
Gravitational Laboratories for Nuclear Physics

The structure of neutron stars provides a unique way to probe two fundamental physical interactions: gravity and 
the strong nuclear force. I will review our current understanding of the macroscopic properties of neutron stars and 
discuss associated constraints on microscopic phenomenology, including the presence of strong phase 
transitions. Time permitting, I will also discuss how well we can distinguish neutron stars from black holes within 
gravitational-wave signals from coalescing compact binaries.
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Understanding EoS Inference



MEoS
nuclear 

microphysics

Mmax 

Massive pulsars (PSRs)
J0740+6620 Cromartie+(2019)

Fonseca+(2021)

pulsar observations
radial velocity
Shapiro delay

S

NS Observables: mass

3

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 (PSRs)
J0740+6620 Cromartie+(2019)

Fonseca+(2021)

https://iopscience.iop.org/article/10.3847/2041-8213/ab50c5
https://iopscience.iop.org/article/10.3847/2041-8213/ac089b
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 (PSRs)
J0740+6620 Cromartie+(2019)

Fonseca+(2021)

X-ray pulse timing (NICER)
J0030+0451 Miller+(2019)
J0740+6620 Miller+(2021)

Gravitational Waves
GW170817 Abbott+Essick+ (2019)
GW190425 Abbott+Essick+ (2020)

https://www.nature.com/articles/s41550-019-0880-2
https://iopscience.iop.org/article/10.3847/2041-8213/ac03b8
https://iopscience.iop.org/article/10.3847/2041-8213/ab50c5
https://iopscience.iop.org/article/10.3847/2041-8213/ac089b
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.9.011001
https://iopscience.iop.org/article/10.3847/2041-8213/ab75f5
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Gaussian Processes
nonparametric

Spectral
parametric

Speed-of-Sound
parametric

Piecewise Polytrope
parametric

Inference of the NS EoS: systematics from parametric models Legred+Essick+ (2022) PRD 105 043016 (2022)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.043016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.043016


Inference of the NS EoS: no systematics with nonparametrics
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Essick+ (2023)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013
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Current Constraints EoS Inference
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Inference of the NS EoS: nonparametric results
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Legred+Essick+ (2021)

Current Theory Agnostic Constraints

PRD 104 063003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
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Inference of the NS EoS Legred+Essick+ (2021)

maximum central density is likely ~6ρnuc

PRD 104 063003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
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Connections with Low-Density Theory
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Inference of the NS EoS: incorporating low-density nuclear theory  Essick+ (2020)

χEFT

PRC 102 055803 (2020)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.055803
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.055803
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Inference of the NS EoS: incorporating low-density nuclear theory  Essick+ (2020) PRC 102 055803 (2020)

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


(χEFT) soft stiff
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Inference of the NS EoS: comparing low-density theories
χEffective Field Theory

 Essick+ (2020) PRC 102 055803 (2020)

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


(χEFT) soft stiff
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Inference of the NS EoS: comparing low-density theories
χEffective Field Theory

 Essick+ (2020) PRC 102 055803 (2020)

χEFT

PSR+GW

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.055803
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.055803
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Connections with Low-Density Experiment



Connection to “new” experimental probes: Neutron Skin Thickness (Rskin)
Reed+(2021) infer L ≳ 100 MeV based on Rskin = 0.29 ± 0.07 fm. Suggest this implies R1.4 ≳ 14 km.

Viñas+(2014)
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Inference of the NS EoS: low-density nuclear experiment Essick+ (2021)
Essick+ (2021)

PRL 127 192701 (2021)
PRC 104 065804 (2021)

https://arxiv.org/abs/2101.03193
https://link.springer.com/article/10.1140/epja/i2014-14027-8
https://science.sciencemag.org/content/371/6526/232
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.065804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.065804


Inference of the NS EoS

We can also extract 
“nuclear parameters” 

directly from
nonparametric EoS
without the need for

parametrized EoS models

large L → large p(nsat)
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PRL 127 192701 (2021)
PRC 104 065804 (2021)

Essick+ (2021)
Essick+ (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.065804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.065804
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Inference of the NS EoS: low-density nuclear experiment PRL 127 192701 (2021)
PRC 104 065804 (2021)

Essick+ (2021)
Essick+ (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.065804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.065804
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Inference of the NS EoS: low-density nuclear experiment PRL 127 192701 (2021)
PRC 104 065804 (2021)

Essick+ (2021)
Essick+ (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.065804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.192701
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.065804
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Future Prospects
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Future Prospects: EoS constraints PRD 104 063003 (2021) Legred+Essick+ (2021)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.202701
https://arxiv.org/abs/2204.11877
https://arxiv.org/abs/2312.14127
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.062501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.202702
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.054315
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
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Future Prospects: EoS constraints

χEffective Field Theory

PRD 104 063003 (2021) Legred+Essick+ (2021)

nuclear experiment

perturbative QCD
Komoltsev+Kurkela (2022)

Gorda+ (2022)
Komoltsev+ (2023)

https://arxiv.org/abs/2111.03634
https://iopscience.iop.org/article/10.3847/1538-4357/ac5f03
https://iopscience.iop.org/article/10.3847/2041-8213/ac2f3e
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.062501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.202702
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.054315
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.202701
https://arxiv.org/abs/2204.11877
https://arxiv.org/abs/2312.14127
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