using the detections
from the Voyager network if the local merger rate is high, we cannot expect to bound
H0 better than 2% without including the prior on Ωm. With the inclusion of the prior
for Ωm, VK+HLIv measures H0 better than 2% for Pop-1 events. Note that when only
one dark siren event is detected in a given observation time, the corresponding FIM is
degenerate as it would amount to constraining two quantities, H0 and Ωm, using only
one event. Thus, unless we fix Ωm, which would mean that we know it exactly, the FIM
cannot be inverted to obtain the measurement errors in H0. As we consider Ωm to be an
unknown, Fig. 5.3 only shows the fractional errors in H0 for those networks, observation
times, and local merger rates for which more than one dark sirens are detected. Thus,
no constraints on the Hubble-Lemaître constant are presented for the VKI+C network in
Fig. 5.3 even though we can expect at most 2 mergers in an observation time of 10 years,
which is equal to only 1 possible detection in 5 years. For the 0 − 6 dark sirens events
HLKI+E can detect, the constraints on H0 for high merger rate and 5 years of observation
vary with the choice of population. For Pop-1, even if the Ωm prior is not included, H0

can be measured well enough to resolve the tension. For events in Pop-2, we need to
include the prior for Ωm for measurements better than 2%.

Two of the most advanced GW detector networks considered in our study, KI+EC and
ECS, can expect to detect O(10) to O(100) dark siren events in an observation time of 10
years. While both the networks can estimate the Hubble-Lemaître constant well enough
to resolve the tension in an observation span of 2 years, KI+EC can only do so if the
merger rate density is not low. With prior on Ωm, ECS can resolve the tension in 2 years
even for the case of low merger rate density. With a high merger rate and an observation
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time of 5 years, ECS can measure the Hubble-Lemaître constant with measurement errors
that are as small as O(10−4).

The number of NSBH events detected as dark sirens and as golden events is similar,
if not the same, for each detector network and for both populations. That is because
we only consider events within the redshift of z = 0.1 for the dark siren study. The
XG detector networks perform well in terms of measurement ability at such distances,
resulting in precise luminosity distance measurements. From Table 5.3, we note that
there is a chance of observing a golden event as early as the Voyager era, which can help
resolve the Hubble-Lemaître tension by itself. Obtaining O(1) to O(10) golden events
every year with KI+EC and ECS will also allow one to probe the possible anisotropy in
the value of the Hubble-Lemaître constant.

While we expect to detect O(10) dark siren/golden events every year with ECS, these
constitute only 0.03% of all the NSBH events that ECS is expected to detect in a year.
That makes both the occurrence and the observation of such events extremely rare. For
comparison with BBH systems, a ECS-like network is expected to detect ∼ 20 BBH dark
siren events every year [59], which constitutes 0.02% of the BBH events that the network
will detect that year [99]. If we only consider events with z < 0.1, ∼ 90% of the BBH
events and ∼ 50% of the NSBH events detected by a ECS-like network are dark sirens.
Further, Ref. [59] claims that the HLVKI+ network can resolve the Hubble-Lemaître
tension within 2 years of observation with BBH systems, whereas we see that it is unable
to detect any NSBH dark sirens in the span of 5 years. Thus, BBH systems perform
better than NSBH systems as dark sirens in resolving the Hubble-Lemaître tension.

5.5 NSBH systems as Bright Sirens
The bright siren approach relies on observing an EM counterpart following the GW
detection of the merger event. Observation of the EM counterpart pinpoints the location
of the host galaxy. Identification of the host galaxy will lead to the measurement of redshift
that, along with the distance measurement from GWs, can be used to measure the Hubble-
Lemaître constant. This technique removes the stringent constraint on measuring the sky
position using GWs to high accuracy as in the dark siren approach, potentially allowing
more events to contribute to the Hubble-Lemaître constant measurement. However,
a limiting factor is the low likelihood of observing an EM counterpart, which in our
case is a KN, in the first place. The generation of a KN is sensitive to the population
characteristics, especially the asymmetric mass ratio and the spin of the BH, and the
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NS EOS. A population with predominantly non-spinning BHs (supported by the current
observations [103,104]) or one where BHs have retrograde (χBH < 0) spins, will disfavor
KN generation. In contrast, a population that contains BHs with high prograde (χBH > 0)
spins will encourage it [72]. Our two population models take both these effects into
account- Pop-1 contains BHs with uniformly sampled spins from [−0.75, 0.75], and Pop-2
contains predominantly non-spinning BHs with a small fraction (∼ 5%) of BHs with high
(χBH > 0.75) prograde spins.

As mentioned before, the EOS of the NS will significantly affect the generation of
the KN. In particular, a softer EOS like APR4 [150] will lead to a more compact NS and
disfavor tidal disruption. On the other hand, a stiffer EOS like DD2 [151] results in a
less compact NS, allowing for tidal disruption of the NS before it passes the innermost
stable circular orbit, RISCO, and enabling the generation of the KN. We take this into
consideration in our study by reporting the number of KN detections for three EOSs of
varying stiffness: ALF2 [152], APR4 [150] and DD2 [151]. We follow our previous work [73]
to generate the light curves associated with the KN. We claim the detection of a KN if
the peak luminosity of the KN is brighter than the limiting magnitude associated with
a filter of a given telescope. In this study, we consider two EM telescopes, the Vera
Rubin Observatory (henceforth, referred to as Rubin) and the Nancy Grace Roman Space
Telescope (henceforth, referred to as Roman).

As noted in chapter 3, the r−filter in Rubin and the R−filter in Roman have similar
effective wavelength (λeff) correspond to some of the highest numbers of KN detections,
so we consider these two filters in the current analysis. The specifications for the two
telescopes, including the limiting magnitudes (mlim) are mentioned in Table 5.4. Tables
3.5 and 3.6 contain the number of KN detections for the two telescopes, categorized by
the EOS and the 90%−credible sky area, for the median local merger rate density. The
upper and lower limits of the listed values correspond to the high and low merger rate
densities.

The number of bright sirens detected by each EM telescope for the three EOSs
is presented in Table 5.5. Among these, we will also have golden events- events for
which the measurement error in luminosity distance is < 2% and the merger is followed
by a KN detected by the EM telescopes. Each of these golden bright siren events is
capable of resolving the Hubble-Lemaître tension by itself. The number of golden events
corresponding to each detector network and EOS is also listed in Table 5.5. All the
numbers presented are for an observation time of 10 years and Ω90 < 10 × FOV. The
number of bright sirens detected can range from O(1) to O(100) in 10 years. For events

110



Table 5.4: Information about the two EM telescopes considered in this study. An
exhaustive collection of such information for other EM telescopes can be found in Ref. [5].

Telescope Rubin Roman
FOV (deg2) 9.6 0.28
Exposure time (s) 30s 67s
Filter r R

λeff (Å) 6156 6160
mlim (AB mag) 24.7 26.2

in both populations, there is no chance of detecting golden bright sirens with HLVKI+ and
VK+HLIv networks. For KI+EC and ECS, unlike the dark siren case, only 10% − 50% of
the bright siren events qualify as golden events, with ECS expected to detect O(1) golden
events every year (unless APR4 is the preferred NS EOS).

It is important to note that the detection criteria used above are only meant to give
an estimate of the number of KN that can be detected. A realistic scenario involves
a target-of-opportunity (TOO) follow-up strategy to detect KN events based on alerts
from GW observations. We use one such TOO strategy in this work, where we consider
a combination of g + i filters in the Rubin observatory for the detection of the KN [153].
Specifically, the KN is said to be detected if the luminosity is brighter than the limiting
magnitude of the g and the i filters on two consecutive nights with 600 seconds of
exposure in each filter. The most optimistic values of limiting magnitudes obtained for
an exposure of 600 s for the g and i filters are 26.62 and 25.62, respectively. In addition,
we only consider events for which Ω90 ≤ 9.6 deg2, i.e., their localization is smaller than
the FOV of the Rubin telescope. The number of bright siren events and golden events
observed using this strategy are given in Table 5.6. Comparing these values with the
number of detections for Rubin in Table 5.5, we see that the TOO strategy leads to 2 − 3
times higher number of detections. This is attributed to the longer exposure time (600 s)
which leads to the detections of intrinsically dimmer events and bright events that are
farther away, compared to the detections made using single 30 s exposures with Rubin.
The trend in the detection of golden events is similar to that in Table 5.5, with no golden
events detected with HLVKI+ and VK+HLIv, and O(1) golden event detections with ECS
every year.

To obtain the combined estimates on the measurement errors in H0 corresponding to
an observation span and merger rate density, we follow the same process used for dark
sirens in Section 5.4 for each EOS and both the telescopes. The difference is that, instead
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Table 5.5: Number of bright sirens and golden events detected by the two telescopes,
using the r−filter in Rubin and the R−filter in Roman, in an observation span of 10 years,
for ALF2 (A2), APR4 (A4), and the DD2 (D2) EOSs. The KN considered correspond to
events that can be localized to a sky patch smaller than 10×FOV using GW observations,
where FOV is the field of view of the particular telescope.

Type Bright Sirens Golden Events

Filter Rubin r−filter Roman R−filter Rubin r−filter Roman R−filter

EOS A2 A4 D2 A2 A4 D2 A2 A4 D2 A2 A4 D2

Pop-1

HLVKI+ 9+16
−8 4+5

−3 16+28
−15 3+4

−3 1+0
−1 6+7

−6 0 0 0 0 0 0

VK+HLIv 14+25
−13 4+9

−3 23+42
−22 8+16

−8 3+5
−3 19+42

−19 0 0 0 0 0 0

VKI+C 14+25
−13 4+9

−3 23+42
−22 3+5

−3 1+1
−1 9+18

−9 1+1
−1 0 1+1

−1 1+1
−1 0 1+1

−1

HLKI+E 14+25
−13 4+9

−3 23+42
−22 15+28

−14 5+7
−4 26+61

−25 1+2
−1 0 2+3

−2 1+2
−1 0 2+4

−2

KI+EC 14+25
−13 4+9

−3 23+42
−22 56+100

−45 21+36
−15 100+193

−84 2+6
−2 0+1

−0 5+13
−5 3+8

−2 0+3
−0 6+17

−5

ECS 14+25
−13 4+9

−3 23+42
−22 88+157

−68 33+60
−25 156+293

−128 3+13
−3 0+5

−0 8+24
−8 7+24

−6 1+7
−1 16+44

−15

Pop-2

HLVKI+ 16+18
−14 0 31+41

−26 3+5
−2 0 6+12

−4 0 0 0 0 0 0

VK+HLIv 19+30
−16 0 37+82

−31 16+21
−12 0 29+43

−24 0 0 0 0 0 0

VKI+C 20+30
−17 0 38+83

−32 7+10
−5 0 14+21

−11 0 0 0+2
−0 0 0 0+1

−0

HLKI+E 20+30
−17 0 38+84

−32 22+42
−17 0 44+84

−36 1+6
−1 0 4+11

−4 1+3
−1 0 2+4

−2

KI+EC 20+30
−17 0 38+84

−32 79+173
−64 0 160+330

−132 5+15
−3 0 13+31

−10 6+19
−4 0 19+39

−15

ECS 20+30
−17 0 38+84

−32 115+262
−92 0 247+512

−202 7+17
−5 0 18+42

−15 16+40
−13 0 38+81

−31

of picking events where Ω90 < 0.04 deg2, we choose events for which the corresponding KN
are detected by a given EM telescope. Figures 5.4 5.5 show the estimates on fractional
errors in the measurement of H0 using bright sirens without including a prior on Ωm,
whereas Figs. 5.6 and 5.7 show the errors when prior for Ωm is included. We also calculate
the bounds that can be put on H0 using the g + i TOO strategy, which are shown in
Figs. 5.8 and 5.9.

Firstly, we do not get any bright sirens for APR4, which is the softest of the three
EOSs, for events in Pop-2. Here, we note that the numerical fits used to generate the KN
light curves are only valid for χBH < 0.75. Thus, even though Pop-2 has NSBH events
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Figure 5.4: The fractional errors in H0 measurement using NSBH systems from Pop-1
as bright sirens for the case when priors on Ωm are not included.

with high BH spins and are favorable for KN generation, they have not been considered
for the bright siren study. Hence, the numbers reported in this work might underestimate
the actual number of detections.

Even for Pop-1, APR4 gives the least number of KN detections and the worst bounds
on H0. For this EOS, with no prior for Ωm, only KI+EC and ECS seem to have a chance
at resolving the Hubble-Lemaître tension with Pop-1 events and KN detections with
the Roman telescope. Even for the two remaining EOSs, HLVKI+ cannot measure the
Hubble-Lemaître constant better than an error of 2%, even in an observation span of
5 years. For VK+HLIv and VKI+C, the 2% mark lies outside the 68% confidence interval
of the fractional error in H0, making it improbable that these networks will resolve the
Hubble-Lemaître tension in 5 years. HLKI+E will be capable of resolving the Hubble-
Lemaître tension in 5 years of observation span, with KI+EC and ECS capable of doing the
same in 2 years if the local NSBH merger rate is high. Moreover, for Pop-2 events, the
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Figure 5.5: Same as Fig. 5.4 but for Pop-2.

Hubble-Lemaître tension can be resolved with the ECS network and the Roman telescope
in 5 years of observation even if the local merger rate density of NSBH systems is on the
lower end. Inclusion of the prior for Ωm improves the errors on H0 drastically, allowing
the Voyager network to resolve the Hubble-Lemaître tension in 5 years. With Roman,
both KI+EC and ECS can constrain the Hubble-Lemaître constant to better than 2% in
only two years, even if the merger rate density of NSBH systems is low. When the g + i

TOO strategy is considered, we see that the H0 measurement accuracy improves slightly
compared to the case of Rubin, which is due to the greater number of KN detections.
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Figure 5.6: The fractional errors in H0 measurement using NSBH systems from Pop-1
as bright sirens for the case when priors on Ωm are included.

If using BNS systems as bright sirens, Ref. [337] finds that in 5 years of observation,
the HLV+ network (with 50% duty-cycle) with the Rubin observatory will constrain H0

to ∼ 2% with 12 bright siren observations every year. In comparison, for the best-case
scenario, NSBH systems will result in a ∼ 3% bound on H0 with ∼ 3 bright siren
detections every year using HLVKI+ (100% duty-cycle). With a median local merger rate
∼ 8 times that of NSBH systems, BNS systems are expected to outperform NSBHs in
bright siren measurements of the Hubble-Lemaître constant, unless the NSBH population
contains highly spinning or precessing objects [91].

Compared to the dark siren case, we get ∼ 2 times as many bright siren events
detected with the Roman telescope. While these numbers are encouraging, it is crucial
to note that the bright siren method relies heavily on the EOS used to describe the NS
and the characteristics of the NSBH population. A soft EOS like APR4 paired with Pop-2
results in zero KN detections, ruling out the bright siren approach for the resolution of
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Figure 5.7: Same as Fig. 5.6 but for Pop-2.

Hubble-Lemaître constant using NSBH mergers. On the other hand, using a stiff EOS
like DD2 with either of the two populations and a high local merger rate can resolve the
Hubble-Lemaître tension with VK+HLIv only in 2 years. Thus, the bright siren approach
in resolving the Hubble-Lemaître tension is contingent on the NS EOS, the KN generation
mechanism, the NSBH population characteristics, and the local merger rate density. Our
treatment tries to account for some of these uncertainties by using multiple population
models, EOSs, and local merger rate densities and estimating the range of measurement
errors on H0 using NSBH systems as bright sirens.
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Figure 5.8: The fractional errors in H0 measurement using NSBH systems from as bright
sirens when the g + i TOO strategy is followed with the Rubin observatory and priors on
Ωm are not included. The top panel shows constraints for NSBHs from Pop-1 and the
bottom panel corresponds to systems from Pop-2.

5.6 Gray Sirens
In Sections 5.4 and 5.5, we evaluated the potential of NSBH systems as dark sirens and
bright sirens, respectively. While networks like HLVKI+ and VKI+C could not constrain
the Hubble-Lemaître constant in an observation span of 5 years using the dark siren
approach, the bright siren method enabled the measurement of H0 with these detectors
to better than 10% in the same observation span. Events detected by KI+EC and ECS
performed well both as dark and as bright sirens. We also saw that the bright siren
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Figure 5.9: Same as Fig. 5.8 but with priors on ΩM .

approach depends significantly on the EOS, with the worst bounds on H0 obtained
for APR4. The dark siren and the bright siren approaches have the same end product—
measurement of the Hubble-Lemaître constant. Thus, the bounds on H0 from both
approaches can be combined to obtain a more precise measurement of H0. This allows
us to assess the utility of NSBH systems as gray sirens.

This is accomplished by picking events from our populations that either qualify as
dark sirens or as bright sirens while making sure that we do not double-count events that
can act both as dark and as bright sirens. Using the selected events, the combined FIM
is calculated and used to get measurement errors on H0 in the same way as was done in
Sections 5.4 and 5.5. Figures 5.10 and 5.11 present the bounds on the Hubble-Lemaître
constant measurement using the gray siren approach without and with prior on Ωm,
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Table 5.6: Number of bright sirens and golden events detected using the g + i TOO
strategy with Rubin in an observation span of 10 years, for ALF2 (A2), APR4 (A4), and
the DD2 (D2) EOSs. The KN considered correspond to events that can be localized
better than the FOV of Rubin using GW observations.

Type Bright Sirens Golden Events

EOS A2 A4 D2 A2 A4 D2

Pop-1

HLVKI+ 12+24
−11 6+4

−5 23+38
−21 0 0 0

VK+HLIv 23+45
−19 8+12

−7 40+72
−33 0 0 0

VKI+C 15+32
−13 6+7

−5 31+58
−26 1+1

−1 0 1+1
−1

HLKI+E 25+58
−22 10+22

−9 43+91
−37 1+2

−1 0 2+3
−2

KI+EC 39+81
−33 12+29

−10 60+126
−51 4+12

−4 0+3
−0 6+19

−6

ECS 40+82
−33 12+29

−10 65+131
−54 8+23

−8 2+9
−2 13+35

−13

Pop-2

HLVKI+ 18+23
−15 0 34+51

−28 0 0 0

VK+HLIv 25+47
−21 0 58+111

−49 0 0 0

VKI+C 24+35
−21 0 46+82

−39 0 0 0+2
−0

HLKI+E 28+53
−24 0 68+134

−58 1+6
−1 0 4+10

−4

KI+EC 32+78
−26 0 89+201

−72 5+18
−3 0 14+38

−11

ECS 32+80
−26 0 90+212

−73 7+24
−5 0 23+59

−19

respectively. Figure 5.12 gives the constraints that can be put on the value of H0 with
gray sirens when the g + i TOO strategy with Rubin is followed.

In Section 5.5, we noted that for Pop-2 events and APR4 as the EOS we did not expect
any KN events, rendering the bright siren approach moot. However, the NSBH dark
siren events can still be used to constrain H0. This is evident from the bottom two panels
of Figs. 5.10 and 5.11, where H0 is constrained better than 2% with KI+EC and ECS
when the prior for Ωm is not included, and also by HLKI+E when the prior is included.
For the stiffer EOS, we see that all detector networks except HLVKI+ have a chance to
resolve the Hubble-Lemaître tension. The Voyager network might be able to resolve it
in 5 years if the local merger rate is high. KI+EC and ECS will be able to resolve it in
2 − 5 years regardless of the merger rate. As was the case for NSBH bright sirens, the
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Figure 5.10: The fractional errors in H0 measurement using NSBH systems as gray
sirens for the case when priors on Ωm are not included. The top two panels show the
errors for events in Pop-1 and the bottom two panels show the errors for Pop-2.
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Figure 5.11: The fractional errors in H0 measurement using NSBH systems as gray
sirens for the case when priors on Ωm are included. The top two panels show the errors
for events in Pop-1 and the bottom two panels show the errors for Pop-2.
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Figure 5.12: The measurement accuracy of H0 using NSBH systems as gray sirens where
the KN are detected using the g + i TOO strategy. The top two panels show the errors
for events in Pop-1 and Pop-2 when prior on Ωm is not included, and the bottom two
panels show the errors when prior on Ωm is included.
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Table 5.7: The number of detections using the gray siren approach, i.e., combining the
dark and the bright sirens in an observation span of 10 years. For the bright sirens
detected with the Rubin r−filter and Roman R−filter, we only consider events for which
Ω90 ≤ 10×FOV of the respective telescope. For bright sirens detected with Rubin
telescope following the g + i TOO strategy, we consider events for which Ω90 ≤ FOV of
Rubin.

Filter Rubin r−filter Roman R−filter Rubin g + i TOO

EOS ALF2 APR4 DD2 ALF2 APR4 DD2 ALF2 APR4 DD2

Pop-1

HLVKI+ 9+16
−8 4+5

−3 16+28
−15 3+4

−3 1+0
−1 6+7

−6 12+24
−11 6+4

−5 23+38
−21

VK+HLIv 15+27
−14 5+11

−4 24+44
−23 9+18

−9 4+7
−4 20+44

−20 24+47
−20 9+14

−8 41+74
−34

VKI+C 15+26
−14 5+10

−4 24+43
−23 4+6

−4 2+2
−2 10+19

−10 16+33
−14 7+8

−6 32+59
−27

HLKI+E 15+30
−14 5+14

−4 24+47
−23 16+33

−15 6+12
−5 27+66

−26 26+63
−23 11+27

−10 44+96
−38

KI+EC 38+80
−35 28+64

−25 47+97
−44 80+155

−67 45+91
−37 124+248

−106 63+136
−55 36+84

−32 84+181
−73

ECS 119+260
−103 110+247

−94 126+276
−110 193+392

−158 139+298
−116 259+527

−216 145+317
−123 118+267

−101 168+365
−142

Pop-2

HLVKI+ 16+18
−14 0 31+41

−26 3+5
−2 0 6+12

−4 18+23
−15 0 34+51

−28

VK+HLIv 19+31
−16 0+1

−0 37+83
−31 16+22

−12 0+1
−0 29+44

−24 25+48
−21 0+1

−0 58+112
−49

VKI+C 20+30
−17 0 38+83

−32 7+10
−5 0 14+21

−11 24+35
−21 0 46+82

−39

HLKI+E 20+33
−17 0+3

−0 38+87
−32 22+45

−17 0+3
−0 44+87

−36 28+56
−24 0+3

−0 68+137
−58

KI+EC 45+101
−38 25+71

−21 63+155
−53 104+244

−85 25+71
−21 185+401

−153 57+149
−47 25+71

−21 114+272
−93

ECS 123+270
−102 103+241

−85 140+319
−116 218+502

−177 103+241
−85 349+747

−286 135+320
−111 103+241

−85 192+447
−157

adoption of the g + i TOO strategy results in slightly better bounds compared to the
case of Rubin discussed above, due to the increase in the number of KN detections. An
important difference is that with the g + i strategy, the Voyager network might be able
to resolve the H0 tension in 5 years even when the NSBH merger rate is not high, and
instead, it is close to the median value.

Table 5.7 gives the number of NSBH detections that have been considered for the
gray siren method, i.e., each event is either a dark siren, a bright siren, or both. As
is evident when comparing the number of dark sirens in Table 5.3 and bright sirens in
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Tables 5.5 and 5.6 to the gray siren events in Table 5.7, there are very few (∼ O(1))
events that qualify as both dark and bright sirens. So, the square root of the sum of
squares of the errors obtained from the dark and the bright siren approach is a good
approximation of the expected measurement errors using the gray siren method.

An important use of the numbers reported in Table 5.7 and the Figs. 5.10 and
5.11 is to account for the change in the measurement errors of H0 with the inclusion
of factors that we have ignored. This is done by using the fact that the bounds on
H0 change approximately as

√
N , where N is the number of detections. For e.g., with

the assumed 100% duty-cycle, the A+ network with DD2 as the EOS and Pop-2 events
has a measurement error of 2.7% associated with the high local merger rate density,
in an observation span of 5 years (see the plot in the third row and third column of
Fig. 5.11). Now, if we assume a 50% duty-cycle, the measurement error increases to
2.7% ×

√
2 = 3.8%. As can be verified from the same plot, this is close to the error

corresponding to a high merger rate and an observation span of 2 years with 100%
duty-cycle. As another example, let us assume that the actual stiffness of the NS is
somewhere in between that of ALF2 and DD2 and we observe 24 Pop-2 bright siren events
with the A+ network and Rubin in 10 years with median merger rate, which equates to 12
events in 5 years of observation. With DD2, we get 31 events in 10 years (from Table 5.5),
or 16 events in 5 years, which corresponds to ∼ 4% error in H0 measurement (as there
are no dark siren events for this network, we can use the plot in the third row and third
column of Fig. 5.11 itself). Having 12 events instead of 16 in a span of 5 years would
give the median error on H0 for the assumed EOS and the HLVKI+ network to be ∼ 5%.
Following these steps, one can calculate the expected constraints on the Hubble-Lemaître
constant using the gray siren approach with NSBH systems for different merger rates,
observation times, duty cycles, the efficiency of the two telescopes in the detection of the
EM counterpart, change in the exposure times for the telescopes, NS EOS, etc.

5.7 Conclusions
The tension between the early-universe and late-universe measurements of the Hubble-
Lemaître constant has been an active area of research in cosmology and GW physics. The
ability of GW observations to measure the luminosity distance without the need for an
extra distance calibrator can be utilized to obtain an independent measure of the distance
to the binary system. The measurement of luminosity distance from GW observation
along with the value of the corresponding redshift from host-galaxy identification can
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provide an independent estimate of the Hubble-Lemaître constant and help resolve the
tension in H0. The host can be identified by using an EM counterpart (if there is one),
which is called the bright siren method, or without the EM counterpart, which is referred
to as the dark siren method. BBH systems are heavier than BNS or NSBH systems and
are detected with higher SNRs. For asymmetric BBHs, the activation of higher modes
further improves parameter estimation, especially for the luminosity distance. This makes
BBH systems ideal dark sirens. On the other hand, most, if not all, BNS systems are
expected to be followed by EM counterparts. The detection of the EM counterpart can
pinpoint the host galaxy and provide the redshift measurement needed to constrain H0.
Additionally, higher-mode activation in the post-merger of BNS systems can improve
the luminosity distance measurement [336]. Thus, BNS systems are ideal bright siren
candidates for H0 measurement.

In this work, we assessed the potential of NSBH systems in resolving the H0 tension.
We obtained the measurement errors in luminosity distance using the FIM method with
GWBENCH. We combined the FIM for multiple qualifying events to calculate the constraints
that can be placed on the value of H0 (assuming ΛCDM cosmology) using several GW
detections. We performed this analysis for six ground-based GW networks (listed in
Table 5.1), two population models: Pop-1 and Pop-2, three values of NSBH local merger
rate densities: low- 7.8 Gpc−3 yr−1, median- 45 Gpc−3 yr−1 and high- 140 Gpc−3 yr−1,
two observation spans: 2 years and 5 years, and for two cases: without prior on Ωm and
with prior on Ωm.

Due to asymmetric masses, NSBH systems can be used as dark sirens to resolve
the Hubble-Lemaître tension. However, as was noted in Section 5.4, BBH systems
are much more efficient as dark sirens and can constrain H0 to less than 2% with 2
years of observations with the HLVKI+ network [59]. While there is no hope of resolving
the Hubble-Lemaître tension with NSBH dark sirens with the HLVKI+ network, the
Voyager network, VK+HLIv, can measure H0 to less than 2% measurement uncertainty
in an observation span of 5 years. More advanced networks like KI+EC and ECS can
measure H0 to a precision better than 1% with only 2 years of observation (see Fig. 5.3).
Moreover, the ECS network will observe O(10) golden dark siren events, i.e., events that
can individually measure H0 with measurement uncertainty less than 2%, every year.

NSBH mergers can also be accompanied by EM counterparts, like short gamma-ray
bursts and kilonovae (KN), rendering them as possible bright siren candidates for H0

measurement. In Tables 3.5 and 3.6, we reported the number of expected KN detections
using two telescopes: the Vera C. Rubin Observatory and the Nancy Grace Roman Space
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Telescope, for three NS EOS of varying stiffness: ALF2, APR4 and DD2, in an observation
span of 10 years. We saw that the constraints on H0 using the bright siren approach
depend on population characteristics and the NS EOS (see Figs. 5.4, 5.5, 5.6, 5.7, 5.8 and
5.9). While H0 could not be measured with any of the networks for Pop-2 events with
the APR4 EOS, networks with the Einstein Telescope or the Cosmic Explorer detectors
could resolve the tension with Pop-1 events. For the other two EOS, it seemed unlikely
that HLVKI+ will be able to resolve the tension in 5 years, with the best measurement
of H0 having a fractional error of 2.6%. With Voyager sensitivity, VK+HLIv can resolve
the tension in 5 years and KI+EC and ECS will be able to measure H0 to better than
1% precision only in 2 years. We also expect ECS to detect O(1) golden bright siren
events every year. However, based on our results, NSBHs cannot be expected to overtake
BNS systems as bright sirens for H0 measurement, as the BNS systems are expected
to resolve the H0 tension within 5 years with the HLV+ network [337]. Note that our
population models do not consider precessing NSBH systems. Precession can improve
the distance measurement from NSBH systems and make them at par with BNS systems
in the context of H0 measurement [91].

In both dark and bright siren approaches, we expect to detect O(10) events every
year with ECS that contribute towards the measurement of the Hubble-Lemaître constant.
Due to the effectiveness of NSBH both as dark and as bright sirens, we refer to them as
gray sirens. In Section 5.6, we combined the dark and bright siren events to calculate
constraints on H0. While it is still unlikely that HLVKI+ will be able to resolve the Hubble-
Lemaître tension in 5 years, VK+HLIv is expected to resolve it in the same duration (see
Figs. 5.10, 5.11 and 5.12). Even for APR4, HLKI+E, KI+EC and ECS will be able to resolve
the H0 tension. With ECS, it would be possible to detect 10–30 NSBH gray (dark, bright,
or both) siren events every year.

Several systematic uncertainties are associated with the measurement of H0 using
GWs. These include uncertainty due to instrumental calibration errors [273,275], peculiar
velocity fields [326,338–340] and viewing angle [341]. The calibration errors can lead to
a systematic error and uncertainty of < 7% in the amplitude of the GW [273] and are
expected to reduce in future networks. The uncertainty in redshift measurement due to
peculiar velocity associated with the host galaxy is dominant only for nearby galaxies.
For example, for GW170817 which was z ∼ 0.01 away, the uncertainty in peculiar velocity
was 150 km/s, leading to a ∼ 5% uncertainty in redshift measurement [329]. Most of the
events considered in this study lie farther away compared to GW170817, for e.g., for dark
sirens detected by ECS, ∼ 90% of the events lie beyond z = 0.05, i.e., 5 times as far away
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as GW170817. The nearest event considered in the study is twice as far as GW170817.
Thus, we do not expect the effect of peculiar velocity uncertainties to considerably change
the overall expectation regarding the resolution of H0 with a particular GW network.
Another source of systematic uncertainty is due to the viewing angle dependence of the
detection of EM counterparts [341]. In particular, the models used to generate luminosity
curves for KN for events in this study assume spherically symmetric emission. Viewing
angle dependence can change the peak luminosity associated with a KN, which will affect
the number of detections that have been reported in Tables 5.5, 5.6, 5.7, 5.7, 3.5 and 3.6.
Even though we do not account for the possible aspherical nature of EM emission, the
effect on the H0 constraints can be calculated if the model describing the dependence of
viewing angle on KN luminosity is known. For a suitable model, we can calculate the
change in the number of KN detections. Using the ∼

√
N dependence of H0 bounds on

the number of events N , we can use the numbers in Tables 5.5, 5.6, and 5.7, along with
the measurement errors on H0 from Figs. 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, 5.10, 5.11, and 5.12
to approximately calculate the new bounds on H0 (see Section 5.6 for examples of using
this technique).

In this work, we saw that NSBH systems can be important sources for independent
calculation of the Hubble-Lemaître constant and can resolve the Hubble-Lemaître tension
as early as the Voyager era (∼mid 2030s). While our analysis relies on the FIM, it is the
first comprehensive study that presents the expectation regarding the measurement of
H0 with NSBH systems and XG detectors using both dark and bright siren approaches.
In the current work, we account for several uncertainties associated with NSBH systems
by including two different population models, three local merger rates, two observation
spans, and six ground-based GW detectors. We also give the associated number of
events used and bounds on H0 for all possible cases to allow the reader to extrapolate
approximate bounds on H0 for a general scenario. For the bright and gray siren methods,
we generated KN light curves for three EOS using numerical relativity fits to portray
a realistic picture of the scope of these methods. A possible direction for future work
can be to use multiple KN models that include the viewing angle dependence to gauge
its effect on the number of KN detections. Another important extension would be to
repeat this analysis within a Bayesian framework. Historically, using Bayesian inference
for a large number of events has been tedious, leading to the inclination toward FIM
analysis for large-scale studies. With the introduction of new techniques for parameter
estimation [257, 262, 342], the goal of implementing a fully-Bayesian study might be
within reach.
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Chapter 6 |
Conclusions and outlook

With increasing distance, our knowledge fades, and fades rapidly.
Eventually, we reach the dim boundary, the utmost limits of our telescopes.

There, we measure shadows, and we search among ghostly errors of measurement
for landmarks that are scarcely more substantial. The search will continue.

Not until the empirical resources are exhausted, need we pass
on to the dreamy realms of speculation.

— Edwin Hubble

This dissertation has explored the scientific promise of NSBH mergers as probes of
GW astrophysics, multi-messenger astronomy, and cosmology in the era of advanced and
next-generation detectors.

We began by assessing the detectability and measurability of NSBH mergers in future
GW detector networks. Our results show that next-generation observatories such as
Cosmic Explorer (CE) and Einstein Telescope (ET) will detect the vast majority of
NSBH mergers out to redshifts z ∼ 2, thereby ensuring high completeness that is vital
for unbiased inference. Through detailed network comparisons, we established that while
a single third-generation detector can provide good sensitivity, networks with multiple
XG detectors significantly enhance localization capabilities. Particularly, networks with
CE and ET can localize tens of thousands of events to within 10 deg2, and a smaller
fraction to within 1 deg2, enabling electromagnetic follow-up for sources within z ≲ 0.5.
These results confirm that NSBH systems will not only be observed in large numbers,
but will also be accompanied by precise parameter measurements that are necessary for
probing their origin and implications.

In the context of multi-messenger astronomy, we analyzed the detectability of KN
emission resulting from NSBH mergers. The KN brightness is highly sensitive to binary
mass ratio, black hole spin, and the neutron star EOS. While stiff EOS and high black
hole spin enhance the likelihood of forming bright KNe, our simulations indicate that
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even in optimistic scenarios, the number of detectable KNe is limited to a few per year.
A case study of GW230529, the most mass-symmetric NSBH candidate in the LVK O4
run, showed that its expected KN would be too dim for Rubin Observatory’s wide-field
detection. Nevertheless, targeted follow-up may still have been successful. We further
demonstrated that only XG detector networks can deliver sky localizations of ≲ 100 deg2

minutes before merger, making them crucial for capturing early-time electromagnetic
signals that can shed light on the nature of the remnant and the merger environment.

We then investigated how NSBH mergers can constrain astrophysical formation
channels. Specifically, we focused on the measurability of the neutron star spin χNS,
which can serve as a fossil record of the binary’s evolutionary history. Using Bayesian
inference and waveform models that include higher-order modes, we demonstrated that
χNS can be tightly constrained in systems where the black hole is rapidly spinning and
the inclination angle is high. Inclusion of higher modes mitigates degeneracies with
other parameters and significantly improves spin measurements. In particular, CE and
ET can distinguish χNS = 0.1 from zero in O(100) events per year. Shifting to current
detectors, we applied population synthesis-informed priors to GW230529, finding that
it is consistent with formation via isolated binary evolution, while ruling out scenarios
involving rapid supernovae or unstable Case BB mass transfer. These results highlight
how precise estimation of NSBH binary parameters will allow the inference of their
astrophysical histories.

In the final part of this dissertation, we assessed the use of NSBH mergers as standard
sirens for cosmology. Combining dark and bright siren approaches, we explored the gray
siren framework in which a fraction of events yield electromagnetic counterparts while
others contribute through unique host-galaxy identification. Using Fisher Information
Matrix analysis, we forecast constraints on the Hubble-Lemaître constant H0 under
a range of population models, merger rates, and observing durations. We found that
Voyager-era (similar to A♯; early 2030s) networks could reach percent-level H0 constraints
within 5 years, while CE-ET networks could achieve sub-percent precision within just
2 years. We also incorporated light curve models from numerical relativity fits for
three EOS to predict KN detectability. Altogether, we showed that NSBH mergers can
provide an independent and competitive avenue for resolving the current Hubble tension,
particularly when used in conjunction with other GW sources.

While this dissertation has explored the potential of NSBH mergers as sources of
electromagnetic radiation, several open questions remain. Although a KN was observed
following the BNS GW170817, no KN has yet been definitively associated with an NSBH
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Figure 6.1: The histograms for the ratio of the peak luminosity of the KNe in the u−band
(∼ 3500 Å) with the luminosity in the band 2 days after the peak, for a simulated
population of 10,000 BNS and NSBH mergers.

event, despite multiple detections. This leaves unresolved the contribution of NSBH
mergers to heavy-element formation. Recent studies suggest that BNS mergers alone
may be insufficient to account for r-process enrichment in the Milky Way [343], making
it interesting to determine whether NSBH systems play a significant role in the same.
Associating KNe with GW events remains observationally challenging due to limitations
in detector duty cycles, sky localization, and the latency of EM alerts. As a result,
developing a method to identify the origin of a KN from electromagnetic data alone
would be invaluable. Motivated by the differing morphologies of BNS and NSBH mergers,
one promising avenue involves distinguishing their KNe using light curve features. In
ongoing work, we employ the semi-analytical formalism described in Chapter 3 and
Ref. [161] to simulate KN light curves from NSBH and BNS mergers. Inspired by
Ref. [344], we calculate the ratio of the u-band (mAB) brightness two days post-peak to
the peak brightness for each event. The resulting distribution, shown in Fig. 6.1, reveals
clear separation between KNe from NSBH and BNS systems, suggesting that they occupy
distinct regions in this parameter space. This motivates a comprehensive study of KN
morphologies—including viewing angle dependence and simulation-based modeling—to
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Figure 6.2: A cumulative density function plot of the fraction of NSBH detections (within
z < 0.2) with different generations of GW observatories and the corresponding (1σ)
measurement uncertainty on the tidal deformability parameter of the neutron star.

enable confident classification of KNe in the absence of a GW detection.
As discussed, the higher modes in GW signals from NSBH systems enhance estimates

of the component masses, spins, and the distance to the source. Crucially, the detector-
frame (redshifted) masses can be measured with high precision, providing insights into
the mass spectrum of compact objects, which directly correlates with astrophysical
binary formation scenarios. This redshifted mass spectrum, when compared across
different distance bins, can be used to infer the redshift, offering a way to measure
H0, called the spectral siren method [345]. Alternatively, with an external redshift
measurement—whether through host-galaxy identification or the detection of an EM
counterpart—the precise GW-based distance constraint allows a direct estimate of H0,
called the standard/dark siren method. Both approaches provide valuable connections
between GW observations and cosmological parameters. In cases where the black hole
tidally disrupts the neutron star, its tidal deformability (Λ)—a parameter that encodes
information about the star’s EOS—can also be measured from the GW signal [346,347].
NSBH mergers are particularly valuable in this regard because they provide a cleaner,
more direct measurement of the tidal deformability compared to BNS systems, where
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Figure 6.3: A flowchart showing the interdependencies between binary parameters and
the inferred science.

the tidal signatures of both stars are entangled in the GW data. Figure 6.2 shows
the expected fractional uncertainty in Λ for NSBH mergers at z < 0.2, for different
generations of GW observatories. We find that networks including CE and ET can
constrain Λ to better than 50% for approximately 10% of such events, while a network
of detectors with A♯-class sensitivity can achieve this for only about 1% of detections.

Importantly, the measurement of tidal deformability, combined with the detector-
frame mass and redshift information, can be used to infer the EOS of the neutron
star [348]. Conversely, if the EOS is known, tidal deformability and the redshifted
detector-frame mass measurements yield the redshift and constrain H0 (called the Love
siren method) [349]. Despite the clear connections between the binary parameters and
the science that can be inferred from their measurement (see fig 6.3), current studies
often treat these approaches independently. Ignoring these correlations may lead to
biased parameter estimation, particularly as we enter an era rich in GW detections,
where joint inference frameworks will become increasingly critical. Such frameworks,
which simultaneously incorporate information from multiple parameter spaces, have
already demonstrated significant improvements in constraining astrophysical, nuclear,
and cosmological parameters for BNS mergers [350]. Extending this methodology to
NSBH systems will be prudent to fully realize their multi-faceted potential across GW
cosmology and astrophysics.

In summary, this dissertation establishes the utility of NSBH mergers as a versatile
class of GW sources. Their inherent mass asymmetry facilitates precise parameter esti-
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mation, while their potential for electromagnetic counterparts enables multi-messenger
exploration. Across four dimensions—detectability, multi-messenger follow-up, astrophys-
ical inference, and cosmology—we demonstrate that NSBH binaries are poised to play a
critical role in the next decade of GW science.
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