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Gravitational Waves and Compact Binaries

Stellar Evolution Compact Objects Across the Universe

Abbott+Essick+ (2016)

Cosmology

PRL 116 061102 (2016)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102


LHO
LLO

Virgo

LIGO
India

KAGRA

Current Interferometers (LIGO, Virgo, KAGRA)

Compact Binary Coalescence

Noise

Interferometer

Abbott+Essick+ (2016)

Time-Domain Data

PRL 116 0611 (2016)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
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How Physical Properties Affect the Gravitational Waveform
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The waveform depends on binary

How Physical Properties Affect the Gravitational Waveform: masses
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The waveform depends on binary

How Physical Properties Affect the Gravitational Waveform: spins



10

bigger masses

asymmetric masses

aligned spins
precessing spins

tides

lower frequency
slower evolution

amplitude modulation

shorter signal

mass

sp
in

higher-order modes

longer signal

matter

Compact Binary Coalescence

The waveform depends on binary

How Physical Properties Affect the Gravitational Waveform: tides



11

Neutron Star Structure and the Phase Plane Kumar+Essick+ (2023)

we don’t know what particles exist in the cores of neutron stars

astrophysical
observations

perturbative
quantum

chromodynamics

lattice
quantum

chromodynamics

heavy-ion
collisions

low-energy 
nuclear physics

chiral effective 
field theory

https://arxiv.org/abs/2303.17021
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Overview of LIGO-Virgo-KAGRA Observations: public data

gracedb.ligo.org emfollow.docs.ligo.org/userguide

https://gracedb.ligo.org/superevents/public/O4/
https://emfollow.docs.ligo.org/userguide/


Overview of LIGO-Virgo-KAGRA Observations: public data

gwosc.org

https://gwosc.org/
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Overview of LIGO-Virgo-KAGRA Observations: past & present Abbott+Essick+ (2023)

Virgo

KAGRA

LIGO

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.13.041039
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Overview of LIGO-Virgo-KAGRA Observations: detections Geller+ (2023)

https://dcc.ligo.org/LIGO-G2102319
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Overview of LIGO-Virgo-KAGRA Observations: masses Farah+Essick+ (2022)

https://iopscience.iop.org/article/10.3847/1538-4357/ac5f03
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Overview of LIGO-Virgo-KAGRA Observations: masses (BBH) Abbott+Essick+ (2021)

https://arxiv.org/abs/2111.03634
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Inference of the NS EoS: nonparametric results

GWs

radio
PSRs

X-ray
timing

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


@Mmax

X-ray
timing

radio
PSRs

GWs

supranuclear sound speed almost 
certainly exceeds the conformal limit

→strongly-coupled interactions

21

@Mmax

Inference of the NS EoS: nonparametric results Legred+Essick+ (2021)

maximum central density is likely ~6ρnuc

PRD 104 063003 (2021)

Current Theory Agnostic Constraints

X-ray
timing

GWs

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003


Mmax ~ 2.21 ± 0.25 M
☉

R(1.4Mⵙ) ~ 12.5 ± 1 km

Inference of the NS EoS: nonparametric results

22

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

at 90% credibility

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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χEFT

χEffective Field Theory (EFT)
up to 0.5ρsat

χEffective Field Theory (EFT)
up to 2.0ρsat

24

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


GWs

NICER

PSRs
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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


PSR+GW
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Inference of the NS EoS: comparing low-density theories

Mmax ~ 2.24 ± 0.25 M
☉

R(1.4Mⵙ) ~ 12.5 ± 0.7 km

 Essick+ (2020) PRC 102 055803 (2020)

χEFT

at 90% credibility

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


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)

we constrain this with 
astrophysical observations
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in map: L → Rskin

Hen (2021)
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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)

29

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


improved precision in nuclear 
experiments is unlikely to affect our 
knowledge of NS radii without 
improved theoretical calculations

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

30

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

Essick+ (2021)
Essick+ (2021)Inference of the NS EoS

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


astro data can distinguish between 
nuclear theories at high densities nuclear experiments probe lower densities
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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


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

32

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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χEffective Field Theory perturbative QCD
Komoltsev+Kurkela (2022)

Gorda+ (2022)
Komoltsev+ (2023)

Lynn+ (2016)
Drischler+ (2020a), Drischler+ (2020b)

Future Prospects: EoS constraints PRD 104 063003 (2021) Legred+Essick+ (2021)

nuclear experiment

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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Astro
Data

Abbott+Essick+ (2021)
Farah+Essick+ (2022)
Landry+Read (2021)

Lynn+ (2016)
Drischler+ (2020a), Drischler+ (2020b)

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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Astro
Data

GW inspiral
EM counterparts

Lynn+ (2016)
Drischler+ (2020a), Drischler+ (2020b)

Future Prospects: EoS Constraints

χEffective Field Theory

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

Abbott+Essick+ (2021)
Farah+Essick+ (2022)
Landry+Read (2021)

NICER J0740

GW post-merger

Astro
Data

nuclear experiment

perturbative QCD
Komoltsev+Kurkela (2022)

Gorda+ (2022)
Komoltsev+ (2023)

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://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.128.202701
https://arxiv.org/abs/2204.11877
https://arxiv.org/abs/2312.14127


Future Prospects: new detectors Evans (2021)

Proposed next generation ground-based detectors may be 10x more sensitive and will see every binary 
black hole merger in the universe

most stars form here

https://arxiv.org/abs/2109.09882
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Can’t tell on an event-by-event level, but perhaps we can measure the fractions of each type of system within the 
population

Future Prospects: distinguishing between NSs and BHs Michael Müller

fhigh
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increasing

catalog size



Future Prospects: cosmology with the mass distribution

39

Utkarsh Mali

Sharp features in the mass distribution 
can be used to measure H0

increasing H
0

luminosity distance

redshift
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Essick+ (2023) PRD 107 043016 (2023)

Abbott+Essick+ (2016)
 Essick+ (2020)

Essick+ (2021a)
Essick+ (2021b)

Legred+Essick+ (2021)
Essick+ (2023)

Kumar+Essick+ (2023)

Future Prospects: large catalog studies

An isotropy measurement of the rate-density of compact binaries

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.043016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.043016
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.055803
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/prd/abstract/10.1103/PhysRevD.104.063003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.043016
https://arxiv.org/abs/2303.17021
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Keplerian Orbit

General Relativity
“Larmor formula”
circular orbit :

Post Newtonian Energy Balance

evolution of the orbital 
frequency is directly 
imprinted within GWs

Basic Physics of CBCs
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Keplerian Orbit

circular orbit :

Post Newtonian Energy Balance

changes flux and orbit’s binding energy

evolution of the orbital 
frequency is directly 
imprinted within GWs

adiabatic tides
deform stars

Basic Physics of CBCs

General Relativity
“Larmor formula”

44



adiabiatic tides

Post Newtonian Energy Balance Orbit

evolution of the orbital 
frequency is directly 
imprinted within GWs

Basic Physics of CBCs

45

adiabatic tides
deform stars



adiabiatic tides

linear tidal resonances
Pratten+ (2021)

nonlinear tidal instabilities
Weinberg+ (2016)
Abbott+Essick+ (2019)

post-merger signals
Most+Raithel (2021)
Weih+ (2020)

orbital energy transferred to 
stellar normal modes

Post Newtonian Energy Balance Orbit

evolution of the orbital 
frequency is directly 
imprinted within GWs

Basic Physics of CBCs

46

adiabatic tides
deform stars

https://arxiv.org/abs/2109.07566
https://iopscience.iop.org/article/10.3847/0004-637X/819/2/109
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.061104
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.124012
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.171103


orbital evolution gives time-domain phase

frequency-domain phase is related to time-domain phase
(saddle point approximation)

likelihood of GW data is an integral over a rapidly oscillating 
function of the difference of freq-domain phases

significant likelihood only when Δψ is small
and/or varies slowly at all frequencies

varies slowly oscillates rapidly

Basic Physics of CBCs

47



IFO Detector Response

There are 6 degrees of freedom within the strain tensor, which are often grouped as follows based on their 
symmetry properties.
GR only predicts tensor modes. tensor

48

vector scalar

Isi+ (2017)

Essick & Isi (2023) CE DCC P2300008

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.042001
https://dcc.cosmicexplorer.org/public/0163/P2300008/001/Scalar_polarizations_in_3G.pdf


Interferometers (IFOs) measure differences in the lengths of their arms by comparing the phase of light after it 
travels down the arms (i.e., comparing round-trip travel times). The phase from each arm depends on the strain 
projected along that arm. 

where

49

*assumes measurement is instantaneous

IFO Detector Response CE DCC P2300008Essick & Isi (2023)

https://dcc.cosmicexplorer.org/public/0163/P2300008/001/Scalar_polarizations_in_3G.pdf


Interferometers (IFOs) measure differences in the lengths of their arms by comparing the phase of light after it 
travels down the arms (i.e., comparing round-trip travel times). The phase from each arm depends on the strain 
projected along that arm. 

where

The IFO readout can is sensitive to

which can be expressed in terms of the Detector Tensor           , which acts as a Transfer Function between the 
astrophysical GW strain and the IFO readout.

50

*assumes measurement is instantaneous

IFO Detector Response CE DCC P2300008Essick & Isi (2023)

https://dcc.cosmicexplorer.org/public/0163/P2300008/001/Scalar_polarizations_in_3G.pdf


Current IFOs will respond to 5/6 polarizations: there is an unobservable linear combination of scalar modes.

This results in indistinguishable antenna patterns                             for the scalar modes.

51

*isotropic expansion/contraction.

IFO Detector Response CE DCC P2300008Essick & Isi (2023)

https://dcc.cosmicexplorer.org/public/0163/P2300008/001/Scalar_polarizations_in_3G.pdf


52

For high-frequency signals, the strain projected along the arm of the detector may change appreciably while the 
measurement is taking place.

In this case, the response of each arm is more complicated

where                 and      is the GW’s direction of propagation. We then construct 

See Essick+ (2017) for more discussion.

IFO Detector Response CE DCC P2300008Essick & Isi (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.084004
https://dcc.cosmicexplorer.org/public/0163/P2300008/001/Scalar_polarizations_in_3G.pdf


This additional dependence on the GW’s propagation direction breaks the degeneracy between scalar modes.

As Essick+ (2017) shows, the long-wavelength approximation only begins to break down significantly for 
frequencies f ≳ fFSR/2. By this metric, then, only detectors with arms longer than ≈ 34 km would be able to 
distinguish between scalar polarizations near ISCO with low-mass (solar-mass) mergers.

53

IFO Detector Response CE DCC P2300008Essick & Isi (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.084004
https://dcc.cosmicexplorer.org/public/0163/P2300008/001/Scalar_polarizations_in_3G.pdf


GW Data Quality: iDQ

54

Essick+ (2021) Mach. Learn.: Sci. Technol. 2 015004 (2021)

https://iopscience.iop.org/article/10.1088/2632-2153/abab5f
https://iopscience.iop.org/article/10.1088/2632-2153/abab5f


GW Data Quality: iDQ

55

GW170817

Essick+ (2021)

55

Abbott+Essick+ (2017)

Mach. Learn.: Sci. Technol. 2 015004 (2021)

PRL 119 161101 (2017)

https://iopscience.iop.org/article/10.1088/2632-2153/abab5f
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.161101
https://iopscience.iop.org/article/10.1088/2632-2153/abab5f
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.161101


GW Data Quality: Coincidence Null-test for Poisson Processes
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individually significant

randomly selected

joint statistic from
208 channels

Essick+ (2021)
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PRD 103 042003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.042003
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(astro)Calibration
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GW GWEM

CQG 36 125002 (2019)

EM data must constrain both DL and θjn to constrain δA

Essick & Holz (2019)

https://iopscience.iop.org/article/10.1088/1361-6382/ab2142/meta
https://iopscience.iop.org/article/10.1088/1361-6382/ab2142/meta


GW Calibration Uncertainty
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Essick (2022) PRD 105 082002 (2022)
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GW Calibration Uncertainty
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Essick (2022) PRD 105 082002 (2022)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.082002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.082002


MEoS
nuclear 

microphysics

Mmax 

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

Fonseca+(2021)

pulsar observations
radial velocity
Shapiro delay

S

NS Observables: Mass
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NS Observables

61



EoS
nuclear 

microphysics

Mmax 

R(M)

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

M

X-ray timing
Pulse profile modeling

S

R

NS Observables: Mass and Radius
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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


independent 
measurements 
from separate

systems

NS Observables
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EoS
nuclear 

microphysics

Mmax 

R(M)

Λ(M)

M

quasi-static tidal deformation

S

Λ

to binary
companion

NS Observables: Mass and Tidal Deformability
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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)

dynamical
tidal effects

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


simultaneous 
measurements 
from the same

system

NS Observables
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Probing the Edges of the “Mass Gap” Abbott+Essick+ (2020)
Abbott+Essick+ (2021)

ApJL 899 L8 (2020)
ApJ 931 108 (2022)
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Fishbach (2024)GW170817

GW190425

GW201115

GW190814 m2

J0514−4002E

Abbott+Essick+ (2017)
Abbott+Essick+ (2020)Barr+ (2024)

outlier 
detection

Mass Gap?

https://iopscience.iop.org/article/10.3847/2041-8213/ab960f
https://iopscience.iop.org/article/10.3847/2041-8213/ac082e
https://iopscience.iop.org/article/10.3847/2041-8213/aba7b6
https://iopscience.iop.org/article/10.3847/1538-4357/ac5f03
https://www.science.org/doi/10.1126/science.adn1869
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.161101
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/ab960f
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.161101
https://iopscience.iop.org/article/10.3847/2041-8213/ab75f5
https://www.science.org/doi/10.1126/science.adg3005


detected distribution
(HLV design sensitivity)

astrophysical distribution

maximum likelihood model from 
O1+O2+O3a+(O3b NSBHs)

Accounting for Selection Effects (Malmquist Bias)
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Fishbach, Essick+ (2020)
Farah+Essick+ (2022)

ApJL 899 L8 (2020)
ApJ 931 108 (2022)
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https://iopscience.iop.org/article/10.3847/2041-8213/aba7b6
https://iopscience.iop.org/article/10.3847/1538-4357/ac5f03
https://iopscience.iop.org/article/10.3847/2041-8213/aba7b6
https://iopscience.iop.org/article/10.3847/1538-4357/ac5f03


Identified Features within the Mass Distribution
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outlier 
detection

Fishbach, Essick+ (2020)
Farah+Essick+ (2022)

ApJL 899 L8 (2020)
ApJ 931 108 (2022)
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https://iopscience.iop.org/article/10.3847/2041-8213/aba7b6
https://iopscience.iop.org/article/10.3847/1538-4357/ac5f03


Inference of the NS EoS: what is the EoS?
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BNS

BBH

NS-BH

71

Leading-order adiabatic tidal term

Distinguishing between NSs and BHs: effective tidal signal

primary
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Fisher Matrix : simplistic PN phasing, aLIGO design sensitivity, SNR=10, wide priors on spins, mass ratio
→ “best case” scenario (Cramer-Rao bound) that strictly holds only in the high-SNR limit
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Distinguishing between NSs and BHs



marginally

detectable 

BNS

BBH

NS-BH
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It will be nearly impossible to distinguish between NS and BH based on tidal deformability at high masses

Distinguishing between NSs and BHs: precision of individual measurements
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ab initio 
nuclear theory

properties of NSs

We can still check for consistency between mass, spin, and EoS accounting for uncertainty in the

R [km]

M
 [M

☉
]

model agnostic extensions
based on
Gaussian
Processes

Distinguishing between NSs and BHs Masses & Spins Essick & Landry (2020)

object’s mass and spin
(including uncertainty in the population)

ApJ 904 80 (2020)
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https://iopscience.iop.org/article/10.3847/1538-4357/abbd3b
https://iopscience.iop.org/article/10.3847/1538-4357/abbd3b


GW190814

separatrix from
universal relation
Breu+Rezzolla (2016)

Distinguishing between NSs and BHs
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Essick & Landry (2020) ApJ 904 80 (2020)

https://academic.oup.com/mnras/article/459/1/646/2608837
https://iopscience.iop.org/article/10.3847/1538-4357/abbd3b
https://iopscience.iop.org/article/10.3847/1538-4357/abbd3b


m / Mmax(MTOV, 
s)

s 
/ s

m
ax

(M
TO

V,
 R

TO
V)

m / Mmax(MTOV, 
s)

mass distribution favors equal-mass binariesmass distribution disfavors equal-mass binaries

Distinguishing between NSs and BHs Masses & Spins Abbott+Essick+ (2020)
Abbott+Essick+ (2021)Essick & Landry (2020) ApJL 896 L44 (2020)

ApJL 915 L5 (2021)ApJ 904 80 (2020)

76

We can still check for consistency between mass, spin, and EoS with 
GW200115 (NSBH from Abbott+Essick+ 2023)

https://iopscience.iop.org/article/10.3847/2041-8213/ab960f
https://iopscience.iop.org/article/10.3847/2041-8213/ac082e
https://iopscience.iop.org/article/10.3847/1538-4357/abbd3b
https://iopscience.iop.org/article/10.3847/2041-8213/ab960f
https://iopscience.iop.org/article/10.3847/2041-8213/ac082e
https://iopscience.iop.org/article/10.3847/1538-4357/abbd3b
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.13.041039


We use a hierarchical model of the data-generation process

or, equivalently,

single-event parameters

detection

data

population, EoS, General Relativity, …

Essick & Fishbach (2023)Inference of the NS EoS: hierarchical Bayesian inference
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hierarchical 
inference

priorlikelihood

H

H

H

https://arxiv.org/abs/2310.02017


Inference of the NS EoS: phase transitions
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PRD 104 063003 (2021)Legred+Essick+ (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.063003


onset end

stability
lost

stability
regained

onset
end

stability
lost

stability
regained

end
stability regained

stability
lost

onset

the sudden appearance of new (degenerate) degrees of 
freedom produces a sharp drop in the sound speed (cs)

→ “loss of pressure support”

latent energy

Inference of the NS EoS: phase transitions

79

Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


what about more general phenomenology?
    → rapid (but smooth) changes in cs?
    → cs always positive definite?
    → kinks/wiggles in stellar sequence but no loss of stability?

Inference of the NS EoS: phase transitions

80

Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


we search for features based on 
stellar properties and connect these to 
features in cs

Inference of the NS EoS: phase transitions

81

Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


we search for features based on 
stellar properties and connect these to 
features in cs

local minima → end of phase trans

and do so more precisely than where 
stability is regained

Inference of the NS EoS: phase transitions
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Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


we associate a local minimum (end) with 
the most recent preceding 

“running maximum” in cs (onset)

candidate running maxima in cs (onset) 
are accepted only if they are followed by a 

large drop in cs 

Inference of the NS EoS: phase transitions Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


we associate a local minimum (end) with 
the most recent preceding “running 

maximum” in cs (onset)

candidate running maxima in cs (onset) 
are accepted only if they are followed by a 

large drop in cs 

Inference of the NS EoS: phase transitions Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


we iterate until all local minimum (end)
have an associated

“running maximum” in cs (onset)

this EoS has
1 feature

with
multiplicity 3

1 feature
multiplicity 3

Inference of the NS EoS: phase transitions
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Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


mπ mπ mπ

    masses from J0348, J0740
    LIGO-Virgo-KAGRA GWs from GW170817, GW190425
    NICER X-ray Timing from J0030, J0740

Inference of the NS EoS: phase transitions
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Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


    masses from J0348, J0740
    LIGO-Virgo-KAGRA GWs from GW170817, GW190425
    NICER X-ray Timing from J0030, J0740

Inference of the NS EoS: phase transitions
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Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


Inference of the NS EoS: no systematics with nonparametrics

phase
transition
at ~1.5 M

☉

phase
transition
at ~1.9 M

☉

no phase
transition
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Essick+ (2023)
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PRD 108 043013 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


Future Prospects: phase transitions
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Essick+ (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043013


Future Prospects
At a fixed SNR, measurement of tides is worse

low-freq sensitivity increases more than high-freq 
sensitivity for “nominal” CE (e.g., Essick 2022)

detectors may be tuned to target tidal effects 
Srivastava+ (2022)

Cosmic Explorer Horizon Study

Cosmic Explorer
@ SNR=10

aLIGO Design
@ SNR=10

400

400

300 200

200

300

500
600

700

Each individual source will have a higher SNR in 3G 
than in aLIGO.
        → will the proportion of high-SNR signals be

    larger in 3G detectors?
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.082002
https://iopscience.iop.org/article/10.3847/1538-4357/ac5f04
https://arxiv.org/abs/2109.09882


Most low-mass events in 3G will still be near the detection threshold (compare to Vitale 2016)

Cosmic
Explorer

heavier tail from
cosmological effects

aLIGO+adVirgo
Design Sensitivity

For the average event, increased SNR with CE will not overcome
the decreased precision in adiabatic tidal measurements

expected distribution 
in Euclidean universe

Future Prospects
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.121501


Semianalytic GW Sensitivity Estimates

maximization over template bank

Essick (2023)

92

PRD 108 043011 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011


Semianalytic GW Sensitivity Estimates

Optimal vs. Observed SNR
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Essick (2023) PRD 108 043011 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011


real selection: FAR < 1/year
approximation: ρnet,φ > 10
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Essick (2023) PRD 108 043011 (2023)Semianalytic GW Sensitivity Estimates

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011


Semianalytic GW Sensitivity Estimates

SNR is not a sufficient statistic
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Essick (2023) PRD 108 043011 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011


Semianalytic GW Sensitivity Estimates
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Essick (2023) PRD 108 043011 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011


Selection Effects for EM Follow-up to GW Candidates Chen, Essick+ (2017)
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ApJ 835 31 (2017)

https://iopscience.iop.org/article/10.3847/1538-4357/835/1/31
https://iopscience.iop.org/article/10.3847/1538-4357/835/1/31


Consider the following: we only wish retain a limited amount of information about an event
(i.e., it is in a particular region of single-event parameter space)

p(θ|d,Λ)

coarse-grain: G

Then we can insert the indicator function into the hierarchical model without affecting the distribution

and finally marginalize over di to “forget” everything about the event except that it came from G

θ-space

Coarse-Grained Hierarchical Likelihood Essick+ (2022)
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ApJ 926 34 (2022)

https://iopscience.iop.org/article/10.3847/1538-4357/ac3978
https://iopscience.iop.org/article/10.3847/1538-4357/ac3978


Coarse-Grained Hierarchical Likelihood

for a simple population model, replacing a simple 
“leave-one-out” analysis with a coarse-grain is able to 
correctly identify outliers while retaining meaningful 
posterior calibration (i.e., passes the p-p test)

ApJ 926 34 (2022)Essick+ (2022)

https://iopscience.iop.org/article/10.3847/1538-4357/ac3978
https://iopscience.iop.org/article/10.3847/1538-4357/ac3978


Coarse-Grained Hierarchical Likelihood
worked example: GW190814 in the context of GWTC-3’s “main BBH” population

p-value < 0.056%

of observed m2 given 
distrib of expected 

detected m2 based on 
(N-1) coarse-grained 

hyperposterior
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ApJ 926 34 (2022)Essick+ (2022)

https://iopscience.iop.org/article/10.3847/1538-4357/ac3978
https://iopscience.iop.org/article/10.3847/1538-4357/ac3978


Coarse-Grained Hierarchical Likelihood

ApJ 926 34 (2022)

GW190412 GW190521

ApJ 926 34 (2022) ApJ 926 34 (2022)

p-value = 20%p-value = 22%
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ApJ 926 34 (2022)Essick+ (2022)

https://iopscience.iop.org/article/10.3847/1538-4357/ac3978
https://iopscience.iop.org/article/10.3847/1538-4357/ac3978
https://iopscience.iop.org/article/10.3847/1538-4357/ac3978
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Consistency Between Detection and Noise
Our hierarchical model is 

or, equivalently,

single-event parameters

detection

data

population parameters

Essick & Fishbach (2023)
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arXiv:2310.02017 (2023)

https://arxiv.org/abs/2310.02017
https://arxiv.org/abs/2310.02017


Consistency Between Detection and Noise

standard expression

term-by-term cancellation

no cancellation

fitting the “detected distribution”

physical detection processes only have access to the data

incorrectly models detection as independent of
the data given the event’s true parameters 103

arXiv:2310.02017 (2023)Essick & Fishbach (2023)

https://arxiv.org/abs/2310.02017
https://arxiv.org/abs/2310.02017


Consistency Between Detection and Noise

these assumptions are only compatible when
● d is one-to-one with θ           i.e., perfect measurements
● D is independent of both d and θ        e.g., everything is detectable
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arXiv:2310.02017 (2023)Essick & Fishbach (2023)

https://arxiv.org/abs/2310.02017
https://arxiv.org/abs/2310.02017


Consistency Between Detection and Noise

Fitting the “detected distribution” and then dividing by P(D|θ)
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arXiv:2310.02017 (2023)Essick & Fishbach (2023)

https://arxiv.org/abs/2310.02017
https://arxiv.org/abs/2310.02017


fitting the “detected distribution” (via the unphysical DAG) does not recover the correct “detected distribution” 
even when the model can perfectly match the true “detected distribution” (derived under the physical DAG)

parameters allowed to vary
within unphysical DAG’s fit for

Astrophysical distribution obtained by 
dividing by analytic model of detection 
probability

deterministic selection
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