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SUMMARY

SUMMARY LECTURE 2
▸ Network of kilometre-scale GW detectors: LIGO, Virgo, KAGRA 

▸ Sensitive to GWs with frequencies between 20-2000Hz  

▸ Compact binaries with total mass of  

▸ Data analysis for compact binaries: 

▸ Optimal search = matched filter  
▸ Bayesian inference to extract binary parameters: masses, spins, 

source location, orientation, etc. 

▸ Assumption: Noise is Gaussian and stationary — not necessarily true  

▸ Requirement: Signal model — “tutti frutti” approach to modelling 
compact binaries 

▸ Analytical perturbation theory (inspiral & ringdown), numerical 
relativity

1 − 𝒪(a few100) M⊙
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WAVEFORMS

SIGNAL MODEL
3

Courtesy: H. Pfeiffer
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NUMERICAL RELATIVITY (NR)
▸ Only few analytic solutions to Einstein field equations 

known 

▸ No analytic solutions to the general-relativistic 
two-body problem 

▸ NR is a key ingredient to understanding GW 
observations! 

▸ Breakthrough in 2005 [Pretorius, Baker+, Campanelli+]: 

▸ First stable binary evolutions  

▸ Extraction of the GW signal 

▸ Computationally expensive  

▸ Time consuming 

▸ Many challenges remain!
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FIG. 3: A sample of the gravitational waves emitted during
the merger, as estimated by the Newman-Penrose scalar Ψ4

(from the medium resolution simulation). Here, the real com-
ponent of Ψ4 multiplied by the coordinate distance r from the
center of the grid is shown at a fixed angular location, though
several distances r. The waveform has also been shifted in
time by amounts shown in the plot, so that the oscillations
overlap. If the waves are measured far enough from the cen-
tral black hole then the amplitudes should match, and they
should be shifted by the light travel time between the loca-
tions (i.e. by 25M0 in this example). That we need to shift the
waveforms by more than this suggests the extraction points
are still too close to the black hole; the decrease in amplitude
is primarily due to numerical error as the wave moves into
regions of the grid with relatively low resolution.

binary system, and so possibly in a region where (6) is
not strictly valid. However, the larger integration radii
are in regions of the grid that do not have very good
resolution (due both to the mesh refinement structure
and the spatially compactified coordinate domain), and
so numerical error (mostly dissipation) tends to reduce

the amplitude of the waves with distance from the source.
With all these caveats in mind, the numbers we obtain
from (6) are 4.7%, 3.2%, 2.7%, 2.3% at integration radii
of 25M0, 50M0, 75M0 and 100M0 respectively (from the
high resolution simulation[20]), and where the percent-
age is relative to 2M0. Another estimate of the radiated
energy can be obtained by taking the difference between
the final and initial horizon masses (Table I)—this sug-
gests around 5% (high resolution case).

V. Conclusion: In this letter we have described a nu-
merical method based on generalized harmonic coordi-
nates that can stably evolve (at least a class of) bi-
nary black hole spacetimes. As an example, we pre-
sented an evolution of a binary system composed of non-
spinning black holes of equal mass M0, with an initial
proper separation and orbital angular velocity of approx-
imately 16.6M0 and 0.023/M0 respectively. The binary
merged within approximately 1 orbit, leaving behind a
blackhole of mass Mf ≈ 1.9M0 and angular momentum
J ≈ 0.70M2

f . A calculation of the energy emitted in
gravitational waves indicates that roughly 5% of the ini-
tial mass (defined as 2M0) is radiated . Future work
includes improving the accuracy of simulation (in par-
ticular the gravitational waves), exploring a larger class
of initial conditions (binaries that are further separated,
have different initial masses, non-zero spins, etc.), and
attempting to extract more geometric information about
the nature of the merger event from the simulations.
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[Boyle+ inc. PS, CQG]

MODELLING TECHNIQUES

Reformulate the Einstein field equations (EFE) as 
initial value problem (IVP) 

Prove existence of a well-posed initial value 
problem 

Numerically suitable reformulation of the EFE 
“good” coordinates (gauge choices)  

Initial data 
Deal with singularities 

“Find” the black hole horizons 
Extract gravitational waves

Credit: G. Pratten/Einstein Toolkit
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▸ Open-source NR codes: Einstein Toolkit, NRpy+ 

▸ Recommended literature: Baumgarte & Shapiro, Numerical Relativity (Cambridge University Press)

5MODELLING TECHNIQUES

NUMERICAL RELATIVITY (NR)

[Credit: UIB]

https://einsteintoolkit.org/
https://nrpyplus.net/
https://www.youtube.com/watch?v=G4IrKYCKgCg
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INSPIRAL-MERGER-RINGDOWN WAVEFORM MODELS CHEATSHEET
6WAVEFORM MODELS

Phenom EOB NR Surrogates

Domain FD & TD TD (&FD) TD

Physics
Precession 

Higher modes 
Some tides

Precession 
Higher modes 

Some tides 
Eccentricity (AS)

Precession 
Higher modes 

Eccentricity (NS)

Efficiency Fast Medium to slow Slow

Accuracy Good Good Best

Caveats
Systematics due to 

approximations & missing 
physics

Systematics due to 
approximations & missing 

physics

Only for massive BBH (can be 
hybridised) 

Limited parameter space
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WAVEFORMS

PHENOMENOLOGICAL WAVEFORM MODELS
▸ Closed-form expressions utilising analytical & numerical inputs 

▸ Analytical information from PN/EOB + pseudo terms 

▸ NR calibration in the strong-field regime  

▸ 3 regimes: inspiral, intermediate, merger-ringdown
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amplitude phase

mode-by-mode
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WAVEFORM MODELS

EFFECTIVE-ONE-BODY
▸ Two-body dynamics replaced by particle with reduced mass moving in effective metric: 

▸ Equations of motions: 

▸ Factorised waveform:
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ṙ = (A/B)1/2 @pr⇤ ĤEOB ṗr⇤ = �(A/B)1/2 @rĤEOB

'̇ = @p'ĤEOB ṗ' = F̂'
<latexit sha1_base64="87CuJ1x7zvn712rVWMj8V5If3DY="></latexit>

hEOB

`m = ✓ (tm � t)hinsplunge

`m (t) + ✓ (t� tm)hringdown

`m (t)
<latexit sha1_base64="HpL6LjF9ZTXh1K2cuemjMVGySgU="></latexit>

[Credit: G. Pratten]

NR calibration
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WAVEFORM MODELS

NUMERICAL RELATIVITY SURROGATES
▸ NR simulations are computationally expensive  

▸ Limited coverage of the full binary parameter space 

▸ Are pure NR-based waveform models achievable, i.e. no analytic 
approximations? 

▸ NR surrogate models [Canizares+ ,Field+, Blackman+, Varma+] 

▸ Continuous interpolation between discrete waveforms [Field+, Galley+] 

▸ 5D precessing NR surrogate around GW150914: 

▸ ~270 NR simulations spanning ~20 orbits [Blackman inc. PS+] 

▸ 7D precessing NR surrogate between mass ratios 1-4 and spins ≤ 0.8  

▸ ~1528 NR simulations [Boyle+ inc. PS]

9

[Blackman+, 2016]
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WAVEFORMS

WHAT PHYSICS IS INCLUDED?
▸ BBH models: Highly accurate for circular binaries with aligned spins 

▸ Including higher order multipoles 

▸ Verified up to moderate mass ratios + additional gravitational self-
force information 

▸ Lack of simulations with large spins & long inspirals 

▸ Some eccentricity (lots of ongoing work & recent progress) 

▸ Precessing BBH: modelled only approximately 

▸ Little to no calibration to NR 

▸ BNS: low-order analytic f-mode tides + some calibration to NR 
simulations 

▸ No complete model including post-merger 

▸ NSBH: no precession; no complete model including post-merger

10BEWARE OF SYSTEMATICS DUE TO MISSING PHYSICS!

[Pratten, PS+, 2022]



MULTIMESSENGER ASTROPHYSICS WITH 
GRAVITATIONAL WAVES
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GW OBSERVATIONS 12

Upper 
mass gap

Lower   
mass gap
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O1-03 HIGHLIGHTS

SOME HIGHLIGHTS (A PERSONAL SELECTION)
13
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mg  1.27⇥ 10�23 eV/c2
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[LVK, arXiv:2111.06861]

H0 = 68+12
�8 km s�1 Mpc�1
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binaries. The NRSur7dq4 results are summarized in
Table I. Results for all three models are presented in the
companion paper [39].
Figure 2 shows our estimated 90% credible regions for

the individual masses of GW190521. We estimate indivi-
dual components with ðm1; m2Þ ¼ ð85þ21

−14 ; 66
þ17
−18Þ M⊙ and

a total mass 150þ29
−17 M⊙. This makes GW190521 the most

massive binary BH observed to date, as expected from its
short duration and low peak frequency. To quantify
compatibility with the PISN mass gap, we find the
probability of the primary component being below
65 M⊙ to be 0.32%. The estimated mass and dimensionless
spin magnitude of the remnant object areMf ¼ 142þ28

−16 M⊙
and χf ¼ 0.72þ0.09

−0.12 respectively. The posterior forMf shows
no support below 100 M⊙, making the remnant the first
conclusive direct observation of an IMBH.
The left panel of Fig. 3 shows the posterior distributions

for the magnitude and tilt angle of the individual spins,
measured at a reference frequency of 11 Hz. All pixels in
this plot have equal prior probability. While we obtain
posteriors with strong support at the χ ¼ 1 limit imposed by
cosmic censorship [91], these also show non-negligible
support for zero spin magnitudes. In addition, the maxi-
mum posterior probability corresponds to large angles
between the spins and the orbital angular momentum.
Large spin magnitudes and tilt angles would lead to a
strong spin-orbit coupling, causing the orbital plane to

FIG. 2. Posterior distributions for the progenitor masses of
GW190521 according to the NRSur7dq4 waveform model. The
90% credible regions are indicated by the solid contour in the
joint distribution and by solid vertical and horizontal lines in
the marginalized distributions.

FIG. 3. Left: posterior distribution for the individual spins of GW190521 according to the NRSur7dq4 waveform model. The radial
coordinate in the plot denotes the dimensionless spin magnitude, while the angle denotes the spin tilt, defined as the angle between the
spin and the orbital angular momentum of the binary at reference frequency of 11 Hz. A tilt of 0° indicates that the spin is aligned with
the orbital angular momentum. A nonzero magnitude and a tilt away from 0° and 180° imply a precessing orbital plane. All bins have
equal prior probability. Right: posterior distributions for the effective spin and effective in-plane spin parameters. The 90% credible
regions are indicated by the solid contour in the joint distribution, and by solid vertical and horizontal lines in the marginalized
distributions. The large density for tilts close to 90° leads to large values for χp and low values for χeff.
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5. Astrophysical Implications

The component masses of GW190425 are consistent with mass
measurements of NSs in binary systems (Antoniadis et al. 2016;
Alsing et al. 2018) as well as expected NS masses in supernova
explosion simulations (Woosley et al. 2002; Burrows et al. 2019;
Ebinger et al. 2019a, 2019b). Taking a fiducial range of NS
masses between 1.2 and M2.3 :, our low-spin posteriors are
entirely consistent with both objects being NSs, while there is
~25% of posterior support for component masses outside this
range given the high-spin prior. The lower end of this fiducial
range corresponds to the lowest precisely measured NS mass,

o M1.174 0.004 : for the companion of PSR J0453+1559 in
Martinez et al. (2015) (see Tauris & Janka 2019 for an alternative
white-dwarf interpretation). It is also difficult to form light NSs
with masses below ~ M1.2 : in current supernova explosion
simulations (Burrows et al. 2019; Müller et al. 2019). The upper
end is based on the highest precise NS mass measurement of

-
+ M2.14 0.18

0.20
: (95% credibility interval) for PSR J0740+6620 in

Cromartie et al. (2019; see also Abbott et al. 2020 for a discussion
of NS upper mass bounds).

Here we discuss the implications for the GW190425 system
origin assuming it consists of a pair of NSs. Under this
assumption, we have calculated the astrophysical rate of merger
when including GW190425. We also briefly discuss the
possibility of the system containing BH components.

5.1. Possible System Origins

Currently there are 17 known Galactic BNSs with total mass
measurements, ranging from 2.50 to M2.89 ;: 12 of them have
masses measured for both components, implying chirp masses
from 1.12 to M1.24 : (see Table 1 in Farrow et al. 2019 and
references therein for details). In order to quantify how
different the source of GW190425 is from the observed
Galactic population, we fit the total masses of the 10 binaries
that are expected to merge within a Hubble time with a normal
distribution. This results in a mean of M2.69 : and a standard
deviation of M0.12 :. With a total mass of -

+ M3.4 0.1
0.3

:,
GW190425 lies five standard deviations away from the known
Galactic population mean (see Figure 5).205 A similar ( s25 )
deviation is found if we compare its chirp mass to those of
Galactic BNSs. This may indicate that GW190425 formed
differently than known Galactic BNSs.

There are two canonical formation channels for BNS systems:
the isolated binary evolution channel (Flannery & van den
Heuvel 1975; Massevitch et al. 1976; Smarr & Blandford 1976;
for reviews see Kalogera et al. 2007; Postnov & Yungelson 2014),
and the dynamical formation channel (see Phinney & Sigurdsson
1991; Prince et al. 1991; Grindlay et al. 2006; Lee et al. 2010; Ye
et al. 2019, and references therein). The former is the standard
formation channel for Galactic-field BNSs (e.g., Tauris et al.
2017), in which the two NSs are formed in a sequence of
supernova explosions that occur in an isolated binary.

Assuming a formation through the standard channel,
GW190425 might suggest a population of BNSs formed in
ultra-tight orbits with sub-hour orbital periods. Such binaries are
effectively invisible in current radio pulsar surveys due to severe
Doppler smearing (Cameron et al. 2018) and short inspiral times

(10 Myr), but have been predicted to exist in theoretical studies
(e.g., Belczynski et al. 2002; Dewi & Pols 2003; Ivanova et al.
2003), and possibly with a comparable formation rate to the
currently observed Galactic sample (Vigna-Gómez et al. 2018).
The formation of GW190425ʼs source might have involved a
phase of stable or unstable mass transfer from a post-helium main-
sequence star onto the NS. If the mass ratio between the helium-
star donor and the NS were high enough, the mass transfer would
be dynamically unstable and lead to a Case BB common-envelope
phase that could significantly shrink the binary orbit to sub-hour
periods (Ivanova et al. 2003; Tauris et al. 2017). If it is possible for
a binary to survive this common envelope phase, the high mass of
GW190425 may be indicative of this formation pathway, since a
more massive helium-star progenitor of the second-born NS would
be required for a common envelope to form. In this process the
secondary would likely be ultra-stripped, and so the subsequent
supernova kick may be suppressed (Tauris et al. 2015). The small
supernova kick, combined with the very tight orbital separation,
will increase the probability that the binary remained bound
following the supernova that formed the BNS. Additionally, the
high mass of GW190425 may point to its NSs being born from
low-metallicity stars (e.g., Ebinger et al. 2019b). Giacobbo &
Mapelli (2018) showed that BNSs with total masses of 3.2–3.5 M:
can be formed from isolated binaries provided that the metallicity
is relatively low (∼5%–10% solar metallicity). Athough not
obviously related to scenarios discussed here, the high-mass X-ray
binary Vela X-1 contains an NS with varying mass estimates from
1.5 up to M2.1 : (Barziv et al. 2001; Quaintrell et al. 2003;
Falanga et al. 2015; Giménez-García et al. 2016) in a nine day orbit
with a ~ M22 : supergiant star companion. Though it is unlikely
that the Vela X-1 system will survive a future common envelope
phase (Belczynski et al. 2012), if it does survive the supergiant will
eventually undergo core collapse forming an NS or BH, potentially
leading to a high-mass BNS similar to GW190425. The existence
of a fast-merging channel for the formation of BNSs could be
detected by future space-based gravitational-wave detectors
(Andrews et al. 2019; Lau et al. 2020).
An alternative way to make the GW190425 system is to have

the stellar companion of a massive NS replaced with another NS
through a dynamical encounter. Observations of millisecond
pulsars in globular clusters have found evidence of massive NSs

Figure 5. Total system masses for GW190425 under different spin priors, and
those for the 10 Galactic BNSs from Farrow et al. (2019) that are expected to
merge within a Hubble time. The distribution of the total masses of the latter is
shown and fit using a normal distribution shown by the dashed black curve.
The green curves are for individual Galactic BNS total mass distributions
rescaled to the same ordinate axis height of 1.

205 PSR J2222−0137, with a mass of o M1.76 0.06 :, is also in a high-mass
binary (with = om M3.05 0.09tot :, 3σ higher than the mean of the Galactic
BNS population, Cognard et al. 2017); however, the secondary is believed to
be a white dwarf rather than an NS.
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Image Credit: Caltech/MIT/LIGO Lab.
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O4 PERFORMANCE

FOURTH OBSERVING RUN 
▸ O4a: May 24, 2023 - January 16, 2024 

▸ Duty cycle: H1 (68%), L1(69%) 

▸ O4b: April 10, 2024 - June 9, 2025 

▸ Duty cycle: H1(54%), L1(74%), V1(79%)
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https://gwosc.org/detector_status 

https://gwosc.org/detector_status
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O4 PERFORMANCE

FOURTH OBSERVING RUN 
▸ As of July 25th @ 11.00 CEST: 

▸ 118 significant detection candidates  
▸ 2175 low-significance detection candidates 

▸ Binary detection rate:  

▸ ~3 events per week 
▸ Public alerts now also for 

▸ Low-significance triggers 

▸ Early warning 

▸ Automatically issued within ~30s

15

[as of July 21] 
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BINARY NEUTRON STARS

GW170817
▸ On August 17th 2017 at 12:41:04 UTC (14:41), LIGO detected GWs from a binary neutron star 

inspiral: GW170817

16

SNR ~ 26.4

SNR ~ 18.8

SNR ~ 2.0

LVC, PRL, 119, 161101 (2017)

A new way of probing the structure of neutron stars!
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BINARY NEUTRON STARS

A GW MULTI-MESSENGER EVENT
▸ Coincident discovery of a short GRB by Fermi 

▸ Observation across the entire EM spectrum

17

UVOIR lightcurves

[Credit: LVK, Jennifer Johnson/NASA, Villar+]
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WAVEFORM MODELS

IMPRINT OF MATTER ON THE GW SIGNAL
18

≈ point-masses, same 
signals tidal effects

+ tidal excitation of internal oscillation 
modes

Some energy used to deform the NS

Moving tidal bulges produce GWs ĖGW ⇠
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tidal deformability
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WAVEFORMS

EFFECT ON THE GRAVITATIONAL WAVE
▸ Energy goes into deforming the neutron stars 

▸ Enhances GW emission relative to black holes 

▸ Leading-order effect at 5PN: builds up a clean dephasing from 
~400Hz 

▸ Leading-order phase contribution characterised by weighted 
combination:

19

⇤̃ =
16

13

(m1 + 12m2)m4
1⇤1 + (m2 + 12m1)m4

2⇤2

(m1 +m2)5
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BINARY NEUTRON STARS

EOS CONSTRAINTS FROM GW170817
20

0 200 400 600 800 1000 1200 1400 1600
§̃

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

P
D

F

W
F
F
1

A
P

R
4

SL
y

M
P
A

1

H
4

M
S1

b

M
S1

[LVC - Abbott et al.,  PRX (9) 2019]
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Quasi-universal relations 

⇤1.4 . 190+390
�120

R1 = 11.9+1.4
�1.4 km

R2 = 11.9+1.4
�1.4 km
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Figure 1. Schematic showing model geometry and relations between parameters. A full description of these parameters is given in section 2. Left: Pre-merger
properties of a NS binary. Bold, green font is used to indicate properties that can be measured from GW waveforms. Right: Ejecta properties probed by
electromagnetic observations. Left arrows are used to mean ‘depends on’, in order to highlight the most important parameter sensitivities. The merged remnant
can be a long-lived or short-lived NS or a BH, depending on the ratio ("1 + "2)/"TOV. The blue ejecta are from shocks at the collisional interface and have an
opacity ^blue ⇠ 0.5 cm2 g�1, the red ejecta are tidally stripped in the orbital plane and have ^red ⇠ 10 cm2 g�1, and the purple ejecta are winds from an accretion
disk and have an intermediate opacity that depends on the lifetime of the remnant. Low opacity ejecta may not be visible for large viewing angle \ . The shock
cooling emission arises from a cocoon of width \2 heated at its interface with the GRB jet.

velocities and opacities have already been implemented by Cow-
perthwaite et al. (2017) and Villar et al. (2017). Therefore our main
task here is to define modules that provide these masses, velocities
and opacities for a given binary configuration. We also provide new
modules to take into account the e�ects of observer viewing angle and
shock cooling. We have made these new modules and the parameter
files to implement them publicly available via GitHub1, as a new
model called ‘���’. In this section we will describe the main features.
Figure 1 provides a visual overview that summarises the geometry
and the relations between key parameters. The connection between
our modelling framework and the GW observables is discussed in
detail in section 2.6.

2.1 Dynamical ejecta

During the merger process, mass is ejected dynamically both by tidal
forces in the orbital plane (Rosswog et al. 1999; Sekiguchi et al.
2015) and by shocks at the contact interface between the two NSs
(Bauswein et al. 2013b; Hotokezaka et al. 2013). To estimate the
mass of this material, we use a fit by Dietrich & Ujevic (2017) to
the ejecta masses of 172 numerical relativity simulations. These
simulations, from Hotokezaka et al. (2013); Bauswein et al. (2013b);
Dietrich et al. (2015, 2017); Lehner et al. (2016); Sekiguchi et al.
(2016), cover a range of binary masses, though all neglect the e�ect
of NS spin. The catalog includes both grid-based and smoothed
particle hydrodynamics simulations, and simulations with and without

1
https://github.com/guillochon/MOSFiT

neutrino treatment. In total they cover 21 simplified or tabulated
equations of state.

Their function takes the form

"dyn

10�3M�
=

"
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✓
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◆1/3 ✓
1 � 2⇠1

⇠1

◆
+

1

✓
"2

"1

◆=
+ 2

�
1 � "1/"⇤

1
� #

"
⇤
1 + (1 $ 2) + 3, (1)

where "8 is the mass of the 8th NS and

⇠8 ⌘ ⌧"8/'822 (2)

is its compactness given a radius '8 . The term 1 $ 2 represents
exchanging the subscripts, and the best-fit values of the free parameters
0, 1, 2, 3, = can be found in their study. Quantities denoted "

⇤
8 are

the baryonic masses (di�ering from the gravitational mass by the
binding energy), which we calculate for a given "8 (in solar masses)
following Gao et al. (2020): "⇤

8 = "8 + 0.08"2
8 . The simulations

cover the ranges 1 < "8/"� < 2 and 0.1 < ⇠8 < 0.23. The typical
fractional uncertainty on "dyn using this parameterisation was found
by Dietrich & Ujevic (2017) to be ⇡ 72%. Similar expressions were
provided for the equatorial and polar ejecta velocities, with smaller
uncertainties of only 13 � 33%.

Inspection of equation 1 shows that the dynamical ejecta mass
depends on terms of the form "8/" 9 . We adopt the convention
that "1 is the heavier NS (for consistency with GW analyses, e.g.
Abbott et al. 2017a, 2018), such that the mass ratio of the system
is @ = "2/"1 < 1. The other important sensitivity in equation 1

MNRAS 000, 1–16 (2021)

8 M. Nicholl et al

Figure 4. Left: Best-fit kilonova model for GW170817 without surface ejecta enhancement or GRB shock cooling. Right: Best-fit model with these e�ects
included. Both models provide a good match to the data beyond C & 1.5 days post-merger, but the fit without shock cooling is too faint by ⇡ 0.7 magnitudes
(almost a factor 2) during the first day. The model on the right is preferred to the base model with a Bayes factor ⌫ > 1019. Light curve fits for the surface ejecta
and shock-only models are shown in the appendix.

of this model in probing the NS EoS with kilonova data; and (iii)
the extent to which the use (or not) of GW information in the model
priors a�ects our posteriors.

We use data from the Open Kilonova Catalog (Guillochon et al.
2017), compiled by Villar et al. (2017). Given the high level of overlap
between the observations from di�erent groups, we fit the following
subset, chosen to cover the full range of bands with a comparable
(approximately nightly) density of sampling in each: D6A8IH� from
Cowperthwaite et al. (2017), ⌫+6A�� from Drout et al. (2017), A8IH
from Smartt et al. (2017), AI from Tanvir et al. (2017), �� from
Kasliwal et al. (2017), ⌫+ from Troja et al. (2017), and the * and
UV bands from Evans et al. (2017).

Our priors are given in Table 1. The time of merger is fixed
by the GW detection. The priors on M and @ are from Abbott
et al. (2017a), while the prior on ⇤s is chosen to match the analysis
employed by Abbott et al. (2018). The range of viewing angles,
0.82 < cos \ < 0.97, is from Nakar & Piran (2020), who compiled
results from GRB afterglow modelling (Alexander et al. 2017, 2018;
Haggard et al. 2017; Margutti et al. 2017, 2018b; Troja et al. 2017,
2018, 2019; D’Avanzo et al. 2018; Dobie et al. 2018; Gill & Granot
2018; Granot et al. 2018; Lazzati et al. 2018; Lyman et al. 2018;
Mooley et al. 2018; Fong et al. 2019; Hajela et al. 2019; Lamb et al.
2019; Wu & MacFadyen 2019; Ryan et al. 2020) and from very long
baseline interferometry (VLBI; Ghirlanda et al. 2019; Hotokezaka
et al. 2019). We assume a distance of 40.7 Mpc (Cantiello et al. 2018)
to the host galaxy, NGC 4993.

We run our fits on the University of Birmingham �������� cluster,
and use ������� (Speagle 2020) to integrate the model evidence
and sample the posteriors of the model parameter space. We use the
likelihood function

lnL = �1
2

=’
8=1

"
($8 � "8)2

f
2
8 + f2

� ln(2cf2
8 )
#
� =

2
ln(2cf2), (8)

where $8 and "8 are the set of observed and model magnitudes, f8
are the errors on the data, and f is a white noise free parameter to
account for additional uncertainty in the data or model; for a good fit
within the observed errors, one therefore finds f . hf8i. Speagle
(2020) gives an extensive account of how the evidence is evaluated
directly in �������; we refer the reader there for details (and a good
overview of Bayes’ Theorem). In short, random draws from the model
priors are used to integrate numerically the hypervolume between
shells of constant likelihood. The products of likelihood and volume
for these points yield a set of weights that can be summed to determine
the total evidence. Points are evolved by replacing those with lowest
likelihood; the weights of the final set are proportional to the model
posterior (Speagle 2020).

3.1 Model comparison and importance of shock cooling

We begin by fitting GW170817 with four variants of the model to
determine the relative importance of di�erent e�ects. These are (i)
the baseline model (U = cos \c = 1), (ii) a model with blue ejecta
enhancement from e.g. magnetic surface winds (U  1), (iii) a model
with shock-cooling of a GRB cocoon (cos \c  1), and (iv) an agnostic
model allowing for both e�ects (U, cos \c  1). The model evidence
and marginalised posteriors are given in Table 1. We show resulting
light curves compared to the GW170817 data in Figure 4.

We use the Bayes factor, ⌫ ⌘ /1//2 where /8 is the Bayesian
evidence for model 8, to compare these models. Generally, ⌫ > 10 is
taken to indicate a strong preference, based on the available data, for
one model over another, and ⌫ > 100 to indicate a decisive preference.
Compared to the base model, the model with enhanced surface wind
ejecta is preferred with ⌫ > 108.

However, our fits overwhelmingly prefer models that include shock
cooling compared to either of the other models, with Bayes factors
⌫ > 1010 compared to the surface ejecta model and ⌫ > 1019
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distribution induced by the GRB jet. Finally, any di�erences in the
nuclear heating rates from those assumed here would also a�ect the
peak luminosity, as recently shown by Zhu et al. (2021). These e�ects
are not modeled within our Bayesian analysis, and therefore remain a
potential alternative to the shock-cooling interpretation.

3.2 Fit parameters and the origin of each luminosity component

Taking the agnostic version as our preferred model, we show the
two-dimensional posteriors for this fit in Figure 5. As with all model
variants considered, the chirp mass posterior is essentially the prior,
since this parameter is constrained to such high precision by the GW
data. The electromagnetic data tighten the mass ratio of the system
to @ > 0.84 (about 50% of the GW-inferred prior volume) due to
the requirement for blue ejecta. Viewing angles close to ⇠ 30� are
preferred, more in line with afterglow modelling than with VLBI
(Hajela et al. 2019; Nakar & Piran 2020). This is also consistent with
the GW-inferred viewing angle at the distance of the GW170817 host
(Finstad et al. 2018).

The largest degeneracies in the model parameters are between the
mass ratio and the surface ejecta enhancement 1/U, since equal mass
binaries also produce more blue ejecta; between "TOV and ndisk,
since both a�ect the mass of purple disk ejecta; and between \c and
⇤̃, with a larger shock heating contribution to the luminosity relaxing
the preference for low tidal deformability (compact EoS). We will
discuss the EoS-dependent quantities, "TOV and '1.4(⇤̃), in more
detail in section 3.3.

The best-fitting models produce typical ejecta masses "blue ⇡
0.005 M� , "red ⇡ 0.001 M� , and "purple ⇡ 0.02 M� . As we have
established, the blue ejecta can only account for ⇠ 50% of the flux at
C ⇠ 0.5 days, and the rest is attributed to cooling of a GRB-shocked
cocoon. The large mass of purple ejecta dominates the luminosity
at C ⇠ 2 � 10 days, with the low mass of red ejecta contributing
significantly only in the extended tail. These results are in agreement
with Villar et al. (2017); however in our forward model we can
uniquely associate the purple component with remnant disk winds,
the blue component with shock-driven dynamical ejecta (possibly
but not necessarily boosted by magnetic surface winds), and the
red component with tidal dynamical ejecta, while identifying the
importance of the cocoon contribution to the luminosity at early times.

3.3 Constraints on the NS equation of state

In this section, we examine the posteriors for EoS-dependent quantities
in our fit, including estimates of the systematic uncertainty. While
"TOV is treated explicitly as a model parameter, the NS radii must
be derived from the posterior of the symmetric tidal deformability,
⇤s = 240+94

�74, and the masses of the two NSs, obtained from M and
@.

The major source of systematic uncertainty in '1.4 and "TOV is
the scatter in relations 1 and 3, which are respectively ⇠ 70% for the
dynamical ejecta mass (Dietrich & Ujevic 2017) and ⇠ 50% of our
inferred disk mass (Coughlin et al. 2019a). We test two methods to
simultaneously model these systematic errors. First we run a suite of
fits where equations 1 and 3 are modified each time by a random factor
drawn from a Gaussian distribution with mean equal to 1 and width
equal to the calibration uncertainties. Comparing the posteriors of 50
such runs, we find a scatter of ±40 in ⇤s, and negligible scatter in
"TOV. As a complementary method, we run a single realisation of the
fit but with two additional free parameters with Gaussian priors, fdyn
and fdisk (where the dynamical ejecta mass is " 0

dyn = fdyn"dyn and

Figure 6. Posterior distributions for the NS radii using the agnostic model,
including systematic errors. Vertical lines mark the 5th, 50th and 95th per-
centiles for the primary (more massive) NS. Plotted for comparison are the
measurements by Abbott et al. (2018) (with and without imposing constraints
on the EoS), Coughlin et al. (2019a), Capano et al. (2020), Dietrich et al.
(2020) and Breschi et al. (2021). Top: NS radii from the posterior of ⇤s.
Middle: NS radii after re-weighting using equations of state that support an
"TOV within our 90% confidence interval. Bottom: construction of these
prior weights using mass-radius curves from Dietrich et al. (2020). The red
curves satisfy our constraint on "TOV. Inset: Gaussian fit to allowed radii.
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GW170817: A BRIGHT STANDARD SIREN
▸ GWs give the luminosity distance & inclination distributions  

▸ EM identifies the host galaxy (sky position) from which we can determine the Hubble velocity distribution
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H0 = 70.0+12.0
�8.0 km s�1 Mpc�1
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GW190425
▸ BNS with SNR ~13 observed in LIGO Livingston in O3a  

▸ Component masses consistent with neutron stars 

▸ No improvement on EOS constraints (consistent but less constraining)
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5. Astrophysical Implications

The component masses of GW190425 are consistent with mass
measurements of NSs in binary systems (Antoniadis et al. 2016;
Alsing et al. 2018) as well as expected NS masses in supernova
explosion simulations (Woosley et al. 2002; Burrows et al. 2019;
Ebinger et al. 2019a, 2019b). Taking a fiducial range of NS
masses between 1.2 and M2.3 :, our low-spin posteriors are
entirely consistent with both objects being NSs, while there is
~25% of posterior support for component masses outside this
range given the high-spin prior. The lower end of this fiducial
range corresponds to the lowest precisely measured NS mass,

o M1.174 0.004 : for the companion of PSR J0453+1559 in
Martinez et al. (2015) (see Tauris & Janka 2019 for an alternative
white-dwarf interpretation). It is also difficult to form light NSs
with masses below ~ M1.2 : in current supernova explosion
simulations (Burrows et al. 2019; Müller et al. 2019). The upper
end is based on the highest precise NS mass measurement of

-
+ M2.14 0.18

0.20
: (95% credibility interval) for PSR J0740+6620 in

Cromartie et al. (2019; see also Abbott et al. 2020 for a discussion
of NS upper mass bounds).

Here we discuss the implications for the GW190425 system
origin assuming it consists of a pair of NSs. Under this
assumption, we have calculated the astrophysical rate of merger
when including GW190425. We also briefly discuss the
possibility of the system containing BH components.

5.1. Possible System Origins

Currently there are 17 known Galactic BNSs with total mass
measurements, ranging from 2.50 to M2.89 ;: 12 of them have
masses measured for both components, implying chirp masses
from 1.12 to M1.24 : (see Table 1 in Farrow et al. 2019 and
references therein for details). In order to quantify how
different the source of GW190425 is from the observed
Galactic population, we fit the total masses of the 10 binaries
that are expected to merge within a Hubble time with a normal
distribution. This results in a mean of M2.69 : and a standard
deviation of M0.12 :. With a total mass of -

+ M3.4 0.1
0.3

:,
GW190425 lies five standard deviations away from the known
Galactic population mean (see Figure 5).205 A similar ( s25 )
deviation is found if we compare its chirp mass to those of
Galactic BNSs. This may indicate that GW190425 formed
differently than known Galactic BNSs.

There are two canonical formation channels for BNS systems:
the isolated binary evolution channel (Flannery & van den
Heuvel 1975; Massevitch et al. 1976; Smarr & Blandford 1976;
for reviews see Kalogera et al. 2007; Postnov & Yungelson 2014),
and the dynamical formation channel (see Phinney & Sigurdsson
1991; Prince et al. 1991; Grindlay et al. 2006; Lee et al. 2010; Ye
et al. 2019, and references therein). The former is the standard
formation channel for Galactic-field BNSs (e.g., Tauris et al.
2017), in which the two NSs are formed in a sequence of
supernova explosions that occur in an isolated binary.

Assuming a formation through the standard channel,
GW190425 might suggest a population of BNSs formed in
ultra-tight orbits with sub-hour orbital periods. Such binaries are
effectively invisible in current radio pulsar surveys due to severe
Doppler smearing (Cameron et al. 2018) and short inspiral times

(10 Myr), but have been predicted to exist in theoretical studies
(e.g., Belczynski et al. 2002; Dewi & Pols 2003; Ivanova et al.
2003), and possibly with a comparable formation rate to the
currently observed Galactic sample (Vigna-Gómez et al. 2018).
The formation of GW190425ʼs source might have involved a
phase of stable or unstable mass transfer from a post-helium main-
sequence star onto the NS. If the mass ratio between the helium-
star donor and the NS were high enough, the mass transfer would
be dynamically unstable and lead to a Case BB common-envelope
phase that could significantly shrink the binary orbit to sub-hour
periods (Ivanova et al. 2003; Tauris et al. 2017). If it is possible for
a binary to survive this common envelope phase, the high mass of
GW190425 may be indicative of this formation pathway, since a
more massive helium-star progenitor of the second-born NS would
be required for a common envelope to form. In this process the
secondary would likely be ultra-stripped, and so the subsequent
supernova kick may be suppressed (Tauris et al. 2015). The small
supernova kick, combined with the very tight orbital separation,
will increase the probability that the binary remained bound
following the supernova that formed the BNS. Additionally, the
high mass of GW190425 may point to its NSs being born from
low-metallicity stars (e.g., Ebinger et al. 2019b). Giacobbo &
Mapelli (2018) showed that BNSs with total masses of 3.2–3.5 M:
can be formed from isolated binaries provided that the metallicity
is relatively low (∼5%–10% solar metallicity). Athough not
obviously related to scenarios discussed here, the high-mass X-ray
binary Vela X-1 contains an NS with varying mass estimates from
1.5 up to M2.1 : (Barziv et al. 2001; Quaintrell et al. 2003;
Falanga et al. 2015; Giménez-García et al. 2016) in a nine day orbit
with a ~ M22 : supergiant star companion. Though it is unlikely
that the Vela X-1 system will survive a future common envelope
phase (Belczynski et al. 2012), if it does survive the supergiant will
eventually undergo core collapse forming an NS or BH, potentially
leading to a high-mass BNS similar to GW190425. The existence
of a fast-merging channel for the formation of BNSs could be
detected by future space-based gravitational-wave detectors
(Andrews et al. 2019; Lau et al. 2020).
An alternative way to make the GW190425 system is to have

the stellar companion of a massive NS replaced with another NS
through a dynamical encounter. Observations of millisecond
pulsars in globular clusters have found evidence of massive NSs

Figure 5. Total system masses for GW190425 under different spin priors, and
those for the 10 Galactic BNSs from Farrow et al. (2019) that are expected to
merge within a Hubble time. The distribution of the total masses of the latter is
shown and fit using a normal distribution shown by the dashed black curve.
The green curves are for individual Galactic BNS total mass distributions
rescaled to the same ordinate axis height of 1.

205 PSR J2222−0137, with a mass of o M1.76 0.06 :, is also in a high-mass
binary (with = om M3.05 0.09tot :, 3σ higher than the mean of the Galactic
BNS population, Cognard et al. 2017); however, the secondary is believed to
be a white dwarf rather than an NS.
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to 23.5 days. Even though the FAR estimation of single-detector
candidates is challenging (Callister et al. 2017), the matched-filter
pipelines are capable of identifying loud single-detector events.
GW170817 (Abbott et al. 2017b) was initially identified by
GSTLAL as a single-detector event. To further establish the
significance of GW190425, it was compared against the 169.5
days of background from O1 and O2 and 50 days of background
from O3 in the BNS part of the parameter space, and found to be
louder than any background event. The BNS region is defined as
the parameter space with component masses between 1 and 3 M.
The results of this background analysis from the GSTLAL search
are shown in Figure 1, which shows the combined S/N–x2 noise
probability density function for LHO, LLO, and Virgo. The
S/N–x2 distributions from O1 and O2 are taken from the analysis
performed for GWTC-1 (Abbott et al. 2019c), while the S/N–x2

distributions from O3 come from the low-latency search. The
S/N–x2 background distributions are a subset of the parameters
that factor in the calculation of the log-likelihood ratio, which is
the detection statistic used by the GSTLAL search. These
background distributions allow us to include the S/N–x2

information from all the triggers, and not just the trigger in
question while assigning the detection statistic. Events with low
S/Ns and accidentally small residuals would be disfavored by the
signal model, which also factors in the log-likelihood ratio.

As seen in Figure 1, there is no background recorded at the
GW190425 parameters in all the data searched over until now.
Thus, despite the caveats associated with finding signals in a
single detector, GW190425 is a highly significant event that
stands out above all background. In Appendix B we also show
the results from the PYCBC.

We sent out an alert ∼43 min after the trigger (LIGO
Scientific Collaboration & Virgo Collaboration 2019a), which
included a sky map computed using a rapid Bayesian algorithm
(Singer & Price 2016). We assigned GW190425 a >99%
probability of belonging to the BNS source category. The
initial sky map had a 90% credible region of 10,200 deg2.
Although data from both LLO and Virgo were used to

constrain the sky location, it extended over a large area due to
the fact that the signal was only observed with high confidence
in a single observatory. Gravitational-wave localization relies
predominantly on measuring the time delay between observa-
tories. However, in this case it is primarily the observed stain
amplitude that localizes the signal, with the more likely parts of
the sky being dominated by positions where the the antenna
response of LLO is favorable.
We generated an improved sky map using a Bayesian

analysis that sampled over all binary system parameters (see
Section 4), producing a 90% credible sky area of 8284 deg2 and
a distance constrained to -

+159 Mpc71
69 . This sky map, and the

initial low-latency map, are shown in Figure 2. As a
comparison, GW170817 was localized to within 28 deg2 at a
90% credible level. The broad probability region in the sky
map for this event presented a significant challenge for follow-
up searches for electromagnetic counterparts. At the time of
writing, no clear detection of a counterpart has been reported in
coincidence with GW190425 (e.g., Coughlin et al. 2019;
Hosseinzadeh et al. 2019; Lundquist et al. 2019, but also see
Pozanenko et al. 2019), although a wide range of searches for
coincident electromagnetic or neutrino signals have been
performed and reported in the GCN Circular archive.203

4. Source Properties

We have inferred the parameters of the GW190425 source
using a coherent analysis of the data from LLO and Virgo (in
the frequency range 19.4–2048 Hz) following the methodology
described in AppendixB of Abbott et al. (2019c).204 The low-
frequency cutoff of 19.4 Hz was chosen such that the signal
was in-band for the 128 s of data chosen for analysis. In this
frequency range there were ∼3900 phase cycles before merger.
We cleaned the data from LLO to remove lines from

calibration and from known environmental artifacts (Davis
et al. 2019; Driggers et al. 2019). For Virgo, we used the low-
latency data. The LLO data were subsequently pre-processed
(Cornish & Littenberg 2015; Pankow et al. 2018) to remove the
noise transient discussed in Section 2. Details of the transient
model and the data analyzed can be found in Abbott et al.
(2019b). The results have been verified to be robust to this
glitch removal by comparing the analysis of the pre-processed

Figure 1. Combined S/N–x2 noise probability density function for LHO, LLO,
and Virgo in the BNS region, computed by adding the normalized 2D
histograms of background triggers in the S/N–x S N2 2 plane from the three
detectors. The gold star indicates GW190425. There is no background present
at the position of GW190425; it stands out above all of the background
recorded in the Advanced LIGO and Virgo detectors in the first three observing
runs. The background contains 169.5 days of data from O1 and O2 and the first
50 days of O3, at times when any of the detectors were operating. For
comparison the LLO and LHO triggers for GW170817 are also shown in the
plot as blue and red diamonds, respectively.

Figure 2. Sky map for GW190425. The shaded patch is the sky map obtained
from the Bayesian parameter estimation code LALINFERENCE (Veitch et al. 2015)
(see Section 4) with the 90% confidence region bounded by the thin dotted
contour. The thick solid contour shows the 90% confidence region from the low-
latency sky localization algorithm BAYESTAR (Singer & Price 2016).

203 All GCN Circulars related to this event are archived athttps://gcn.gsfc.
nasa.gov/other/S190425z.gcn3.
204 From here on, we will use GW190425 to refer to the gravitational-wave
signal and as shorthand for the system that produced the signal.
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all three interferometers(Nuttall 2018). Scattered light features in
the strain data are produced when a small fraction of the main laser
beam reflects off a moving surface and is phase modulated before
recombining with the main beam. This recombination can result in
excess noise with the morphology of arches in the time–frequency
plane; the frequency of this noise is determined by the velocity of
the moving surface(Accadia et al. 2010). Thunderstorms near
LIGO Livingston around the time of GW190814 resulted in
acoustic noise coupling to the detector and caused features in the
strain data associated with scattered light(Abbott et al. 2019a). In
this instance, this form of noise affects frequencies up to 30Hz
from roughly 22 s to 8 s before and 0.2 s to 1.5 s after the detected
time of GW190814, as seen in the middle panel of Figure 1.
Since this noise could bias the estimation of GW190814ʼs
source parameters, we used a starting frequency of 30Hz to
analyze LIGO Livingston data. Virgo was operating nominally
and there are no quality issues in the Virgo data.

The LIGO and Virgo detectors are calibrated by photon
pressure from modulated auxiliary lasers inducing test-mass
motion(Karki et al. 2016; Acernese et al. 2018; Viets et al.
2018). Over the frequency range of 20–2048 Hz, the maximum
1σ calibration uncertainties for strain data used in the analysis
of GW190814 were 6% in amplitude and 4 deg in phase for
LIGO data, and 5% in amplitude and 7 deg in phase for Virgo
data. These calibration uncertainties are propagated into the
parameter estimation reported in Section 4 via marginalization.

3. Detection

3.1. Low-latency Identification of a Candidate Event

GW190814 was first identified on 2019 August 14, 21:11:00
UTC as a loud two-detector event in LIGO Livingston and Virgo
data (S/N 21.4 and 4.3) by the low-latency GSTLAL matched-
filtering search pipeline for coalescing binaries (Cannon et al.
2012; Privitera et al. 2014; Messick et al. 2017; Sachdev et al.
2019; Hanna et al. 2020). Matched-filtering searches use banks
(Sathyaprakash & Dhurandhar 1991; Blanchet et al. 1995;
Owen 1996; Owen & Sathyaprakash 1999; Damour et al. 2001;
Blanchet et al. 2005; Cokelaer 2007; Harry et al. 2009; Brown
et al. 2013; Ajith et al. 2014; Harry et al. 2014; Capano et al.
2016b; Roy et al. 2017, 2019a; Indik et al. 2018) of modeled
gravitational waveforms (Buonanno & Damour 1999; Arun et al.
2009; Blanchet 2014; Bohé et al. 2017; Pürrer 2016) as filter
templates. A Notice was issued through NASA’s Gamma-ray
Coordinates Network (GCN) 20minutes later(LIGO Scientific
Collaboration & Virgo Collaboration 2019a) with a two-detector
source localization computed using the rapid Bayesian algorithm
BAYESTAR(Singer & Price 2016) that is shown in Figure 2. The
event was initially classified as “MassGap”(Kapadia et al. 2020;
LIGO Scientific Collaboration & Virgo Collaboration 2019b),
implying that at least one of the binary merger components was
found to have a mass between 3 and 5Mein the low-latency
analyses.

Other low-latency searches, including the matched-filtering
based MBTA(Adams et al. 2016) and PYCBC (Nitz et al. 2017,
2018, 2019; Usman et al. 2016) pipelines, could not detect the
event at the time as its S/N in Virgo data was below their
single-detector detection thresholds. Test versions of MBTA
and the additional matched-filtering pipeline SPIIR (Hooper
et al. 2012; Liu et al. 2012; Guo et al. 2018) operating with a
lower S/N threshold also identified the event with consistent
attributes.

Shortly thereafter, reanalyses including LIGO Hanford data
were performed using GSTLAL and PYCBC. A coincident
gravitational-wave signal was identified in all three detectors by
both searches, with S/N 21.6 in LIGO Livingston, 10.6 in
LIGO Hanford, and 4.5 in Virgo data (as measured by
GSTLAL, consistent with S/Ns reported by PYCBC). Results
of these three-detector analyses were reported in a GCN
Circular within 2.3 hr of the time of the event(LIGO Scientific
Collaboration & Virgo Collaboration 2019c, 2019d), providing
a three-detector localization(Singer & Price 2016) constraining
the distance to 220–330Mpc and the sky area to 38 deg2 at the
90% credible level. Another GCN Circular(LIGO Scientific
Collaboration & Virgo Collaboration 2019e) sent 13.5hours
after the event updated the source localization to a distance of
215–320Mpc, the sky area to 23 deg2, and the source
classification to “NSBH” (Kapadia et al. 2020; LIGO Scientific
Collaboration & Virgo Collaboration 2019b), indicating that
the secondary had a mass below 3Me. These updated sky
localizations are also shown in Figure 2. The two disjoint sky
localizations arise because the low S/N in the Virgo detector
(4.5) means that the data are consistent with two different
signal arrival times in that detector.

3.2. Multimessenger Follow-up

Several external groups performed multimessenger follow-up
of the source with observations across the electromagnetic
spectrum (e.g., Dobie et al. 2019; Gomez et al. 2019; Lipunov
et al. 2019; Ackley et al. 2020; Antier et al. 2020; Andreoni et al.
2020; Watson et al. 2020; Vieira et al. 2020) and with
neutrino observations(e.g., Ageron et al. 2019; The IceCube
Collaboration 2019). No counterpart candidates were reported.
The nondetection is consistent with the source’s highly unequal
mass ratio and low primary spin(LIGO Scientific Collaboration
& Virgo Collaboration 2019d, 2019e; Fernández et al. 2020;
Morgan et al. 2020). Tentative constraints placed by multi-
messenger studies on the properties of the system, such as the
ejecta mass and maximum primary spin (Ackley et al. 2020;
Andreoni et al. 2020; Coughlin et al. 2020; Kawaguchi et al.
2020) or the circum-merger density (Dobie et al. 2019) assuming

Figure 2. Posterior distributions for the sky location of GW190814. The
contours show the 90% credible interval for a LIGO Livingston–Virgo (blue)
and LIGO Hanford–LIGO Livingston–Virgo (orange) detector network based
on the rapid localization algorithm BAYESTAR(Singer & Price 2016). The sky
localization circulated 13.5 hr after the event, based on a LIGO Hanford–LIGO
Livingston–Virgo analysis with the LALINFERENCE stochastic sampling
software(Veitch et al. 2015), is shown in green. The purple contour indicates
the final sky localization as presented in this paper, which constrains the source
to within 18.5deg2 at 90% probability.
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Table 2. Source properties of GW230529 from the pri-
mary combined analysis (BBH waveforms, high-spin, default
priors). We report the median values together with the
90% symmetric credible intervals at a reference frequency
of 20 Hz.

Primary mass m1/M� 3.6+0.8
�1.2

Secondary mass m2/M� 1.4+0.6
�0.2

Mass ratio q = m2/m1 0.39+0.41
�0.12

Total mass M/M� 5.1+0.6
�0.6

Chirp mass M/M� 1.94+0.04
�0.04

Detector-frame chirp mass (1 + z)M/M� 2.026+0.002
�0.002

Primary spin magnitude �1 0.44+0.40
�0.37

E↵ective inspiral-spin parameter �e↵ �0.10+0.12
�0.17

E↵ective precessing-spin parameter �p 0.40+0.39
�0.30

Luminosity distance DL/Mpc 201+102

�96

Source redshift z 0.04+0.02
�0.02

samples from both models under the default priors de-
scribed in Appendix D. Our measurements of key source
parameters for GW230529 are presented in Table 2.
Analysis details and results from other waveform mod-

els we consider are reported in Appendix D; we find
that the key conclusions of the analyses presented here
are not sensitive to the choice of signal model. In par-
ticular, the use of BBH models is validated by com-
parison to waveform models that include tidal e↵ects,
finding no evidence that the BNS or NSBH models are
preferred, consistent with previous observations (Abbott
et al. 2021a). This is expected given the moderate S/N
with which GW230529 was detected (Huang et al. 2021).
The analysis of GW230529 indicates that it is an

asymmetric compact binary with a mass ratio q =
m2/m1 = 0.39+0.41

�0.12 and source component masses m1 =
3.6+0.8

�1.2 M� and m2 = 1.4+0.6
�0.2 M�. The primary is

consistent with a black hole that resides in the lower
mass gap (3 M� . m1 . 5 M�; Ozel et al. 2010;
Farr et al. 2011b), with a mass < 5 M� at the 99%
credible level. The posterior distribution on the mass
of the secondary is peaked around ⇠ 1.4 M� with
an extended tail beyond 2 M�, such that P (m2 >
2 M�) = 5%. The mass of the secondary is con-
sistent with the distribution of known neutron star
masses, including Galactic pulsars (Antoniadis et al.
2016; Alsing et al. 2018; Özel & Freire 2016; Farrow
et al. 2019) and extragalactic GW observations (Landry
& Read 2021; Abbott et al. 2023b). Figure 1 shows

Figure 1. The one- and two-dimensional posterior
probability distributions for the component masses of the
source binary of GW230529 (teal). The contours in the
main panel denote the 90% credible regions with vertical
and horizontal lines in the side panels denoting the 90%
credible interval for the marginalized one-dimensional pos-
terior distributions. Also shown are the two O3 NSBH
events GW200105 162426 and GW200115 042309 (orange
and blue respectively; Abbott et al. 2021a) with FAR <
0.25 yr�1 (Abbott et al. 2023a), the two confident BNS
events GW170817 and GW190425 (pink and green respec-
tively; Abbott et al. 2017a, 2019a, 2020a, 2024b), as well as
GW190814 (red; Abbott et al. 2020c, 2024b) where the sec-
ondary component may be a black hole or a neutron star.
Lines of constant mass ratio are indicated by dotted gray
lines. The grey shaded region marks the 3–5 M� range
of primary masses. The NSBH events and GW190814 use
combined posterior samples assuming a high-spin prior anal-
ogous to those presented in this work. The BNS events use
high-spin IMRPhenomPv2 NRTidal (Dietrich et al. 2019a)
samples.

the component mass posteriors of GW230529 relative
to other BNSs (GW170817 and GW190425) and NSBHs
(GW200105 162426 and GW200115 042309, henceforth
abbreviated as GW200105 and GW200115) observed by
the LVK as well as GW190814 (Abbott et al. 2017a,
2020a,c, 2021a).
To capture dominant spin e↵ects on the GW signal,

we present constraints on the e↵ective inspiral spin �e↵ ,
which is defined as a mass-weighted projection of the
spins along the unit Newtonian orbital angular momen-
tum vector L̂N (Damour 2001; Racine 2008; Ajith et al.

[LVK, arXiv:2404.04248]
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▸ Source most likely an NSBH after accounting for uncertainties in population models and EOS constraints  

▸ Assuming an NSBH, the minimum black hole mass in NSBH is lower than previously inferred:
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Table 3. Probabilistic source classification based on consistency of component masses with the maximum neutron star mass
and spin. All estimates marginalize over uncertainty in the masses, spins, and redshift of the source as well as uncertainty in the
astrophysical population and the EoS. We consider three population models: two distributions that use astrophysically-agnostic
priors and consider either large spins (�1,�2  0.99) or small spins (�1,�2  0.05), and a population prior using the Power
law + Dip + Break model fit with only the events from GWTC-3 (Abbott et al. 2023b). We use an EoS posterior conditioned
on massive pulsars and GW observations (Landry et al. 2020). All errors approximate 90% uncertainty from the finite number
of Monte Carlo samples used with the exception of the low-spin results for which we only place an upper or lower bound.

�1,�2  0.99 �1,�2  0.05 Power law + Dip + Break

P (m1 is NS) (2.9± 0.4)% < 0.1% (8.8± 2.8)%

P (m2 is NS) (96.1± 0.4)% > 99.9% (98.4± 1.3)%

probably a black hole. However, when incorporating
information from the Power law + Dip + Break
population model, we find that there is a ⇠ 1 in 10
chance that the primary is consistent with a neutron
star. If we further relax the fixed spin assumptions im-
plicit within the Power law + Dip + Break model
for objects with masses  2.5 M� from �i  0.4 to
�i  0.99 (see Appendix H.2), we can find probabilities
as high as P (m1 is NS) = (27.3 ± 3.8)%. This ambigu-
ity is similar to the secondary component of GW190814
(2.50  m2/M�  2.67), which is consistent with a neu-
tron star if it was rapidly spinning (e.g., Essick & Landry
2020; Abbott et al. 2020c; Most et al. 2020a).
The di↵erences observed between population models

primarily reflect the uncertainty in the mass ratio and
spins of the GW230529 source. For example, incorporat-
ing the Power law + Dip + Break population model
as a prior updates the posterior for m1 from 3.6+0.8

�1.2 M�
to 2.7+0.9

�0.4 M�. Additional observations of compact ob-
jects in or near the lower mass gap may clarify the com-
position of GW230529 by further constraining the ex-
act shape of the distribution of compact objects below
⇠ 5 M� or the supranuclear EoS.

7. IMPLICATIONS FOR MULTIMESSENGER
ASTROPHYSICS

In NSBH mergers, the neutron star can either plunge
directly into the black hole or be tidally disrupted by its
gravitational field. Tidal disruption would leave some
remnant baryonic material outside the black hole that
could potentially power a range of EM counterparts in-
cluding a kilonova (Lattimer & Schramm 1974; Li &
Paczynski 1998; Tanaka & Hotokezaka 2013; Tanaka
et al. 2014; Fernández et al. 2017; Kawaguchi et al. 2016)
or a gamma-ray burst (Mochkovitch et al. 1993; Janka
et al. 1999; Paschalidis et al. 2015; Shapiro 2017; Ruiz
et al. 2018). The conditions for tidal disruption are de-
termined by the mass ratio of the binary, the compo-

nent of the black hole spin aligned with the orbital an-
gular momentum, and the compactness of the neutron
star (Pannarale et al. 2011; Foucart 2012; Foucart et al.
2018; Krüger & Foucart 2020). While the disruption
probability of the neutron star in GW230529 can be in-
ferred based on the binary parameters, we are unlikely
to directly observe the disruption in the GW signal with-
out next-generation observatories (Clarke et al. 2023).
We use the ensemble of fitting formulae collected in

Biscoveanu et al. (2022) including the spin-dependent
properties of neutron stars (Foucart et al. 2018; Cipol-
letta et al. 2015; Breu & Rezzolla 2016; Most et al.
2020b) to constrain the remnant baryon mass outside
the final black hole following GW230529, assuming it
was produced by a NSBH merger. We additionally
marginalize over the uncertainty in the GP-EoS re-
sults obtained using the method introduced in Sec-
tion 6 (Legred et al. 2021, 2022). Using the high-spin
combined posterior samples obtained with default pri-
ors, we find a probability of neutron star tidal disruption
of 0.1, corresponding to an upper limit on the remnant
baryon mass produced in the merger of 0.052M� at 99%
credibility. The low-secondary-spin priors (�2 < 0.05)
yield a tidal disruption probability and remnant baryon
mass upper limit of 0.042 and 0.011 M�, respectively.
A rapidly spinning neutron star is less compact than a
slowly spinning neutron star of the same gravitational
mass under the same EoS. This decrease in compactness
leads to a larger disruption probability and a larger rem-
nant baryon mass following the merger, explaining the
trend we see when comparing the results obtained un-
der the low-secondary- and high-spin priors. The source
binary of GW230529 is the most probable of the con-
fident NSBHs reported by the LVK to have undergone
tidal disruption because of the increased symmetry in its
component masses. However, the exact value of the tidal
disruption probability and the remnant baryon mass for
this system are prior-dependent.

[LVK, arXiv:2404.04248]

∼ 6M⊙ → ∼ 3.4M⊙
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Figure 1. Schematic diagram of the evolution of compact binary coalescences. The frequency
of the emitted GW is indicated for the different stages. NS–NS inspirals are observable for a
few seconds to minutes. Upon the merger of the NSs, a binary with total mass Mbinary ! 3 M⊙
promptly collapses into a BH. For non-equal-mass binaries, the forming BH will be surrounded by
an accretion disc. NS–NS binaries with total mass MNS,max < Mbinary < 3 M⊙ (where MNS,max is
the mass limit of non-rotating NSs) form a hypermassive NS with strong differential rotation, which
assumes a non-axisymmetric ellipsoid shape. The hypermassive NS survives for milliseconds to a
second, eventually collapsing into a BH, potentially with an accretion disc. Very low mass NS–NS
binaries (Mbinary < MNS,max) can leave a stable NS behind. For BH–NS binaries, after an inspiral
phase observable for seconds to minutes, the NS either gets tidally disrupted (if tidal disruption at
radius Rtidal occurs before, the NS could reach the ISCO at RISCO) or it plunges into the BH (if
Rtidal < RISCO). Tidal disruption results in a BH with an accretion disc, while no accretion disc
forms upon plunge. This merger phase, along with the ringdown of the BH after plunge, lasts for
milliseconds.

system can (slightly) affect the orbital period (and therefore the gravitational waveform) in the
late inspiral phase [53–57]. Further, general relativistic spin–spin or spin–orbit coupling can
cause the binary’s orbital plane to precess, affecting the binary’s evolution and GW emission
[58–60].

Nevertheless, the dominant features of the GW signal from the inspiral phase are captured
by neglecting the spins and internal structure of the binary elements. As the objects spiral
together, their orbital frequency increases producing a GW signal that sweeps upward
in frequency. About ∼15 min before the merger, the GW from the inspiral of an NS–
NS binary begins to sweep upward from ∼10 Hz through the band of Earth-based GW
interferometers. The effective amplitude heff ≡ f |h̃( f )| of the GW signal from a binary system
decreases as heff ∝ f −1/6 [61], up to a mass-dependent cut-off frequency fcut ∼ 1 − 3 kHz
[62, 63, 61]. The frequency ranges !1 kHz and 1–3 kHz are traditionally considered the
inspiral and early-merger phases, respectively. For f ! fcut, the merger retains a binary-like
structure and consequently emits relatively strong GWs [61].

Advanced detectors will be able to detect an NS–NS inspiral up to Dh ∼ 450 Mpc, while
NS–BH inspirals will be detectable up to Dh ∼ 950 Mpc [46] (the distances are given for

4

WHAT ABOUT MATTER SIGNATURES?
GW230529

[Bartos+ 2019]
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WHAT ABOUT MATTER SIGNATURES?

▸ Comparable masses & aligned BH spin: tidal disruption
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NSBH

BBH

NSBH

BBH

▸ Unequal masses & anti-aligned BH spin: indistinguishable 
from BBH

1458 B. P. Gompertz et al. 
We emphasize that the predictions for a higher efficiency stable 

mass transfer pathway are in good agreement with the observations 
of the first two confirmed NS-BH mergers, and the candidates 
GW190426 151255 and GW190917 114630. In particular, Model 
C in Broekgaarden et al. ( 2021 ), which fixes the fraction of mass 
lost by the donor that is accreted by the secondary to β = 0.5, 
predicts that the GW-detected distribution of NS-BH mergers will 
peak at a total binary mass of ≈7 M ⊙, with a preference for mass 
ratios of q ≈ 3. This compares fa v ourably to our sample (Table 1 ), 
particularly GW190426 151255 and GW200115. The exception is 
GW191219 163120, which has a 31.1 M ⊙ BH that is not well 
e xplained by an y of the progenitor pathway models. Furthermore, the 
event-based NS-BH merger rate derived in Abbott et al. ( 2021c ) from 
GW200105 and GW200115 is fully consistent with the expected 
merger rate of Model C in Broekgaarden et al. ( 2021 ), although both 
exhibit broad distributions. 

The early NS-BH merger observations may therefore suggest that 
the ‘classic CE’ formation channel where binaries undergo one CE 
phase may be less common than expected in NS-BH events. If orbital 
decay is indeed being facilitated in many cases by efficient stable 
mass transfer or two CE phases, then future NS-BH merger events 
(e.g. during the LVK O4 run) will continue to show total binary 
masses distributed around 7 M ⊙. This is in contrast to the mass 
distribution in the fiducial model of Broekgaarden et al. ( 2021 ), 
which peaks at around 15 M ⊙ (in part because more massive systems 
should be easier to detect in GW). A preference for lower mass (5–
15 M ⊙) BHs (and higher mass NSs), compatible with the observed 
NS-BH sample, was also shown in Giacobbo & Mapelli ( 2018 ). 

Conversely, some dynamical capture channels suggest NS-BH 
mergers that are significantly more massive than expected for the 
isolated binaries (e.g. Rastello et al. 2020 ). This pathway may 
provide a natural explanation for GW191219 163120. Rastello 
et al. ( 2020 ) find that roughly 25 per cent of NS-BH mergers 
resulting from dynamical capture will have a total binary mass of 
> 30 M ⊙. They estimate the overall rate of mergers formed in this 
way to be ∼28 Gpc −3 yr −1 , a factor of ∼2 less than the isolated 
evolution merger rate of ∼49 Gpc −3 yr −1 (Santoliquido et al. 2020 ). 
Therefore, our relative observed rates of four NS-BH mergers 
consistent with isolated binary evolution to one v ery massiv e ( m tot 
> 30 M ⊙) NS-BH merger potentially driven by dynamical capture 
is in good agreement with the rates derived by Rastello et al. ( 2020 ) 
and Santoliquido et al. ( 2020 ). 

Predictions from population synthesis modelling for the spin 
magnitude of the BH at the point of merger are uncertain. A common 
prediction for BBH evolution is that a BH will have essentially 
zero spin at the point of merger, having lost most of its angular 
momentum to stellar winds, mass transfer or angular momentum 
transport at the point of collapse (e.g. Qin et al. 2018 ; Fuller & 
Ma 2019 ). It should be noted that despite supporting anti-aligned 
tilts, the broad posterior spin distributions of GW190426 152155, 
GW190917 114630, and GW200115 are consistent with this picture. 
Ho we ver, highly spinning and anti-aligned BBHs are expected in 
cases with weak stellar core-envelope coupling or through tidal 
synchronisation (Steinle & Kesden 2021 ). A BH may also be spun 
up prior to its collapse if it is born second, resulting in a large 
spin at the point of merger (Bavera et al. 2020 ; Chattopadhyay 
et al. 2021 ). Ultimately, high-mass X-ray binaries (Miller & Miller 
2015 ) and long GRBs (e.g. Fryer et al. 2019 ) both provide evidence 
that some BHs must be rapidly rotating in binary systems at some 
point in their evolution. The true picture is awaiting observational 
confirmation, although given the degeneracies in the GW posteriors, 
associated EM constraints will likely be required to uniquely identify 
the characteristics of the pre-merger binary. 

Figure 3. The post-merger remnant mass as a function of the orbit-aligned 
component of the BH spin ( χBH ) and the binary mass ratio ( q ) (cf. Foucart 
et al. 2018 ). An NS with m 2 = 1.4 M ⊙ and r = 12 km is assumed. Contours 
show the 90 per cent credible intervals for the NS-BH events and candidates. 
4  IMPLICATIONS  F O R  MULTIMESSENGE R  
EVENTS  
NS-BH mergers are a potential source of EM emission if the NS is 
disrupted during inspiral, such that some of the material remains 
outside of the BH event horizon. Hot, dense, and neutron-rich 
material could facilitate rapid neutron capture (r-process; Lattimer 
& Schramm 1974 ; Eichler et al. 1989 ; Freiburghaus, Rosswog & 
Thielemann 1999 ) nucleosynthesis, which would lead to a thermal 
transient known as a kilonova (KN; Li & Paczy ́nski 1998 ; Rosswog 
2005 ; Metzger et al. 2010 ; Barnes & Kasen 2013 ; Metzger 2017 ) 
when the newly formed unstable heavy elements flow away from the 
merger site in winds and dynamical ejecta, and decay to stability. 
If a few tenths of a solar mass accrete on to the BH then the 
merger may also power a short GRB, if a relativistic jet can be 
launched successfully (Blandford & Znajek 1977 ; Barbieri et al. 
2019 ; Gompertz, Le v an & Tanvir 2020b ). 

The dominant properties that predict the remnant mass outside 
of the BH event horizon are the orbit-aligned component of the 
spin of the pre-merger BH ( χBH ) and the mass ratio of the binary, 
q . The compactness of the NS is also important. Fig. 3 shows 
the expected remnant mass (cf. Foucart et al. 2018 ) as a function 
of χBH and q , assuming an NS with M = 1.4 M ⊙ and a radius 
of 12 km. Essentially, no mass is expected to remain outside of 
the event horizon for any of our NS-BH candidates, making the 
prospect of an EM accompaniment unlikely. We note that follow-up 
of these four events during O3 did not yield any detected counterparts 
(Hosseinzadeh et al. 2019 ; Lundquist et al. 2019 ; Paterson et al. 
2020 ; Gompertz et al. 2020a ; Anand et al. 2021 ). While this 
outcome is in line with the expected absence of an EM transient 
from modelling (see also Zhu et al. 2021 ), efforts to constrain one 
were also hindered by a combination of poor localizations (1300, 
2100, 7700, 900 deg 2 , 90 per cent containment) and large distances 
(370 + 320 

−300 , 720 + 340 
−310 , 280 + 110 

−110 , 300 + 150 
−100 Mpc) for GW190426 152155, 

GW190917 114630, GW200105, and GW200115 respectively (Ab- 
bott et al. 2021c , b ; The LIGO Scientific Collaboration et al. 
2021a ). 

If NS-BH mergers do show low χBH , whether due to a low spin 
magnitude or large tilt, the prospects for NS-BH-driven KNe and 
GRBs are poor. Ho we ver, Fig. 3 demonstrates that with a modest in- 
crease in the GW-measured spin, EM observations could significantly 
tighten the constraints on χBH and q by independently detecting or 
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Disruption probability: 0.1 with  at 99% credibilityMrem ≤ 0.052M⊙
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GW230529: RATES & EM PROSPECTS
▸ (Provisional) Update of local NSBH merger rate:  (note after O3: )30 − 200 Gpc−3yr−1 18 − 44 Gpc−3yr−1
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[LVK, arXiv:2404.04248]

GW230529 increases the inferred 
lower mass gap merger rate! 

GW230529 increases the inferred fraction 
of NSBHs with EM counterparts!
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INTERMEDIATE MASS BLACK HOLE

GW190521
▸ Very massive binary black hole: 

▸ Remnant mass:
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coalescence rate [38]. The remnant of GW190521 fulfills
the above definition of an IMBH.
GW190521 was detected by searches for quasicircular

binary coalescences, and there is no evidence in the data for
significant departures from such a signal model. However,
for any transient with high inferred masses, there are few
cycles observable in ground-based detectors, and therefore
alternative signal models may also fit the data. This is
further addressed in the companion paper [39] that also
provides details about physical parameter estimation, and
the astrophysical implications of the observation of GWs
from this massive system.
Observation.—On May 21, 2019 at 03:02:29 UTC, the

LIGO Hanford (LHO), LIGO Livingston (LLO), and Virgo
observatories detected a coincident transient signal. A
matched-filter search for compact binary mergers,
PYCBC LIVE [40,41,42], reported the transient with a
network signal-to-noise ratio (SNR) of 14.5 and a false-
alarm rate of 1 in 8 yr, triggering the initial alert. Aweakly
modeled transient search based on coherent wave burst
(CWB) [43] in its IMBH search configuration [35] reported
a signal with a network SNR of 15.0 and a false-alarm rate
lower than 1 in 28 yr. Two other matched-filter pipelines,
SPIIR [44] and GSTLAL [45], found consistent candidates
albeit with higher false-alarm rates. The identification,
localization, and classification of the transient as a binary
BH merger were reported publicly within ≈6 min, with the
candidate name S190521g [46,47].

A second significant GW trigger occurred on the same
day at 07:43:59 UTC, S190521r [48]. Despite the short
time separation, the inferred sky positions of GW190521
and S190521r are disjointed at high confidence, and so the
events are not related by gravitational lensing. Further
discussions pertaining to gravitational lensing and
GW190521 are presented in the companion paper [39].
GW190521, shown in Fig. 1, is a short transient signal

with a duration of approximately 0.1 s and around four
cycles in the frequency band 30–80 Hz. A frequency of
60 Hz at the signal peak and the assumption that the source
is a compact binary merger imply a massive system.
Data.—The LIGO and Virgo strain data are conditioned

prior to their use in search pipelines and parameter
estimation analyses. During online calibration of the data
[53], narrow spectral features (lines) are subtracted using
auxiliary witness sensors. Specifically, we remove from the
data the 60 Hz U.S. mains power signature (LIGO), as well
as calibration lines (LIGO and Virgo) that are intentionally
injected into the detectors to measure the instruments’
responses. During online calibration of Virgo data, broad-
band noise in the 40–1000 Hz frequency range is subtracted
from the data [54]. The noise-subtracted data produced by
the online calibration pipelines are used by online search
pipelines and initial parameter estimation analyses.
Subsequent to the subtraction conducted within the

online calibration pipeline, we perform a secondary offline
subtraction [55] on the LIGO data with the goal of

FIG. 1. The GW event GW190521 observed by the LIGO Hanford (left), LIGO Livingston (middle), and Virgo (right) detectors.
Times are shown relative to May 21, 2019 at 03:02:29 UTC. The top row displays the time-domain detector data after whitening by each
instrument’s noise amplitude spectral density (light blue lines); the point estimate waveform from the CWB search [43] (black lines); the
90% credible intervals from the posterior probability density functions of the waveform time series, obtained via Bayesian inference
(LALINFERENCE [49]) with the NRSur7dq4 binary BH waveform model [50] (orange bands), and with a generic wavelet model
(BayesWave [51], purple bands). The ordinate axes are in units of noise standard deviations. The bottom row displays the time-
frequency representation of the whitened data using the Q transform [52].
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the above definition of an IMBH.
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a signal with a network SNR of 15.0 and a false-alarm rate
lower than 1 in 28 yr. Two other matched-filter pipelines,
SPIIR [44] and GSTLAL [45], found consistent candidates
albeit with higher false-alarm rates. The identification,
localization, and classification of the transient as a binary
BH merger were reported publicly within ≈6 min, with the
candidate name S190521g [46,47].

A second significant GW trigger occurred on the same
day at 07:43:59 UTC, S190521r [48]. Despite the short
time separation, the inferred sky positions of GW190521
and S190521r are disjointed at high confidence, and so the
events are not related by gravitational lensing. Further
discussions pertaining to gravitational lensing and
GW190521 are presented in the companion paper [39].
GW190521, shown in Fig. 1, is a short transient signal

with a duration of approximately 0.1 s and around four
cycles in the frequency band 30–80 Hz. A frequency of
60 Hz at the signal peak and the assumption that the source
is a compact binary merger imply a massive system.
Data.—The LIGO and Virgo strain data are conditioned

prior to their use in search pipelines and parameter
estimation analyses. During online calibration of the data
[53], narrow spectral features (lines) are subtracted using
auxiliary witness sensors. Specifically, we remove from the
data the 60 Hz U.S. mains power signature (LIGO), as well
as calibration lines (LIGO and Virgo) that are intentionally
injected into the detectors to measure the instruments’
responses. During online calibration of Virgo data, broad-
band noise in the 40–1000 Hz frequency range is subtracted
from the data [54]. The noise-subtracted data produced by
the online calibration pipelines are used by online search
pipelines and initial parameter estimation analyses.
Subsequent to the subtraction conducted within the

online calibration pipeline, we perform a secondary offline
subtraction [55] on the LIGO data with the goal of

FIG. 1. The GW event GW190521 observed by the LIGO Hanford (left), LIGO Livingston (middle), and Virgo (right) detectors.
Times are shown relative to May 21, 2019 at 03:02:29 UTC. The top row displays the time-domain detector data after whitening by each
instrument’s noise amplitude spectral density (light blue lines); the point estimate waveform from the CWB search [43] (black lines); the
90% credible intervals from the posterior probability density functions of the waveform time series, obtained via Bayesian inference
(LALINFERENCE [49]) with the NRSur7dq4 binary BH waveform model [50] (orange bands), and with a generic wavelet model
(BayesWave [51], purple bands). The ordinate axes are in units of noise standard deviations. The bottom row displays the time-
frequency representation of the whitened data using the Q transform [52].
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binaries. The NRSur7dq4 results are summarized in
Table I. Results for all three models are presented in the
companion paper [39].
Figure 2 shows our estimated 90% credible regions for

the individual masses of GW190521. We estimate indivi-
dual components with ðm1; m2Þ ¼ ð85þ21

−14 ; 66
þ17
−18Þ M⊙ and

a total mass 150þ29
−17 M⊙. This makes GW190521 the most

massive binary BH observed to date, as expected from its
short duration and low peak frequency. To quantify
compatibility with the PISN mass gap, we find the
probability of the primary component being below
65 M⊙ to be 0.32%. The estimated mass and dimensionless
spin magnitude of the remnant object areMf ¼ 142þ28

−16 M⊙
and χf ¼ 0.72þ0.09

−0.12 respectively. The posterior forMf shows
no support below 100 M⊙, making the remnant the first
conclusive direct observation of an IMBH.
The left panel of Fig. 3 shows the posterior distributions

for the magnitude and tilt angle of the individual spins,
measured at a reference frequency of 11 Hz. All pixels in
this plot have equal prior probability. While we obtain
posteriors with strong support at the χ ¼ 1 limit imposed by
cosmic censorship [91], these also show non-negligible
support for zero spin magnitudes. In addition, the maxi-
mum posterior probability corresponds to large angles
between the spins and the orbital angular momentum.
Large spin magnitudes and tilt angles would lead to a
strong spin-orbit coupling, causing the orbital plane to

FIG. 2. Posterior distributions for the progenitor masses of
GW190521 according to the NRSur7dq4 waveform model. The
90% credible regions are indicated by the solid contour in the
joint distribution and by solid vertical and horizontal lines in
the marginalized distributions.

FIG. 3. Left: posterior distribution for the individual spins of GW190521 according to the NRSur7dq4 waveform model. The radial
coordinate in the plot denotes the dimensionless spin magnitude, while the angle denotes the spin tilt, defined as the angle between the
spin and the orbital angular momentum of the binary at reference frequency of 11 Hz. A tilt of 0° indicates that the spin is aligned with
the orbital angular momentum. A nonzero magnitude and a tilt away from 0° and 180° imply a precessing orbital plane. All bins have
equal prior probability. Right: posterior distributions for the effective spin and effective in-plane spin parameters. The 90% credible
regions are indicated by the solid contour in the joint distribution, and by solid vertical and horizontal lines in the marginalized
distributions. The large density for tilts close to 90° leads to large values for χp and low values for χeff.
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EM BRIGHT BBH?
▸ Mergers surrounded by gas (e.g. in AGN disks) can create counterparts 

▸ Interacting shocks, mini-disk interactions, accretion onto remnant black hole & jet formation (see e.g. Murase+ 2016, 
Bartos+2016, McKernan+ 2019, Rodriguez-Ramirez+ 2023, etc) 

▸ Claim of EM counterpart to GW190521 by [Graham+, PRL 2020] 

▸ Redshift measurement 
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[Credit: Astrobites]

Your gravitational-wave 
sprinkler:
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RUN EXTENSION & O5
▸ O4 extended until June 9th, 2025

36

Virgo target sensitivity and entry date 
for O5 are currently being assessedSee https://observing.docs.ligo.org/plan/

THE NEAR FUTURE

https://observing.docs.ligo.org/plan/
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▸ A# — a possible targeted upgrade to the existing LIGO 
facilities (see https://dcc.ligo.org/LIGO-T2200287/public) 

▸ A factor of 2 improvement in sensitivity (larger test 
masses, improved seismic isolation & mirror coatings, 
higher laser power, etc.) 

▸ Similar upgrade proposal for Virgo (V_nEXT)
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LIGO/VIRGO UPGRADES?
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Figure 11: Horizon redshifts at which the SNR in a detector is 8 for optimally oriented,
non-spinning, equal mass binaries for the scenarios shown in Fig. 1.

1.4 M�, merger rates evolve proportionally to the star formation rate following [31]. For all
scenarios we consider a LIGO-Hanford, LIGO-Livingston network with single-observatory
duty cycles of 80 % and a network SNR threshold of 9 for BBH signals, and 8 for BNS and
NSBH signals.

Table 5 shows the expected number of events each year of each class based on the current
median and central 90 % credible intervals on their astrophysical rates. With catalogs of this
size we should expect to perform detailed analyses of the astrophysical population, tracing
out mass distributions, spin distributions, etc. with exceptional fidelity.

With catalogs of several 10
3 BBHs, we should expect to constrain H(z) at the few percent

level by measuring the redshift-luminosity-distance relation of BBHs if a mass scale is im-
printed on the mass distribution (e.g., via the pair instability supernova process). While
multi-messenger and/or dark siren constraints may allow us to surpass this precision, their
expected constraints depend sensitively on the precision of localization of sources and com-
pleteness of galaxy catalogs, both of which are difficult to predict at this time.
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Estimated time before merger of an 
optimally-oriented BNS with  at 

 such SNR ≥ 8 in a given detector
1.4 + 1.4 M⊙

z = 0.03
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Range [Mpc] Post-Merger
Configuration BNS BBH tearly[min] zmax ⇢

(10)
pm ⇢

(max)
pm

O3 LLO 130 1200 0.3 1.3 0.4 0.6

July 2022 LLO 120 1200 0.5 1.5 0.3 0.5

A+ 350 2600 2.7 3.2 1.4 2.0

A+ Wideband 290 2300 3.7 3.5 2.2 2.6

A]
600 3700 6.2 5.4 2.7 3.7

A] (A+ coatings) 440 3000 6.1 4.6 2.7 3.4

A] Wideband 490 3300 6.8 5.5 4.8 5.6

A] Wideband (A+ coatings) 400 2900 6.7 4.7 4.8 5.5

Intermediate Voyager 670 3900 4.8 6.5 2.5 3.7

Voyager Deep 780 4100 9.0 7.9 2.8 4.1

Voyager Wideband 630 3800 9.3 8.4 5.2 5.9

STO 690 4000 10.1 7.6 2.7 3.7

A]
655 m SEC 450 3100 6.7 5.3 3.4 5.1

A]
12 km folded arms 530 3400 9.9 6.4 8.5 9.7

Table 4: Astrophysical performance of the scenarios shown in Fig. 1 for optimally oriented
non-spinning binary systems. The BNS and BBH range estimates are for 1.4+1.4 M� and
30+30 M� systems, respectively. The early warning time tearly is the time before merger of
a 1.4+1.4 M� system at z = 0.03 at which the cumulative SNR in a given detector reaches
8; tearly is heavily dependent on the low frequency noise (as illustrated by tearly for the July
2022 LLO case, at 28 s, compared to O3, at 16 s, even though the latter has a bit higher
BNS range), and the GWINC design curves do not include excess technical noise which has
historically been present. zmax is the maximum redshift at which an equal mass binary can
be detected (see Fig. 11); and the post-merger SNR ⇢pm is the SNR of the post-merger signal
of an optimally oriented BNS at a distance of 100 Mpc. Three viable neutron star equations
of state (SLy, ALF2, and LS220) are used to generate 302 sources; the SNR of the best 10 %

of sources is ⇢
(10)
pm and the SNR of the best source is ⇢

(max)
pm .
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Configuration Annual Detections
BNS NSBH BBH

A+ 69
+138
�48 291

+291
�148 1440

+572
�412

A]
364

+717
�244 1526

+1517
�762 6131

+2132
�1739

A] (A+ coatings) 138
+274
�94 630

+627
�317 2902

+1149
�826

A] Wideband 177
+350
�120 909

+905
�455 3937

+1557
�1118

Voyager Deep 794
+1563
�529 3798

+3771
�1894 11975

+2932
�3392

Voyager Wideband 404
+798
�270 2035

+2021
�1016 7343

+2901
�2082

Table 5: Plausible range of number of detections in a calendar year observing run for each
class of binary. Ranges are based on the central 90 % credible intervals on astrophysical rates
from O3 [28, 29].

7.3 Higher-Order Modes

The (complex) GW strain can be decomposed into a basis of spin-weighted spherical har-
monics with spin weight �2

h = h+ � ih⇥ =

X

`�2

X̀

m=�`

h`m
�2

Y`m, (1)

where the h`m denote the higher-order multiples (modes) of the gravitational radiation field.
While the quadrupolar (` = 2) modes are the most dominant, depending on the mass and
spin parameters of the black holes as well as the orientation of the binary relative to the
detector, higher-order modes can have a significant impact on the GW signal. Identifying
individual higher order modes either during the inspiral or the ringdown of the remnant
black hole enables precision tests of the black hole dynamics and the no-hair theorem [32].

We consider the HLV three-detector network with five different sensitivities of the two LIGO
detectors and a fixed O5 target sensitivity for Virgo [33]. Following the O3 population
analysis [28] and using GWPopulation [34], we draw 200 000 black hole binaries from the
power law + peak mass model; for the black hole spins we consider the Default model,
where the spin magnitudes follow a Beta distribution, while the spin orientations are drawn
from a mixture model consisting of an aligned and isotropic component [35]. The binaries
are distributed in redshift z according to a power law with a power law index of 2.7 following
the star formation rate [31]. All extrinsic binary parameters are drawn from their standard
prior distributions [36].

Using the inspiral-merger-rindown model IMRPhenomXPHM [37–39] we compute the optimal
network SNR ⇢N for each binary. Imposing ⇢N > 12 for the complete signal, we determine
the fraction of binaries detectable in the least sensitive network (A+). The SNR contained in
the higher-order modes (`, |m|) = (2, 1), (3, 3), (4, 4) for the common set of detected binaries
is shown in Fig. 12. We find comparable performance between the A+, A] (A+ coatings)
and A] Wideband sensitivities, while A] as well as the two Voyager sensitivities will provide
a significant enhancement to detecting higher-order modes with an SNR above 6. For a
given SNR there is at least a factor of a few improvement in the fraction of events with
detectable higher-order modes between the A+ or A] configurations with A+ coatings, and
the A] respectively Voyager designs. Sizeable higher-order modes improve the measurement
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▸ Detection rate: 105 - 106 BBH events per year; 105 BNS events per year 

▸ New GW & MMA sources! 

▸ Access to the BNS poster merger phase 

▸ Possibility for discovering GWs from CCSNe & isolated neutron stars
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[Radice+, 2019]

Corsi et al. MMA of BHs and NSs

Figure 5. Figure adapted from Evans et al. (2023). The reach of current and future ground-based GW
detectors for compact binary mergers (NS-NS mergers in gold; BH-NS mergers in red; and BH-BH
mergers in black; see Section 2.5) is represented as a function of total binary mass and redshift at various
signal-to-noise ratio (SNR) thresholds (blue lines for SNR 8; orange lines for SNR 100; and green lines
for SNR 1000). The population of observed compact-object binaries is plotted with small triangles. We
use dotted lines for LIGO at its O4 sensitivity; dashed lines for LIGO at its projected O5 sensitivity, also
referred to as LIGO A+ (Abbott et al., 2018a); and dash-dotted lines for LIGO at its projected post-O5 A#
sensitivity (the ultimate performance of current LIGO detectors envisioned for the post-O5 era; Fritschel
et al., 2023). CE40 (Evans et al., 2023), a next generation GW detector concept, can expand the cosmic
horizon of NS-NS mergers, and enable observations of new populations including mergers from Population
III BHs (blue dots), and speculative primordial BHs (magenta dots).

Baseline Interferometry (VLBI) can help shed light on both the jet structure and the largely unknown
structure of magnetic fields within shocked ejecta (e.g., Ghisellini and Lazzati, 1999; Sari, 1999; Corsi
et al., 2018; Gill and Granot, 2018; Granot et al., 2018a; Mooley et al., 2018a; Ghirlanda et al., 2019; Gill
and Granot, 2020, and references therein).

The origin of the �-rays in GRB170817a remains equally debated: while the structured outflow model can
explain why a GRB was detected even if off-axis (Lazzati et al., 2017), a mildly relativistic shock breakout
of a cocoon from the merger’s ejecta is also possible (Gottlieb et al., 2018). Future multi-messenger
observations of off-axis GRBs (including potential coincident detections between GW signals and sub-
threshold GRBs; Kocevski et al., 2018; Magee et al., 2019; Tohuvavohu et al., 2020; Fletcher et al., 2023),
will greatly help settle these debates (Lazzati, 2020; Beniamini et al., 2022; Bošnjak et al., 2022).

While the LIGO-Virgo-KAGRA detectors (Figure 2, left and central panel) continue to improve their
sensitivity to GWs from GRBs (Abbott et al., 2021b, 2022b), these searches will undergo a leap forward
when next-generation GW detector such as CE and ET, with ⇡ 10⇥ the sensitivity of the current LIGO
detectors (Figure 2, right panel, and Figure 3), will probe the population of NS-NS mergers up to the star
formation peak (and beyond for BH-BH mergers, Figure 5 and Branchesi et al., 2023; Evans et al., 2023;
Gupta et al., 2023a). With these next generation detectors, we can expect each short GRB observed by
satellites such as Fermi (Thompson and Wilson-Hodge, 2022) and Swift (Gehrels et al., 2004) to have a
counterpart in GWs (Ronchini et al., 2022). The direct mapping of GRBs to their progenitors—something
inaccessible to electromagnetic observations alone—is key to shedding light on the conditions that enable
the launch of successful relativistic jets, especially in relation to the properties of the progenitors (including

Frontiers 7
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Figure 6. This Figure is based on the simulations presented in Gupta et al. (2023a), for GW detector
networks containing zero to three next-generation observatories. The HLA network contains the two current
LIGO detectors (Hanford and Livingston) operating at the upgraded A# sensitivity (Figure 3), plus the
LIGO Aundha at A# sensitivity. The 20LA and 40LA networks represent configurations with a single
20 km-long arms CE detector operating in the context of an upgraded (A# sensitivity) LIGO network
with locations in Livingston and Aundha. The HLET network is one with a single next generation GW
detector (ET) operating together with LIGO Hanford and LIGO Livingston at their upgraded A# sensitivity.
The 4020A network represents the CE reference configuration as described in (Evans et al., 2023), with
one 40 km-long and one 20 km-long next generation detectors plus LIGO Aundha at A# sensitivity. The
20LET and 40LET networks represent a single CE detector (either 20 km or 40 km) operating with LIGO
Livingston and the ET. Finally, the 4020ET is the reference CE configuration operating with ET. For these
networks, we calculate the signal-to-noise ratio of NS-NS systems at 1, 2, 5, 10, 30, 60, 120, 300, 600 min
before merger (data points) for events that are localized within 100 deg2 (top) or 10 deg2 (bottom) in 1 yr. If
the network signal-to-noise ratio is > 10 at the considered time before merger, then the binary is included
in the count. We assume a local merger rate density of 320Gpc�3 yr�1, but note that this rate is subject
to large uncertainties (10 � 1700Gpc�3 yr�1; Abbott et al., 2023b). There are no events satisfying the
imposed criteria at > 120min before the merger given the assumed low-frequency cut-off of 5 Hz for all
the detectors (results could be improved if ET reaches sub-5Hz sensitivity). We also note that all events
with �⌦  10 deg2 at 5 min before merger are located at z < 0.2; and, all events with �⌦  100 deg2
at 5 min before merger are located at z < 0.5. Finally, all events detected 5 min before merger (with no
restrictions on the localization accuracy) lie at z < 0.9.
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Figure 7. Figure derived from the simulations presented in Gupta et al. (2023a). Redshift distribution of
NS-NS mergers detected in 1 yr and localized within the sky area indicated at the top, for various networks
of ground-based GW detectors (see the caption of Figure 6). The small vertical lines on the x-axis mark
the median redshift of each distribution. The assumed local merger rate density of NS-NS systems is
320Gpc�3 yr�1. We note that this rate is subject to large uncertainties (10 � 1700Gpc�3 yr�1; Abbott
et al., 2023b).

Frontiers 11

▸ 20/40: cosmic explorer with 20/40 km long arms 

▸ ET: triangular Einstein telescope with 10km long arms 

▸ H/L/A: Hanford, Livingston, Aundha with A# sensitivity 

▸ Assumed BNS rate:  

▸ Observation time: 1 year 

▸ Minimum frequency: 5 Hz

320 Gpc−3 yr−1

[Corsi+ 2024 & Gupta+ 2023]

SNR ≥ 10
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▸ Sensitivity range: 0.1mHz - 1Hz 

▸ Access to new sources:  

▸ Galactic double white dwarfs 

▸ Supermassive black hole binaries 

▸ Extreme mass ratio inspirals  

▸ TDEs
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