
Gravitational Laboratories for Nuclear Physics
Prospects for Binary Neutron Star Observations

and their Impact on the Equation of State 

Reed Essick
ressick@perimeterinstitute.ca

Perimeter Institute for Theoretical Physics



What Do We Observe?

2



EoS
nuclear 

microphysics

3

What do we observe?



MEoS
nuclear 

microphysics

Mmax 

Massive pulsars
J0740+6620 Cromartie+(2019)

Fonseca+(2021)

pulsar observations
radial velocity
Shapiro delay

S

4

What do we observe?

https://www.nature.com/articles/s41550-019-0880-2
https://iopscience.iop.org/article/10.3847/2041-8213/ac03b8
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Massive pulsars
J0740+6620 Cromartie+(2019)

Fonseca+(2021)

What do we observe?

https://iopscience.iop.org/article/10.3847/2041-8213/ab50c5
https://iopscience.iop.org/article/10.3847/2041-8213/ab481c
https://iopscience.iop.org/article/10.3847/2041-8213/ac089b
https://iopscience.iop.org/article/10.3847/2041-8213/ac0a81
https://www.nature.com/articles/s41550-019-0880-2
https://iopscience.iop.org/article/10.3847/2041-8213/ac03b8
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GW170817 Abbott+(2019)
GW190425 Abbott+(2020)
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        Abbott + (2021)
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X-ray pulse timing (NICER)
J0030+0451 Miller+(2019), Riley+(2019)
J0740+6620 Miller+(2021), Riley+(2021)

Massive pulsars
J0740+6620 Cromartie+(2019)

Fonseca+(2021)

What do we observe?

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.9.011001
https://iopscience.iop.org/article/10.3847/2041-8213/ab75f5
https://iopscience.iop.org/article/10.3847/2041-8213/ac082e
https://iopscience.iop.org/article/10.3847/2041-8213/ab50c5
https://iopscience.iop.org/article/10.3847/2041-8213/ab481c
https://iopscience.iop.org/article/10.3847/2041-8213/ac089b
https://iopscience.iop.org/article/10.3847/2041-8213/ac0a81
https://www.nature.com/articles/s41550-019-0880-2
https://iopscience.iop.org/article/10.3847/2041-8213/ac03b8
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J0740
M-R

@MmaxGW170817

sound speed almost certainly exceeds the conformal limit
(suggests strongly-coupled interactions)
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Legred+ (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
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There is a limit to the densities we can probe within NSs

Current Astrophysical Constraints on the High-Density, Cold Equation of State
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Comparisons with Terrestrial Nuclear Experiments and ab initio Theory

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.055803


GWs

NICER

PSRs

Essick+ (2020)

Astrophysical observations agree with ab initio 
theoretical calculations

Essick+ (2020)
Essick+ (2021), Essick+ (2021)
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Comparisons with Terrestrial Nuclear Experiments and ab initio Theory
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astro data can distinguish between 
nuclear theories at high densities nuclear experiments probe lower densities

Essick+ PRL (2021)
Essick+ PRC (2021)
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Comparisons with Terrestrial Nuclear Experiments and ab initio Theory

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://arxiv.org/abs/2107.05528


Comparison to “theory marginalized” χEFT 
calculations and (preliminary) PREX-II 
measurement

● χEFT calculations fall near the maximum a 
posteriori of our agnostic nonparametric 
analysis

● Incorporating PREX (Gaussian) likelihood 
shifts posteriors towards larger Rn-p, L.

● No significant tension between PREX, 
χEFT, and/or agnostic astrophysical 
posterior

Reed+(2021) suggest there might be some tension. We 
find this is because they use a single model class (RMF) 
to high densities, which may not be warranted.

21Essick+ PRL (2021)
Essick+ PRC (2021)

Comparisons with Terrestrial Nuclear Experiments
and ab initio Theory

https://arxiv.org/abs/2101.03193
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://arxiv.org/abs/2107.05528
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improved precision in nuclear 
experiments is unlikely to affect our 
knowledge of NS radii without 
improved theoretical calculations

Essick+ PRL (2021)
Essick+ PRC (2021)

current Rskin uncertainty

Rskin uncertainty improved
by a factor of 2 

hypothetical perfect 
Rskin measurement

nonparametric prior
nonparametric astro-only posterior
χEFT+astro posterior
nonparametric astro+Rskin posterior
χEFT+astro+Rskin posterior

Comparisons with Terrestrial Nuclear Experiments and ab initio Theory

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://arxiv.org/abs/2107.05528
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100 MeV < L
30 MeV < L < 70 MeV
All L

large L 
suggest a 

local max in 
sound speed

PREX 
uncertainty too

large to require this

possible
1st-order

phase transition 
just above n0

Essick+ PRL (2021)
Essick+ PRC (2021)

Comparisons with Terrestrial Nuclear Experiments and ab initio Theory

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://arxiv.org/abs/2107.05528
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