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Single-detector antenna amplitude pattern
(Schutz 2011)
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Observing Scenarios
O4 continues through to November 2025
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Cumulative Detections/Candidates

LIGO-G2302098(f4615862), updated on 3 September, 2025
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0O4b& O4c: Well-localized 3-detector events

event 1D: S230206dm
distance: 373+104 Mpc
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Populations

Local source rates

e Well-measured BBH
rates, peaks at 9M

and 30M

e BNS
7.6 — 260 Gpc 3 yr-1

« NSBH
0.1 — 84 Gpc— yr-1

 BBH
14 — 26 Gpc™ yr-1

100

30

10

BGP
10°

—
- _':
- -
-~ l ':
Sesssnssnsanstansnnnans o @ 1() ‘.: l()l
O -
=¥ ~ '
el '
o’ -
e—r —
P
"o Pt
.............................. S ~
~ —
= -
k’t () l.:
= 1 -
g v | g ~
= P
= [
e e T .‘__.‘.,
= 10V

10~

10 30 100
my (Mg

GWTC-4.0: Population Properties of Merging Compact Binaries,
LVK, arXiv:2508.18083



Low-mass gravitational-wave observations
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Using GW to understand extreme matter
First neutron-star merger: GW170817
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GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral,
LIGO & Virdo Scientific Collaborations. Phvs. Rev. Lett. 119 161101 (2017)



F relative to BBH

How matter modifies the “chirp”
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EoS GW
iImplications

 Use EOS to
model spherical
star; linear tidal
perturbation
gives A(m) for
both components

« Compare
predicted binaries
with parameters

recovered from
GW
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2018: Spectral EOS sampling
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GW in multi-messenger EOS constraint

Variation in EOS model, incorporating additional observations
Le Fevre et al 2023

Chiral effective field theory Multi-messenger astrophysics
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Building an

effective EOS prior

* 1D Gaussian-process for high
density [introduced by Landry &
Essick (2018)]

* “metamodel” at low density
[Margueron et al 201 8]

e informed by terrestrial

experiements, yEFT
[Davis et al 2023]

exploring hyperperameter and
kernel impacts on high density,

ability to resolve phase transitions

Sunny Ng, Lyla Traylor @ CSUF:
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Maximizing the range
compatible with
nuclear physics

Ng et al arXiv:2507.03232v1
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Informing the EOS
with observation

1037 -

* Astrophysical info from: | — oo
: PSRs + GWs
e high-mass pulsars 10° 1 Bene + W+ Xrny

J1 61 4, JO74O (w/ J0437+J0614)

« GW170817

. Nicer: PSR-J0740, PSR-J003, =
Add: PSR-J0437, PSR-J0614 =~

» Feed back into the interpretation .
of new signals [e.g. Vilka et al :
2407.15753]
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Informing the EOS

with observation
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Next-generation
(~20395)
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Frequency [HZ]

Kuns; Corsi et al. arXiv:2402.13445v1 20



“XG”: new facilities for ground-based GW

Einstein Telescope (ET)

10 km underground triangle

* Cryogenic low frequency, high power high
frequency interferometers in “xylophone”
configuration

« ESFRI Roadmap 2021

» Site procedure in progress, decision 2025/26

» Construction goal 2028

Images courtesy Einstein Telescope, Cosmic Explorer

21

3

Artist’s concept of Cosmic Explorer produced by
Cal State Fullerton students Edward Anaya, Virginia Kitchen,
and Angela Nguyen

Nicholas and Lee Begovich Center
for Gravitational-Wave Physics and Astronomy
California State University, Fullerton

Cal State
Cosmic Explorer (CE)

« 20 km and 40 km L-shaped surface
observatories

e scaled up A+ technology & enhancements

* NSF ngGW recommendation in 2024

» Site procedure in progress,
complete 2028 COSMIC
* Construction goal early 2030s E@.RER




Future Reach

White Paper for NSF MSCAC ngGW , https://arxiv.org/abs/2306.13745
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https://arxiv.org/abs/2306.13745

Populations of mergers across the universe
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Hsin-Yu Chen et al 2024 Class. Quantum Grav. 41 125004
Source rates from O3 - lack of observations in O4 reduces expectations for BNS
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GW170817 as a future observatory could see it
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High-precision observations:
Systematics challenges,

beyond /\; opportunities




2018: Inferring the neutron-star radius

LIGO/Virgo Phys. Rev. Lett. 121, 161101 (2018)
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Quasi-universal relation radius inference methods: Spectral EOS constraint methods: Carney & Wade

Chatziioannou et al, Phys. Rev. D 97, 104036 (2018) Phys. Rev. D 98, 063004 (2018)



P (MeV/fm™3)

Radius implications from high-
precision observations

Full EOS modeling needed; low-density modeling impact

. Gaussian Process prior:
_nonparametric framework for

- high-density EOS (public,

. GP+astro) [Legred et al. 2020]

E Meta-model prior: Nuclear
- physics constraints based
_on terrestrial observation

E and nuclear theory
. MM+ y+PSR)

~IGaussian Process:

Density
N W RN ol (@) ~ 00 ()

Meta-model

“100 10 102

e (MeV/fm™3)

(-]
o

lllllllllllllllllllllllllllllll

- ——UR GP+astro ——UR MM+ x+PSR

 [inference GP+astro [JInference MM+x+PSR
X
“““ ¥XC1\.
11 12 13 14 15 16
R (km)

Model observations
with StrobeX, Cosmic
Explorer

Eg. observe A,
compute R

heirarchichally-inferred
EOS (public library

lwp).

Challenge for quasi-
universal relations In

XG

Suleiman & Read Phys. Rev. D 109, 103029 (2024)



_ 16 (m1 + 12my)mi A, + (m, + 12m)m5A,

Waveform/prior systematics: *-; s
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_ 16 (m1 + 12my)mi A, + (m, + 12m)m5A,

Waveform/prior systematics: *-; s
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Waveform systematics impact

A#/Virgo nEXT SNRs into the 100s, loudest XG in the 1000s
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Goals for calibration & waveforms
BNS signal at degs = 100 Mpc

« Goal 0A (fractional) and

0@ (radians) shown 0
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Jocelyn Read 2023 Class. Quantum Grav. 40 135002



XG phase accuracy: beyond A

resonant modes, viscous tidal heating
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WaveformUncertainty package

Extension of bilby to add and infer waveform corrections E ] _-

» Include corrections 0A, 0¢ in generation of source model

Marginalize over 0A, 0@ with prior set by waveform model
uncertainty, recover best-fit 0A, 0@ from high-SNR observation

 Ryan Johnson, CSUF: Spline model of 0A, 6¢; modified
WaveformGenerator

h( L 1+0A(f; exp|z0 75
C(h(f)|6, a, B) = )exp( 2Af| (fi)=p(f50)(1+ (({fj) a)) explidpr(fj;) )H)

* Builds on lalinference work by Edelman et al Phys. Rev. D 103, 042004
(2021): Constraint on coherent departures from waveform model



BBH lTest: marginalize systematics

Prior range of waveform differences set by model comparison

/ \L * Inject/recovery with same model;
&% /\ marginalize over waveform uncertainty
i% ﬂ} i * No uncertainty marginalization: recover
i 0 ot D78 B Injected parameters
ol O | I i  Uncertainty marginalization: recover injected
@ | @(if parameters, with some increased error bars
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BBH lTest: marginalize systematics

Prior range of waveform differences set by model comparison

* |nject a model with added phase correction
within range spanned by current models

&!/j” &'//” Vil « No uncertainty marginalization: systematic
e o . i 7731 18 | error in recovered parameters
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Energy transfers and the Fourier signal

e |f there are small, linearizable corrections to the model used for PE:

1
SA(f) = > (6E'+ 6Zcw — 6L um)

Je Je
rodr

* (Generically limit unmodeled energy transfers (not in PE waveform) in
observed systems through constraints on 0A, 0.

* Given a model of astrophysical energy transfer (like a resonant mode),
can imprint on any underlying waveform model

36 Jocelyn Read 2023 Class. Quantum Grav. 40 135002



