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OUTLINE

▸ Where are we now  

▸ Prospects for the nearish future: Post-O5 science 

▸ Science with 3G detectors 

▸ NEMO - a dedicated high-frequency detector 

▸ A new frontier: LISA
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Disclaimer: 
By no means a complete overview but rather a 
selection of science examples 
Heavy personal bias towards compact binaries 
I am a LIGO member 
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O1-03 HIGHLIGHTS

SOME THINGS WE HAVE LEARNED SO FAR
6
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Null hypothesis

GWTC-3 Measurement

mg  1.27⇥ 10�23 eV/c2
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[LVK, arXiv:2111.06861]
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[LVK, arXiv:2111.03604]

20 40 60 80 100
m1 [MØ]

10°3

10°2

10°1

100

101

d
R

dm
1
[G

p
c°

3
yr

°
1
M

°
1

Ø
]

GWTC-3

GWTC-2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
q

10°1

100

101

102

103

d
R dq
[G

p
c°

3
yr

°
1
]

GWTC-3

GWTC-2

[LVK, arXiv 2111.03634 (2021)]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, PRX 9, 031040 (2019)]

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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The Astrophysical Journal Letters, 892:L3 (24pp), 2020 March 20 Abbott et al.

[LVK, ApJ L 892:L3 (2020)]

[LVK, PRL 125, 101102 (2020)]

Image Credit: Caltech/MIT/LIGO Lab.
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FOURTH OBSERVING RUN 
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▸ As of Sept 18th @ 11.45 CEST: 
▸ 132 significant detection candidates  
▸ 2389 low-significance detection candidates 

▸ Binary detection rate:  
▸ ~a few events per week 

▸ Public alerts now also for 
▸ Low-significance triggers 
▸ Early warning

[as of Sept 18th] 



RUN SCHEDULE

RUN EXTENSION & O5
▸ O4 extended until June 9th, 2025

8

Virgo target sensitivity and entry date 
for O5 are currently being assessed 

[See talk by G. Losurdo]
See https://observing.docs.ligo.org/plan/

https://observing.docs.ligo.org/plan/


POST O5
▸ LIGO Aundha Observatory (LAO) to be constructed in 

India 
▸ To be run as part of LIGO in the ~2030s 

▸ A# — a possible targeted upgrade to the existing LIGO 
facilities 
▸ LSC Post-O5 study group chaired by Peter Fritschel 

(inc. PS) 
▸ Report:  https://dcc.ligo.org/LIGO-T2200287/

public]  
▸ A factor 2 improvement in sensitivity (larger test 

masses, improved seismic isolation & mirror 
coatings, higher laser power, etc.) 

▸ Pathfinder for next-gen technology  
▸ Similar upgrade proposal for Virgo (V_nEXT)
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LIGO-T2200287–v3
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Figure 1: Design strain noise spectra for the post-O5 scenarios summarized in the Intro-
duction. The A] wideband scenario updates the A+ wideband tuning proposed in [2] with
the improved A] quantum noise (Section 5.3.3). The Voyager-Deep and Voyager-Wideband,
illustrate the tuning range possible with Voyager with 2 different SRMs (as was envisaged
for aLIGO). Whether the noise performance in any real interferometer will approach that of
our estimates here, remains uncertain – no interferometer in the past 50 years has reached
its fundamental noise limits at the lowest frequencies.

tuned to achieve maximum BNS/BBH range, and puts more emphasis on low optical
losses to achieve 10 dB effective squeezing.

• Voyager Wideband This is the Voyager Deep design, but with a wider bandwidth
to increase the SNR for the BNS mergers by ⇠10⇥ over LIGO-O3. For this tuning,
the SRM and filter cavity mirrors have to be swapped.

3 O5 timeline

The interval between the end of O4 and start of O5 is currently planned to be around 21
months – 14-15 months of installation followed by 6-7 months of commissioning. This plan, in
combination with the expected O4 start of March 2023 and total O4 duration of 13 months
(two six month blocks with a one month break), leads to a nominal start date for O5 of the
beginning of 2026.

page 10

[Post-O5 report]

AFTER O5 BEFORE 3G?

Sensitivity curves

https://dcc.ligo.org/LIGO-T2200287/public
https://dcc.ligo.org/LIGO-T2200287/public
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POST O5 - DETECTIONS
▸ H#L#V+ network, 70% duty cycle 

▸ O3 binary merger rates (note: assumed 
to be non-evolving): 
▸ BBH: 16-61 Gpc-3yr-1  
▸ BNS: 10-1700 Gpc-3yr-1 
▸ NSBH: 7.8 - 140 Gpc-3yr-1
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[LVK, arXiv 2111.03634 (2021)] Catalogues of this size across a range of redshifts will 
allow for detailed analyses of the astrophysical 

population: 

✦ Mass distributions incl. substructures 

✦ Spin distributions  

✦ Branching ratio for different formation scenarios
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Credit: A. Simonnet

Villar+, Astrophys.J.Lett. 851 (2017) 1, L21

✦ Greatly enhanced prospects for joint multi-messenger observations  

✦ Prompt EM emission 

✦ Potential precursor EM signals 

✦ Average sky area O(10s) deg2 for an A# + Virgo_nEXT detector 
network  

✦ Percent-level H0 measurement with bright sirens

Early warning:

[Post-O5 report]
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SNR of an optimally oriented BNS at 100 Mpc:

✦ Nature of the remnant 

✦ Hot equation of state  

✦ Phase transitions

[Read+, PRD 88, 044042 (2013)]

[Sarin+, GR&G 53, 59 (2021)]

[Post-O5 report]



SOME THINGS WE CAN’T LEARN …YET

▸ Binary neutron star mergers beyond the very local universe 

▸ Precise measurement of the nuclear equation of state 

▸ Observing the fate of neutron star collisions 

▸ Precision tests of the Kerrness of black holes 

▸ Observing the GW memory 

▸ BBH mergers in the high redshift universe 

▸ Cosmological GW background  

▸ …
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THE NEXT GENERATION OF GROUND-BASED GW DETECTORS
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Cosmic Explorer (CE) Einstein Telescope (ET)

Artists' impressions of the Cosmic Explorer (left) and Einstein Telescope (right) projects. Cosmic Explorer credits: A. Nguyen, V. Kitchen, E. Anaya, California State University 
Fullerton / Einstein Telescope credits: M. Kraan, Nikhef



3G

EINSTEIN TELESCOPE
▸ Reference design: 10km triangular “xylophone” 

configuration with cryogenic cooling (ET-D) 
▸ Alternative: 2 15km L-shaped detectors

17

JCAP07(2023)068
⇠1165 km

Figure 1. A schematic picture of the di�erent geometries considered: two widely separated L-shaped
detectors (either parallel or at 45¶), or a triangle made of three nested detectors.

to 2G detectors. These specifications led to the so-called ET-B sensitivity curve [10]. This
design, however, neglected the fact that high circulating power is di�cult to reconcile with
cryogenic test masses. This has led to a ‘xylophone’ concept, in which a detector is actually
composed of two di�erent interferometers, one optimized for low frequencies (LF) and one
for high frequencies (HF); the LF instrument has low power (since laser power is only needed
to beat down the shot noise in the high-frequency range) and cryogenic mirrors, while the
HF instrument has high power and mirrors at room temperature. This has led to the ET-C
sensitivity curve and, after further refinement of some noise models, to the ET-D sensitivity
curve [12]. The ET-B and ET-C sensitivities must be considered as obsolete, and should not
be used. The ET-D sensitivity has been the basis for all recent ET studies. Actually, we will
use a further refinement of the ET-D sensitivity curve, recently developed in the context of
the ET Instrument Science Board (ISB), see below.

As far as the geometry is concerned, we will study triangular configurations, in which
three detectors (each one made of a LF and a HF interferometer) are nested into a triangular
shape, as well as a network of two well-separated L-shaped detectors (that we will denote as
the ‘2L’ configuration), and will we examine di�erent options for the arm length and, for the
2L configuration, di�erent relative orientations between their arms. A schematic picture of
the di�erent geometries considered is shown in figure 1. For a single triangular configuration,
currently the candidate sites are the Sos Enattos site in Sardinia, and the Meuse-Rhine
three-border region across Belgium, Germany and the Netherlands. When considering a
single triangle, we will locate it for definiteness in Sardinia, but there will be no significant
di�erence in the results considering ET in the Meuse-Rhine region. When considering the
2L configuration, we will locate one detector in Sardinia and one in the Meuse-Rhine region.
However, at the current level of precision, the analysis will be valid, with minor changes, for
any pair of interferometers located at a comparable distance.

For two L-shaped detectors, in the coplanar limit the setting with parallel arms maxi-
mizes the sensitivity to stochastic backgrounds and the range to compact binaries, while it

– 4 –

reference design

[See talk by L. Naticchione for more details]
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GEOMETRY IMPACTS MEASUREMENT ACCURACY
▸ Example: BNS localisation
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Figure 11. Cumulative distributions of the number of detections per year, for the SNRs and for the
error on the parameters, for BNS signals, for the six considered geometries, all with their best ASD,
including xylophone configuration and cryogenic LF instrument.
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Figure 11. Cumulative distributions of the number of detections per year, for the SNRs and for the
error on the parameters, for BNS signals, for the six considered geometries, all with their best ASD,
including xylophone configuration and cryogenic LF instrument.
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COSMIC EXPLORER
▸ Reference design: 2 L-shaped detectors with 20km and 40km 

▸ An order of magnitude strain improvement 
▸ Equivalent to an order of magnitude increase in the diameter of a telescope 

19

Cosmic Explorer 2. The Cosmic Explorer Concept
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Figure 3: Left: The spectral sensitivity of CE and the known fundamental sources that contribute to the
total noise. Right: Measured sensitivity of LIGO in its third observing run (O3) and estimated sensitivities
of LIGO A+, LIGO A♯, Einstein Telescope (ET) (assuming that the six independent interferometers that
form ET are all operating), and the 20 km and 40 km CE detectors. By reconfiguring several smaller
optics, the 20 km detector could be operated either in a broadband mode (solid) or a kilohertz-focused
mode (dotted). The 40 km facility limit is indicated with dashes.

alone [237]. The test masses will be isolated from seismic disturbances with both passive and active
systems scaled up from those in Advanced LIGO [238, 239], and equipped with improved sensors [15,
240]. A dedicated seismometer array will be used to measure the local seismic field, enabling the
subtraction of noise introduced via direct gravitational coupling of ground motion to the test mass
(“Newtonian” or “gravity gradient” noise) [241, 242]. Finally, longer and heavier multiple pendulum
suspensions will suppress environmental vibrations and the suspensions’ thermal noise.

2.2. Technology
The CE test masses will be significantly larger and heavier than in LIGO A+ (see Table 1) — reducing
coating thermal noise through larger laser spot size and displacement noises through greater iner-
tia — requiring a focused development effort for manufacturing, polishing, and coating the larger
optics. These larger optics will be suspended and seismically isolated to lower frequencies, requiring
larger suspensions and seismic isolation platforms with an increased payload capacity. To reduce
the quantum sensing noise, high circulating arm power (1.5 MW, a four-fold increase with respect to
the maximum power achieved in current detectors) and high squeezing levels (10 dB, see Table 1)
are required to meet CE sensitivity targets. Advancements in control strategies will be necessary to
stably and reliably operate at such high power and squeezing levels — in particular, thermal and
radiation pressure effects on the optics will have to be managed. Finally, with the longer arms comes
a greater infrastructure cost. While the vacuum design is informed by the LIGO experience [1, 243],
R&D is underway2 to reduce cost through value engineering.
LIGO A♯ as a CE Pathfinder — Most of these CE technologies can be at least partially demonstrated
within the limits imposed by the LIGO facilities. This idea grew into the envisioned LIGO A♯
2NSF Award PHY–2207475, Enabling Research for the Third Generation Gravitational Wave Detectors, PI: Lazzarini;

Co-PI: Weiss.
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240]. A dedicated seismometer array will be used to measure the local seismic field, enabling the
subtraction of noise introduced via direct gravitational coupling of ground motion to the test mass
(“Newtonian” or “gravity gradient” noise) [241, 242]. Finally, longer and heavier multiple pendulum
suspensions will suppress environmental vibrations and the suspensions’ thermal noise.

2.2. Technology
The CE test masses will be significantly larger and heavier than in LIGO A+ (see Table 1) — reducing
coating thermal noise through larger laser spot size and displacement noises through greater iner-
tia — requiring a focused development effort for manufacturing, polishing, and coating the larger
optics. These larger optics will be suspended and seismically isolated to lower frequencies, requiring
larger suspensions and seismic isolation platforms with an increased payload capacity. To reduce
the quantum sensing noise, high circulating arm power (1.5 MW, a four-fold increase with respect to
the maximum power achieved in current detectors) and high squeezing levels (10 dB, see Table 1)
are required to meet CE sensitivity targets. Advancements in control strategies will be necessary to
stably and reliably operate at such high power and squeezing levels — in particular, thermal and
radiation pressure effects on the optics will have to be managed. Finally, with the longer arms comes
a greater infrastructure cost. While the vacuum design is informed by the LIGO experience [1, 243],
R&D is underway2 to reduce cost through value engineering.
LIGO A♯ as a CE Pathfinder — Most of these CE technologies can be at least partially demonstrated
within the limits imposed by the LIGO facilities. This idea grew into the envisioned LIGO A♯
2NSF Award PHY–2207475, Enabling Research for the Third Generation Gravitational Wave Detectors, PI: Lazzarini;

Co-PI: Weiss.
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Cosmic Explorer 3. Impact of Network Configurations on Science Goals

Table 1: The main detector design pa-
rameters for A+, A♯, and CE. Common
to all are 1 µm laser wavelength, and
fused silica test masses operated at
room temperature. “Test mass coat-
ings” refers to the thermal noise level
of the test masses; “A+” thermal noise
is a factor of 2 lower than (current) Ad-
vanced LIGO, and “A+/2” is another
factor of 2 below that. The Newtonian
noise mitigation is given for Rayleigh
waves, and includes both passive and
active measures.

Design parameter A+ A♯ CE

Arm length 4 km 4 km 20 km, 40 km
Arm power 750 kW 1.5 MW 1.5 MW

Squeezing level 6 dB 10 dB 10 dB
Test mass mass 40 kg 100 kg 320 kg

Test mass coatings A+ A+/2 A+
Suspension length 1.6 m 1.6 m 4 m

Newtonian mitigation 0 dB 6 dB 20 dB

upgrade [15, 16], which not only boosts the scientific output of the current LIGO facilities, but also
acts as technology pathfinder for CE. Table 1 lists the key design parameters of LIGO A+, LIGO A♯
and CE, highlighting A♯ as a stepping stone towards CE. A full description of enabling technologies
is present in the CEHS [1], and in the living document [244].

2.3. Facility Limits
The CE facilities — that is, the L-shaped civil infrastructure, including large vacuum system and
associated experimental chambers — will constitute a major investment and are expected to have
a 50-year lifetime.3 With this in mind, they will be designed to be flexible enough to support
advancements in detector technology during this period. Two potential near-term upgrades are
alternative coating materials, such as crystalline GaAs/AlGaAs [245], that could provide much
lower coating thermal noise (especially relevant for the 20 km detector), and a combination of
higher laser power and lower optical losses with high-fidelity squeezed states to reduce the quantum
noise. Longer-term upgrades might include cryogenics or alternate optical configurations [246, 247].
Figures 1 and 3 highlight the Facility Limit, i.e., the sum of infrastructure-specific noise sources
that would be common to all future detectors utilizing the CE infrastructure, indicating that these
facilities could support an additional factor of five improvement in sensitivity relative to Fig. 3.

3. Impact of Network Configurations on Science Goals
The scientific potential of CE is vast, and the science that can be anticipated is groundbreaking
on many fronts (§1). Essential to fulfilling the majority of CE’s science objectives is the ability to
localize sources in the sky, and to measure their properties, such as distances, redshifts and masses.
If two or more GW observatories detect a compact binary, its sky location and orientation relative to
the line of sight can be inferred from arrival time delays at different detectors, from signal strength
consistency with the antenna patterns, and through observation of both GW polarizations. This
significantly improves sky localizations and distance measurements, which in turn are needed to
estimate the source-frame masses. This section summarizes the scientific potential of a range of
global GW network configurations for which we have performed a dedicated trade-study that is
intended to directly addresses the charge of the NSF MPSAC ngGW subcommittee [248].

3For comparison, the 1990s LIGO vacuum systems are expected to last beyond 2040 with continued maintenance.
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[CE Horizon Study]
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KEY SCIENCE OBJECTIVES
20

3 Overview

Figure 3.1: Central science themes and objectives that will be addressed by Cosmic Explorer. Cosmic
Explorer’s greatly increased sensitivity over today’s detectors provides access to significantlymore sources,
spread out over cosmic time, as well as high-fidelity measurements of strong, nearby sources. §� provides
a more detailed description of the science enabled by Cosmic Explorer. Descriptions and credits for
images to left, from top to bottom: A timeline of the universe, N.R.Fuller, National Science Foundation;
Merging neutron stars, Aurore Simonnet, Sonoma State University; Black hole and mystery object, Alex
Andrix, independent artist and Virgo/EGO.

The gravitational-wave discoveries by Advanced LIGO and Advanced Virgo have opened a
new window on the universe. There is significant international interest in and mobilization
toward developing a next generation of ground-based gravitational-wave observatories capable
of observing gravitational waves throughout the history of star formation and exploring the
workings of gravity at its most turbulent and extreme. Broad and detailed community studies of
thepotential for anetworkof suchobservatories (and its synergywithother types of gravitational-
wave observatories and electromagnetic and astro-particle observatories) have been organized
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BLACK HOLES & NEUTRON STARS THROUGH COSMIC TIME 
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Cosmic Explorer
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Figure 1: The reach of the Cosmic Explorer 40 km observatory for compact binary mergers as a function of total
binary mass and redshift at various signal-to-noise ratio (SNR) thresholds. Cosmic Explorer will push the cosmic
horizon to the boundary of the population of binary neutron stars (gold), neutron star – black holes (NSBH) (red)
and binary black hole mergers (white) (§1.1). The order of magnitude improvement in sensitivity enables observation
of new populations, including mergers from Population III black holes (cyan), and speculative primordial black holes
(magenta) [2–5]. A sample of observed short gamma-ray burst (GRB) redshifts [6] is shown (yellow, with masses
drawn from the BNS population). SNR > 100 signals (below yellow curve) will enable precision astrophysics (§§ 1.2
and 1.4). GW170817, GW150914, and GW190521 (stars) are highlighted along with the population of observed
compact-object binaries (small triangles) [7, 8]. The facility limit (green, see §2) is shown with limiting noise sources;
upgrades beyond the initial concept may approach this limit. A comparison to A♯, A+, and O3 is shown at the bottom.
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Figure 3.3: Top: Amplitude spectral densities of detector noise for Cosmic Explorer (CE), the current (O�)
and upgraded (A+) sensitivities of Advanced LIGO, LIGO Voyager, NEMO, and the three paired detectors
of the triangular Einstein Telescope (see §� for observatory descriptions). At each frequency the noise is
referred to the strain produced by a source with optimal orientation and polarization. Bottom:Maximum
redshift (vertical axis) at which an equal-mass binary of given source-frame total mass (horizontal axis)
can be observed with a signal-to-noise ratio of �.�� Different curves represent different detectors. For
binary neutron stars (total mass ª3MØ), CE will give access to redshifts larger than �, where most of the
mergers are expected to happen. For binary black holes, it will enable the exploration of redshifts of ��
and above, where mergers of black holes formed by either the first stellar population in the universe (Pop
III stars) or by quantum fluctuations shortly after the Big Bang (primordial black holes) might be found.
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▸ Access to the high-z universe 

▸ Remnants of Population III stars 

▸ Seed black holes & hierarchical growth of 
supermassive black holes 

▸ Evolution of the merger rate as a function of time 

▸ Low-frequency performance is crucial 
▸ Accurate localisation (sky & distance) is key 
▸ Requires 2 3G detectors due to mass-redshift 

degeneracy

22

BLACK HOLES & NEUTRON STARS THROUGH COSMIC TIME 6 A Science-Driven Design for Cosmic Explorer 6.2 Technology survey
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Figure 6.1:Merger rate densities of a few representative populations of compact objects as a function of
redshift. Galactic field and globular cluster formation are expected to produce both binary black holes
(BBHs) and binary neutron stars, while the other channels will only produce BBHs. The curves for galactic
field, globular cluster and Pop III formation are taken from Ng et al.,�� and are based on population
synthesis analyses by Refs. [���–���]. The primordial black hole (PBH)merger rate is taken fromRefs. [���,
���]. The top axis gives the characteristic strain calculated at 10 Hz (as measured in the detector frame)
of an optimally oriented ��–�� MØ BBH placed at the corresponding redshift indicated on the bottom
axis. Here the characteristic strain is defined as

p
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°
f
¢
|, where eh

°
f
¢
is the Fourier transform of the

gravitational-wave signal. The strain does not follow a simple linear trend with redshift due to (�) the
non-linear relation between luminosity distance and redshift��� and (�) the fact that if the source is far
enough, what will be observed at 10 Hz are the merger and the ringdown.

and cryogenic silicon mirrors (a.k.a. “Voyager technology” or simply “2µm technology”) is dis-
cussed as a potential alternative should the incremental approach based on current technology
encounter unexpected challenges. Beyond its role as a technology alternative for the Cosmic
Explorer science goals presented here, 2µm technology may present an opportunity for maxi-
mizing the output of the Cosmic Explorer observatories in the future. While 2µm technology is
much less mature than the currently deployed 1µm technology, this technology, or some other
future detector technology that has not yet been conceptualized, may eventually allow the CE
observatories to push toward the fundamental physical limits of the facility (see §�.�).

6.2 Technology survey

Here we survey a number of potential technologies for detecting gravitational waves: ground-
based laser interferometry (which we choose as the technology for the CE reference concept),
space-based interferometry, atom interferometry, and torsion bars. We also look at the cryo-
genic silicon-based upgrade proposal Voyager for the currently existing LIGO observatories. A
comparison of low-frequency terrestrial gravitational wave detection methods was also given
by Harms et al.���

39

[CE Horizon Study]



3G SCIENCE

▸ Precision measurement of BH properties  

▸ Degree-level precision of spin tilts  
▸ Percent-level measurement of individual spin 

magnitudes 

▸ Implications for astrophysics, populations and 
formation scenarios 

23

GW190521-like source in 
3G detector network 

SNR ~ 1000

[Klein+ inc. PS, arXiv:2204.03423]
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Cosmic Explorer 3. Impact of Network Configurations on Science Goals
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Figure 4: Polar histograms (linear scale) showing how CE can accomplish the key science goals discussed in §1.
Observatory networks are as in Table 2. Broadly, these histograms show that CE in its reference design, operating
with at least one 4 km LIGO A♯ detector, will achieve the key science goals in §1, and that its scientific output would
be further enhanced as part of an international network. Top Left: An XG network is critical to making high-fidelity
observations (SNR > 100) of BH and NS populations, including primordial and Population III BBHs, while accurately
measuring their masses, redshifts, and locations in the sky. Top Right: The HLA network cannot facilitate the
electromagnetic follow-up of mergers at the highest redshifts accessible to the best telescopes while an XG network
will routinely provide alerts to such mergers. XG observatories can make exquisite measurements of the radius of
NSs and their tidal deformability, and detect post-merger signals from merger remnants. Bottom left: Precision tests
of GR are enabled by extremely high-fidelity events (SNR > 1000), and also by combining data from thousands
of lower-SNR events, producing root-sum-square SNR > 10 000 in the post-inspiral phase of BBHs. Additionally,
thousands of BNS and BBH detections with accurate measurements of the distance and sky-localization facilitate
precision cosmology and a few hundred strongly lensed events would provide fundamental probes of GWs and
cosmography. Bottom right: The XG network has abundant discovery potential with the ability to measure the
dark energy equation of state parameter 𝑤0 (and its variation with redshift [164]), observe weak and rare signals
(e.g., pulsars), speculative sources (e.g., BNSs converted to BBHs due to accumulation of dark matter), primordial
backgrounds and an opportunity to discover physics beyond the Standard Model (e.g. axion clouds).
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3G SCIENCE

DYNAMICS OF DENSE MATTER
▸ Error on neutron star radius < 100m for 

O(10-100) of detections  
▸ On the population level: ~10m 

▸ Detection of ~1 BNS post-merger per year 
▸ High frequency performance is crucial 

▸ Supernova detection in Milky Way or satellite 
galaxy (caution: low rate) [Gossan+]

26

28

10�2 10�1 100

Radius error threshold (km)

100

101

102

103

N
u
m

b
er

of
ev

en
ts

HLA

HLET

20LA

40LA

20LET

40LET

4020A

4020ET

Figure 14. The cumulative number of events as a function of
combined radius error of the BNS population for all detector
networks. We consider events with SNR greater than 50 for
all detectors except for HLA for which we choose the events
with SNR above 25.

lasting many years [136, 137]. This allows for greatly
enhanced detectability with matched filtering and simi-
lar techniques. Continuous GW emission likely is domi-
nated by either a mass quadrupole (sustained by elastic
or magnetic stresses) or a mass current quadrupole (pro-
duced by an unstable or weakly stabilized r-mode, a ro-
tational mode with a frequency comparable to the star’s
spin frequency). Free precession can also produce GWs
via a changing mass quadrupole, but based on electro-
magnetic pulsar observations it is likely to be rare. For
a given quadrupole, GW emission is stronger for rapidly
rotating NSs [138], and the r-mode instability to GW
emission [139] is more likely to overcome various dissipa-
tion mechanisms at higher frequencies [140]. Continuous
GW searches are more sensitive when using the sky loca-
tion, spin frequency, and other timing information of the
source (if known). Sensitivities can be expressed in terms
of a sensitivity depth [137, 141], which factors out the
noise amplitude from everything else (methods, amount
of data, etc.) and is convenient for extrapolating current
searches to new detectors as we do here.

Accreting NSs are of particular interest as continuous
wave sources since accretion tends to spin them up and
to generate asymmetries through electron capture layers
and lateral temperature gradients [142, 143], magnetic
bottling of accreted material [144], or the GW-driven r-
mode instability [145]. In fact, one popular theory posits
that the spins of accreting neutron stars are limited to
relatively low values (compared to the maximum allowed
for most equations of state) by the spin-down torque due
to GW emission balancing the spin-up torque due to ac-
cretion [146]. In this case the gravitational-wave strain of
an accreting neutron star is expected to be proportional
to the square-root of the observed x-ray flux [147], mean-
ing that the brightest GW emitters are Sco X-1 and other
low mass x-ray binaries with no observed pulsations and

thus no confirmed spin frequency [148]. These sources
exhibit stochastic x-ray variability, meaning that the ac-
cretion torque and spin frequency also fluctuate. Despite
these obstacles, a recent GW search [149] achieved a sen-
sitivity comparable to the strain implied by torque bal-
ance, even under pessimistic assumptions, albeit only in
a narrow frequency band. Extrapolations from this sen-
sitivity are made in Ref. [150], which we summarize here.
Using the sensitivity depth of Ref. [149] (a conservative
39 Hz�1/2) with the network noise curves from Table III
and average bolometric fluxes estimated in Ref. [148],
Ref. [150] finds that the HLA network can detect GWs
at the torque balance limit of Sco X-1 at GW frequencies
up to about 800 Hz. This corresponds to spin frequen-
cies up to about 400Hz for mass quadrupole emission or
about 550Hz for r-modes. Since accreting neutron stars
are known to spin above 700Hz in some cases, HLA is
not guaranteed detection even of Sco X-1. With the 40LA
configuration network, CE is sensitive enough to detect
at the torque balance limit up to 1400 Hz, high enough to
cover almost all known neutron stars. The 4020ET con-
figuration is sensitive up to almost 2 kHz, well beyond the
GW frequency of any known neutron star. 4020ET is also
sensitive to GX 5−1 and several other neutron stars up to
GW frequencies of almost 1 kHz. At this point even non-
detection is very interesting since it strongly confronts
the torque balance theory.

After accretion ends, the neutron star is believed to be-
come a millisecond pulsar with high spin frequency and
slow spin-down [151]. The latter indicates a small exter-
nal magnetic dipole and small internal mass quadrupole
by ruling out large torques due to EM radiation and GWs
respectively, and is usually believed to be dominated by
magnetic dipole radiation. However, in recent years it
has become apparent that millisecond pulsar spin-downs
exhibit a cutoff whose frequency dependence is quadrupo-
lar rather than dipolar [152]. The implied minimum
quadrupole is about 10

�9 times the moment of inertia,
consistent with buried magnetic fields of order 10

11 G,
consistent with the fields of young pulsars and with the-
oretical predictions [144, 153]. The buried magnetic field
may survive for a long time under the accreted mate-
rial [154]. Millisecond pulsars which are observed regu-
larly in radio or EM waves can be timed precisely enough
to allow narrow, deep GW searches. Based on previous
examples, the sensitivity depth of such a search can be
conservatively estimated as 500 Hz�1/2 for a year of ob-
servation [137] and scales as the square root of the obser-
vation time. Then assuming an ellipticity of 10

�9 [152]
and taking data from the ATNF pulsar catalog [155], the
GW amplitude is simple to determine and compare to
the search sensitivities of various networks. In Table I
of this paper we quote numbers from Ref. [150] of mil-
lisecond pulsars detectable with various networks with
one year of observation and for years of observation to
detect 25 millisecond pulsars. The WP plots these num-
bers in its Fig. 2 and Fig. 4. These numbers only in-
clude currently known pulsars. By the time Cosmic Ex-
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3G SCIENCE

MULTI-MESSENGER ASTRONOMY
▸ BNS detections out to the peak of the SFR (z~2) 
▸ Map GRB progenitors 
▸ Measure delay times  

▸ 1 3G detector in the network increases the annual 
BNS detection rate by O(100) 

▸ 2 3G detectors allow for the localisation of BNS to 
O(10deg2) 
▸ Almost all BNS & NSBH up to z=0.5 localised to 

within 100deg2 

▸ O(100) events with : kilonova 
detection

ΔΩ ≤ 1deg2
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Figure 4. The scaled cumulative density function plots showing the trends in SNR ⇢ and sky-localization �⌦ of the detected
BNS events. It also shows the plots for fractional errors in chirp mass and luminosity distance, i.e., �M/M and �DL/DL,
and absolute errors in inclination angle, and symmetric mass ratio, i.e., �◆ and �⌘, respectively.

For networks with two or more XG detectors, not only
will they detect thousands of BBH mergers every year
for which �DL/DL  0.1, but they will also detect tens
of events for which luminosity distance is measured to
sub-percent precision.

For compact binary mergers involving one or more
NS, localization is important to facilitate EM follow-up.
GRBs, if they occur, can be detected up to large dis-

tances. In Tab. VII, we give the number of BNS merg-
ers, and the median and maximum redshifts correspond-
ing to a particular �⌦ threshold. With networks that
have just one XG detector, BNS events can be localized
to 100 deg

2 in the sky up to a redshift of z = 2.2. At a
similar redshift, 4020ET can localize the event to 1 deg

2,
and events as far as z = 8.8 can be localized to 100 deg

2.
Thus, XG detector networks will be capable of informing

[CE Trade Study]



NEMO

A SCIENCE CASE FOR 2-4 KHZ
▸ NEMO = neutron star extreme matter observatory 

▸ Australian proposal 

▸ Design concept optimised for to study nuclear matter in 
neutron star mergers 

▸ 4km L-shape  

▸ Above 1kHz - comparable sensitivity to ET/CE 

▸ Characteristic peak frequency (f2) can be constrained to 
within 10s of Hz

28
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1 INTRODUCTION

Gravitational-wave astronomy is reshaping our under-
standing of the Universe. Recent breakthroughs include
the detection of many gravitational-wave signals from
binary black hole collisions (Abbott et al., 2019a) lead-
ing to an enhanced understanding of their population
properties (Abbott et al., 2019d), measurement of the
Hubble parameter (Abbott et al., 2017d; Hotokezaka
et al., 2019), unprecedented tests of Einstein’s theory of
General Relativity, including constraints on the speed
of gravity (Abbott et al., 2017e) and hence the mass
of the graviton (Abbott et al., 2017b, 2019b), to name
a few. Plans for building the next generation of obser-
vatories are afoot. The United States National Science
Foundation, Australian Research Council, and British
government have financed an upgrade to Advanced LIGO
(aLIGO) known as A+, which will increase the sensitivity
of the current detectors by a factor of 2-3 dependent on
the specific frequency of interest (Miller et al., 2015). Re-
search and development is ongoing for third-generation
observatories, the Einstein Telescope (Punturo et al.,
2010a) and Cosmic Explorer (Abbott et al., 2017a):
broadband instruments with capabilities of hearing black
hole mergers out to the dawn of the Universe.

Third-generation observatories require substantial,
global financial investments and significant technolog-
ical development over many years. To bridge the gap
between A+ and full-scale, third-generation instruments,
it is necessary to explore smaller-scale facilities that will
not only produce significant astrophysical and funda-
mental physics outcomes, but will simultaneously drive
technology development. In this spirit, we introduce a
Neutron star Extreme Matter Observatory (NEMO): a
dedicated high-frequency gravitational-wave interferom-
eter designed to measure the fundamental properties of
nuclear matter at extreme densities with gravitational
waves. We envision NEMO as a specialized, detector
with optimum sensitivity in the kHz band operating
as part of a heterogeneous network with two or more
A+ sensitivity observatories. The A+ observatories pro-
vide source localization while a NEMO measures the
imprint of extreme matter in gravitational-wave signals
from binary neutron star mergers. To maximise scien-
tific impact, a NEMO must exist simultaneously with
2.5-generation observatories, but before full-scale third-
generation instruments are realised.

Neutron stars are an end state of stellar evolution.
They consist of the densest observable matter in the
Universe, and are believed to consist of a superfluid, su-
perconducting core of matter at supranuclear densities.
Such conditions are impossible to produce in the labora-
tory, and theoretical modelling of the matter requires
extrapolation by many orders of magnitude beyond the
point where nuclear physics is well understood. As two
neutron stars coalesce, their composition leaves an im-
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Figure 1. Noise budget and indicative gravitational-wave signal
from a binary neutron star collision. Top panel: we show the ampli-
tude spectral density of the various noise components that make
up the total noise budget shown as the black curve. Bottom panel:
The black curve is the same total noise budget as the top panel,
now shown as the noise amplitude hn =


fSn(f), where Sn(f)

is the power-spectral density. This curve is shown in comparison
to design sensitivity of A+ (blue), the Einstein Telescope (ET;
green), and Cosmic Explorer (CE; pink). Also shown in red is the
predicted characteristic gravitational-wave strain hc for a typical
binary neutron star inspiral, merger, and post-merger at 40 Mpc,
where the latter are derived from numerical-relativity simulations.

print on the gravitational waveform, which becomes in-
creasingly important at higher frequencies ≥ 0.5≠4 kHz.

Mergers produce remnants, some of which collapse to
black holes, and some of which survive as long-lived, mas-
sive neutron stars. Up to ¥ 79% of all binary neutron star
mergers may produce massive neutron star remnants
that emit strong gravitational-wave signatures (Mar-
galit & Metzger, 2019). The precise nature of the rem-
nant is strongly dependent on the details of nuclear
physics, which is encoded in the neutron star equation
of state (e.g., see Bernuzzi, 2020, and references therein).
Measuring gravitational waves at these high frequen-
cies therefore o�ers a window into the composition of
neutron stars, not accessible with other astronomical
observations or terrestrial experiments. We show that
detection rates of gravitational waves from post-merger
remnants with a network of only two A+ observatories
is between one per decade and one per century, while
adding a NEMO to the network increases this to more

[NEMO]
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LISA

INTO SPACE: LISA
▸  ESA-led space-based mission  
▸ Adopted in January  2024 
▸ Now in implementation phase 
▸ Planned launch: ~2035 
▸ Range: 0.1mHz - 1Hz 
▸ Duration: at least 4 years

30

at ð1.74" 0.05Þ fm s−2=
ffiffiffiffiffiffi
Hz

p
above 2 mHz and ð6" 1Þ × 10 fm s−2=

ffiffiffiffiffiffi
Hz

p
at 20 μHz, and discusses the

physical sources for the measured noise. This performance provides an experimental benchmark
demonstrating the ability to realize the low-frequency science potential of the LISA mission, recently
selected by the European Space Agency.

DOI: 10.1103/PhysRevLett.120.061101

Introduction.—LISA Pathfinder (LPF) [1] is a European
Space Agency (ESA) mission dedicated to the experimental
demonstration of the free fall of test masses (TMs) as
required by LISA [2], the space-based gravitational-wave
(GW) observatory just approved by ESA. Such TMs are the
reference bodies at the ends of each LISA interferometer
arm and need to be free from spurious acceleration, g,
relative to their local inertial frame; any stray acceleration
competes directly with the tidal deformations caused by
GWs. LPF has two LISA TMs at the ends of a short
interferometer arm, insensitive to GWs because of the
reduced length but sensitive to the differential acceleration,
Δg, of the TMs arising from parasitic forces.
LPF was launched on December 3, 2015 and was in

science operation from March 1, 2016. Operations ended
on June 30, 2017, and the satellite was finally passivated on
July 18, 2017. On June 7, 2016, we published [3] the first
results on the free fall performance of the LPF test masses.
These results showed that the amplitude spectral density
(ASD) ofΔgwas found to be (see Fig. 1 of Ref. [3]) limited
by Brownian noise at S1=2Δg ¼ ð5.2" 0.1Þ fm s−2=

ffiffiffiffiffiffi
Hz

p
, for

frequencies 1 mHz≲ f ≲ 30 mHz; rising above the
Brownian noise floor for frequencies f ≲ 1 mHz,

increasing to ≲12 fm s−2=
ffiffiffiffiffiffi
Hz

p
at f ¼ 0.1 mHz; and lim-

ited, for f ≳ 30 mHz, by the interferometer readout noise
of S1=2x ¼ ð34.8" 0.3Þ fm=

ffiffiffiffiffiffi
Hz

p
, which translates into an

effective Δg ASD of S1=2x ð2πfÞ2.
The previously published data referred to the longest

uninterrupted stretch of data, of about one week duration,
we had measured up to the time of publication. Since that
time, several improvements have allowed a significantly
better performance, presented in Fig. 1. First, the residual
gas pressure has decreased by roughly a factor of 10 since
the beginning of operations, as the gravitational reference
sensor (GRS) surrounding the TM has been continuously
vented to space [3] with a slowly decreasing outgassing
rate. Second, a more accurate calculation of the electrostatic
actuation force has eliminated a systematic source of low-
frequency force noise. Third, another inertial force from the
LPF spacecraft rotation has been identified and corrected in
theΔg time series. This last effect will be highly suppressed
in LISA by the improved rotational spacecraft control.
Finally, we have removed, by empirical fitting, a number of
well-identified, sporadic (less than one per day) quasi-
impulse force events or “glitches” from the data, allowing
uninterrupted data series of up to ∼18 days duration. This

FIG. 1. ASD of parasitic differential acceleration of LPF test masses as a function of the frequency. Data refer to an ∼13 day long run
taken at a temperature of 11 °C. The red, noisy line is the ASD estimated with the standard periodogram technique averaging over 10,
50% overlapping periodograms each 2 × 105 s long. The data points with error bars are uncorrelated, averaged estimates calculated as
explained in the text. For comparison, the blue noisy line is the ASD published in Ref. [3]. Data are compared with LPF requirements [1]
and with LISA requirements taken from Ref. [2]. Fulfilling requirements implies that the noise must be below the corresponding shaded
area at all frequencies. LISA requirements below 0.1 mHz must be considered just as goals [2].

PHYSICAL REVIEW LETTERS 120, 061101 (2018)

061101-2

Successful demonstration of realisation of freely 
falling test masses and low-frequency sensitivity 
with LISA Pathfinder mission [Armano et al. PRL]
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SOURCES
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LISA

KEY SCIENCE GOALS

Observing the growth & merger history of massive black holes throughout the Universe  

Understanding the dynamics & characteristics of the environments surrounding black holes 

Precisely mapping thousands of double compact objects (DCOs) in the Milky Way 

Probing the early universe via primordial GWs from the time of inflation
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LISA

EM BRIGHT MBHB MERGERS?
▸ Expect MBHB in gaseous environments  
▸ Distinct pre- and post-merger EM signals 
▸ BH spins are key tracers of environmental interactions 

▸ Exquisite sky localisation for EM follow-up 
▸ Synergies with X-ray/optical/radio 

33

160 140 120 100 80 60 40 20 10 5 2
t [hours to merger]

r/M
0.00

0.20

≠
1
[m

H
z]

Posteriors Injected

6810121416
r/M

0.00

0.03

≠
2
[m

H
z]

Spin Constraints
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Spin tilt

Spin frequency

~ track evolution of spin til at 
(sub)-degree accuracy 

through to merger

We use the Precession code package: Gerosa+16, Gerosa+23

Track spin evolution at sub-degree accuracy through merger
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Measurement of masses and spins through 
merger allows us to determine geometry of 

merger with precision

Infer remnant mass and spin  
+ recoil direction and magnitude

Determine merger geometry with high precision

EM Bright Mergers?
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• MBHB mergers likely embedded in gaseous environments  interactions with gas disk 

• Produce EM bright signals?  synergy with X-ray / Optical [LSST] / Radio [SKA]

→

→
d’Ascoli+18

See also McGee+18, Mangiagli+20, …

d’Ascoli+18

GW observation in LISA provides sky and distance localisation 
+ 

precise information on masses and spins

[Pratten, PS+, PRD (2023)]



THE END

SUMMARY
▸ Proposal for upgrades to the current LIGO and Virgo facilities (A#, V_nEXT) 
▸ Mature plans for LIGO Aundha Observatory (formerly LIGO India) 

▸ 3G detector network with CE and ET will enable: 
▸ Detailed study of the high-z BBH population 
▸ Measurement of neutron star radii to within 10m (CAUTION: systematics!) 
▸ Measurement BH spins to degree-level precision (CAUTION: systematics!) 

▸ BNS localisation with  for hundreds of events per year (MMA!!) 

▸ New discoveries! 

▸ Design concept for high-frequency detector to observe BNS post-merger  

▸ LISA adopted by ESA to launch ~2035 
▸ Opens a new GW window  
▸ Probes of BH growth & merger environments

ΔΩ ≤ 1deg2
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