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Maximum NS mass
(Legred+ PRD 2021)
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LVK NS 
discoveries
to date

GWTC-3 catalog*
Abbott+ PRX 13 041039 (2023)

*plus GW230529
   Abac+ ApJL 970 L34 (2024)

https://arxiv.org/abs/2106.05313
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real-time public alerts
gracedb.ligo.org
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real-time public alerts
gracedb.ligo.org

open data
gwosc.org
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LVK O4
& beyond

1 BNS

1 BNS

1.5x O3 range
1.5x O3 duration

= 5x O3 VT

observing prospects
Abbott+ LRR 23 3 (2020)

 Colombo+ ApJ 937 79 (2022), Patricelli+ MNRAS 513 3 (2022) predict one multimessenger BNS detection during O4

LVK O5 with 
A+ technology 
(ca. 2025) will 
increase 
search VTs by 
another ~ 5x

https://arxiv.org/abs/2204.12504
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image: Eddie Anaya (CSUF)

Cosmic Explorer: 
a US-led next-gen GW 
observatory project
20 and 40 km L-shaped surface 
interferometers, 10x LIGO A+ sensitivity

Einstein Telescope: 
Europe’s next-gen 
GW observatory
3 co-located detectors, each with high- 
and low-frequency interferometers, in 
10 km triangular design, undergroundimg: www.et-gw.eu

img: E. Anaya/CSUF
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CE+ET BNS 
survey is 
complete to 
z ~ 0.5 and 
sensitive to 
entire merging 
population

Evans+ (incl. PL) arXiv:2109.09882

https://arxiv.org/abs/2109.09882
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Bayesian EOS 
inference
Landry,Essick+Chatziioannou PRD 101 123007 (2020)

eos eos eos

EOS posterior EOS prior EOS likelihood

GW parameter
estimation likelihood EOS m-𝚲 relation
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Bayesian EOS 
inference
Landry,Essick+Chatziioannou PRD 101 123007 (2020)

eos eos eos

EOS posterior EOS prior EOS likelihood

GW parameter
estimation likelihood EOS m-𝚲 relation

EOS prior
→ EOS model
→ prior support
→ shape of prior

Read+ PRD 79 124032 (2009)
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Bayesian EOS 
inference
Landry,Essick+Chatziioannou PRD 101 123007 (2020)

eos eos eos

EOS posterior EOS prior EOS likelihood

GW parameter
estimation likelihood EOS m-𝚲 relation

m-𝚲 relation
→ EOS model
→ TOV solver
→ interpolation

Chatziioannou GRG 52 109 (2020) 
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Bayesian EOS 
inference
Landry,Essick+Chatziioannou PRD 101 123007 (2020)

eos eos eos

EOS posterior EOS prior EOS likelihood

GW parameter
estimation likelihood EOS m-𝚲 relation

GW likelihood
→ waveform model
→ sampling
→ interpolation

LVC (incl. PL) PRL 2018

https://arxiv.org/abs/1805.11581
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Bayesian EOS 
inference
Landry,Essick+Chatziioannou PRD 101 123007 (2020)

eos eos eos

EOS posterior EOS prior EOS likelihood

GW parameter
estimation likelihood EOS m-𝚲 relation

EOS likelihood
→ EOS model
→ non-GW data
→ sampling

LVC (incl. PL) PRL 2018

https://arxiv.org/abs/1805.11581


13

Bayesian EOS 
inference
Landry,Essick+Chatziioannou PRD 101 123007 (2020)

eos eos eos

EOS posterior EOS prior EOS likelihood

GW parameter
estimation likelihood EOS m-𝚲 relation

EOS prior
→ EOS model
→ prior support
→ shape of prior

Read+ PRD 79 124032 (2009)
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Gaussian processes
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Gaussian 
process 
EOS model

Landry+Essick PRD 99 084049 (2019), Essick,Landry+Holz PRD 101 063007 (2020)

density [g cm-3]

nuclear theory
prior
Mmax≥ 2 M

☉

Gaussian process models the sound speed, cs(p), as a collection of random 
variables with Gaussian mean + covariance, cf. PL+Essick PRD 2018

https://arxiv.org/abs/1811.12529


nonparametric parametric

implicit correlations in 
parametric EOS models

Legred+ (incl. PL) 
PRD 105 043016 (2022)
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Legred+ (incl. PL) PRD 104 063003 (2021)

R1.4 (km) of 
11.5–13.5
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central sound 
speed at MTOV

Legred+ (incl. PL) PRD 104 063003 (2021)

if weakly interacting,
NS matter should 

interpolate pQCD &
nonrelativistic limits

cs
2 = dp/dρ

→ nonrelativistic matter: cs
2 << 1

→ ultra-relativistic gas of 
massless particles: cs

2 = ⅓

→ particle masses, weak 
interactions: cs

2 < ⅓

→ ultimate high-energy theory of mattter is QCD: 
interacting quarks, mediated by gluon exchange

→ at short distances, quarks are asymptotically free: 
interactions are weak, tractable perturbatively

pQCD prediction: 

limρ→∞ cs
2 ↗ ⅓ 

Kurkela+ PRD 2010

https://arxiv.org/abs/0912.1856
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Legred+ (incl. PL) PRD 104 063003 (2021)

central sound 
speed at MTOV

cs2 > ⅓ at. 
1000:1 odds
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Legred+ (incl. PL) PRD 104 063003 (2021)

central sound 
speed at MTOV

strong PT 
disfavored 7:1

PT onset density below 
2⍴nuc preferred

2⍴nuc⍴nuc 6⍴nuc

a strong 1st-order phase 
transition in dense matter can 
produce disconnected hadronic and 
hybrid NS sequences, 
cf. Han+Steiner PRD 2019 

https://arxiv.org/abs/1810.10967
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Essick+ (incl. PL) PRC 102 055803 (2020)

a strong 1st-order phase 
transition in dense matter can 
produce disconnected hadronic and 
hybrid NS sequences, 
cf. Han+Steiner PRD 2019 

where does 
XEFT break 
down?

https://arxiv.org/abs/2004.07744
https://arxiv.org/abs/1810.10967
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Essick+ (incl. PL) 
PRL 127 192701 (2021)
PRC 104 065804 (2021)

joint nuclear &
astro inference

https://arxiv.org/abs/2102.10074
https://arxiv.org/abs/2102.10074
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predicting
NS f-mode
frequencies

Mohanty+ (incl. PL) in prep.

https://arxiv.org/abs/2004.07744
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public EOS 
inference code

git.ligo.org/reed.essick/lwp

EOS posterior 
samples

zenodo.org/records/6502467
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Bayesian EOS 
inference
Landry,Essick+Chatziioannou PRD 101 123007 (2020)

EOS posterior EOS prior EOS likelihood

eos eos eos, pop) P(pop) dpop

GW parameter
estimation likelihood

EOS m-𝚲 relation +
pop-informed mass prior

population
prior

ζ(pop) selection effects

population-scale data
→ population model
→ selection function
→ hierarchical inference



Simultaneous population & EOS inference

imposing the 
wrong population 
-level mass prior 
can bias the 
inferred EOS after 
O(10) BNS 
observations

Wysocki+ arXiv:2001.01747
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https://arxiv.org/abs/2001.01747


Simultaneous population & EOS inference
Biscoveanu+Talbot+Vitale MNRAS 2022

incorrectly assuming 
NSs spin slowly can bias 
the inferred maximum 
mass in the population 
after O(10) BNS 
observations

events
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https://arxiv.org/abs/2111.13619


summary and outlook
Existing observations of neutron stars suggest that…

◦ NSs are small-ish (R ≈ 12 km): nuclear interactions not so repulsive

◦ despite near-constant R(M), cores may harbour exotic matter: hints from cs?

With next-gen observatories like Cosmic Explorer, we can expect…

◦ O(100) BNSs per yr with SNR > 100 for precise tidal measurements

R&D for next-gen dense matter science is underway

◦ nonparametric EOS inference is well suited for the opportunities and 
challenges of population-scale, high-precision BNS observations



join the Cosmic Explorer 
Consortium!
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cosmicexplorer.org
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and the Cosmic Explorer project are acknowledged, especially Reed Essick 
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twin stars in CE+ET
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strong phase transitions can give rise to hadronic and hybrid 
twins with the same mass but different R and Λ

+ SKI5_2009
10 BNS (A+ 1y)
20 BNS (A+ 2y)
30 BNS (XG 1d)
100 BNS (XG 1w)
500 BNS (XG 1m)

twins are 
distinguishable 
via population 

no PT
strong PT w/ twins

PL+Chakravarti arXiv:2212.09733

https://arxiv.org/abs/2212.09733

