A nonparametric tour of neutron-star
matter with gravitational waves
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based on work with Reed Essick, Katerina Chatziioannou, Isaac Legred,
Sophia Han, Ingo Tews, Sanjay Reddy, and many other collaborators
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N\IWGI’CICGDB Public Alerts ¥ Latest Search Documentation Login

Event ID Possible Source (Probability) Significant

Location

S240902bq  BBH (>99%) Yes
$240830gn  BBH (89%), NSBH (11%) Yes
S240825ar  BBH (97%), NSBH (3%) Yes
S240813d  BBH (>99%) Yes

Sept. 2, 2024
14:33:06 UTC

Aug. 30, 2024
21:11:20 UTC

Aug. 25, 2024
05:51:46 UTC

Aug. 13, 2024
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Notices | VOE

GCN Circular Query
Notices | VOE

GCN Circular Query
Notices | VOE

GCN Circular Query
Notices | VOE
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1 per 10.004 years

1 per 1.7544e+10 years
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Colombo+ ApJ 937 79 (2022), Patricelli+ MNRAS 513 3 (2022) predict one multimessenger BNS detection during 04


https://arxiv.org/abs/2204.12504

Cosmic Explorer:
a US-led next-gen GW
observatory project

20 and 40 km L-shaped surface
interferometers, 10x LIGO A+ sensitivity

img/: E. Anaya/CSUF

Einstein Telescope:
Europe’s next-gen

3 co-located detectors, each with high-
and low-frequency interferometers, in
10 km triangular design, underground
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https://arxiv.org/abs/2109.09882

Bayesian EOS
Inference

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

37.

Bayesian EOS . | EOS prior
inference |

> EOS model
Landry,Essick+Chatziioannou PRD 101 123007 (2020)
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Chatziioannou GRG 52 109 (2020)

m-A relation

> EOS model
> TOV solver
> interpolation

Bayesian EOS
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LVC (incl. PL) PRL 2018

Bayesian EOS .
inference

Landry,Essick+Chatziioannou PRD 101 123007 (2020) s 750 1000 1250

GW likelihood

> waveform model
> sampling
> interpolation
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https://arxiv.org/abs/1805.11581

LVC (incl. PL) PRL 2018

Bayesian EOS
inference

Landry,Essick+Chatziioannou PRD 101 123007 (2020) 750 1000 1250

At

EOS likelihood

> EOS model
> non-GW data
> sampling
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https://arxiv.org/abs/1805.11581

Read+ PRD 79 124032 (2009)

37.

Bayesian EOS . | EOS prior
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> EOS model
Landry,Essick+Chatziioannou PRD 101 123007 (2020)
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Gaussian processes

f(x)

p (filzi, {fj=,xj=}) =
p(fis {f= Hris {xj- })
p({fi- Y{zj-})
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Gaussian processes

p (filzi, {fj=,xj=}) =
f(x) p(fi; {fi i, {zj- })
p({fi- Y{zj-})
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Landry+Essick PRD 99 084049 (2019), Essick,Landry+Holz PRD 101 063007 (2020)
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https://arxiv.org/abs/1811.12529

Implicit correlations In  .sus
parametric EOS models

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

Legred+ (incl. PL) PRD 104 063003 (2021)
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Legred+ (incl. PL) PRD 104 063003 (2021)
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https://arxiv.org/abs/1810.10967

where does
XEFT break
down?

Essick+ (incl. PL) PRC 102 055803 (2020)
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https://arxiv.org/abs/2004.07744
https://arxiv.org/abs/1810.10967

joint nuclear &
astro inference
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https://arxiv.org/abs/2102.10074
https://arxiv.org/abs/2102.10074
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https://arxiv.org/abs/2004.07744

public EOS

inference code

git.ligo.org/reed.essick/lwp

L lwpe®

¥ main v wp / | + v History Find file Edit v

22, Merge branch 'User-Priors' into 'main' [ee¢ @

R 3
Isaac Legred authored 9 months ago

8ebd8f2a | [%

O<

result = executables.lwp_pipe(eos_indices = np.array(eos_to_be_used),

retrieve_macro_data = lambda index: macro_data[index],

gw_posterior_samples = astro_data,

likelihood_bandwidth=bandwidth,

save_likelihoods=f"./{astro_prefix}_post.csv",

save_marginalized_likelihoods=f"./{astro_prefix}_eos.csv",

mc_marginalization_range=chirp_mass_range,

seed=12345,

dump_config="example_nb.ini",

dump_config_kwargs={"config_kwargs": {"eos-indices": "eos_indices.csv"},

"lwp_pipe_data_kwargs":{"gw_posterior_samples": "PE190425_low_spin.csv",

"eos_samples_h5_path":samples_file,
"eos_samples_h5_macro_subgroup":"ns",
"outdir":"Defaultoutdir"}})

Zen000

Published April 28, 2022 | Version v1 x=

Impact of the PSR J0740+6620 radius constraint on the
properties of high-density matter: Neutron star equation of
state posterior samples

Legred, Isaac' ®; Chatziioannou, Katerina! @; Essick, Reed? ®;
Han, Sophia® (®; Landry, Philippe* @

‘ Show affiliations

Equation of state posterior samples associated with Legred et al., "Impact of the PSR J0740+6620 radius constraint
on the properties of high-density matter,” Phys. Rev. D 104, 063003 (2021); doi:10.1103/PhysRevD.104.063003

EOS posterior
samples

zenodo.org/records/6502467

29



BayGSian EOS population-scale data

> population model

i n fe re n Ce > selection function

- hierarchical inference
Landry,Essick+Chatziioannou PRD 101 123007 (2020)

GW parameter EOS m-A relation + population
estimation likelihood pop-informed mass prior prior

P(eos|d) X P(qu)H/P(dﬂmi,z, i,Q)P(mig, i,2|_eos, pop) P(pop) dpop dm§,2dA7i,2

C(pOP) selection effects

~

EOS posterior EOS prior EOS likelihood
30



Simultaneous population & EOS inference

imposing the
wrong population
-level mass prior
can bias the
inferred EOS after
0(10) BNS
observations

# events
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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 0(10) BNS
observations

m— Y max = 0.05, median

3.5 m— T11th
: Ymax = 0.4, 90% CI

20 40 60 30 100

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

summary and outlook

Existing observations of neutron stars suggest that...
o NSs are small-ish (R = 12 km): nuclear interactions not so repulsive

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

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

o 0(100) BNSs per yr with SNR > 100 for precise tidal measurements

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

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



join the Cosmic Explorer
Consortium!

cosmicexplorer.org

COSMIC
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twin stars in CE+ET ..
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strong phase transitions can give rise to hadronic and hybrid 800 O
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https://arxiv.org/abs/2212.09733

