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Guacamole with chapulines (crickets!) 
… and of course,  

please do not eat tuna 
in this unit …                            

Old, Recent, and NEW friends!



Heaven and Earth: Nuclear EOS Density Ladder 
No single method can constrain the EOS over the 
entire density domain. Instead, each rung on the 
ladder provides information that can be used to 

determine the EOS at neighboring rungs
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Oppenheimer-Volkoff

Neutron Stars and The Equation of  
State of Neutron-Rich Matter
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Only Physics that the TOV equation is 
sensitive to is the Equation of State 

PREX constrains L!

Micro-Macro

Connection



Nuclear science plays a fundamental role in understanding  
the structure, dynamics, and composition of neutron stars!

Increase from 0.7 to 2 Msun is entirely due to repulsive nuclear 
interactions at short distances and transfers ownership to us!

Neutron Stars as Nuclear Physics Gold Mines
Neutron Stars are the remnants of massive stellar explosions

Are bound by gravity NOT by the strong force
Satisfy the Tolman-Oppenheimer-Volkoff equation (vesc/c⇠1/2)

Only Physics sensitive to: Equation of state of neutron-rich matter
EOS must span about 11 orders of magnitude in baryon density

Increase from 0.7!2M� must be explained by Nuclear Physics!

common feature of models that include the appearance of ‘exotic’
hadronic matter such as hyperons4,5 or kaon condensates3 at densities
of a few times the nuclear saturation density (ns), for example models
GS1 and GM3 in Fig. 3. Almost all such EOSs are ruled out by our
results. Our mass measurement does not rule out condensed quark
matter as a component of the neutron star interior6,21, but it strongly
constrains quark matter model parameters12. For the range of allowed
EOS lines presented in Fig. 3, typical values for the physical parameters
of J1614-2230 are a central baryondensity of between 2ns and 5ns and a
radius of between 11 and 15 km, which is only 2–3 times the
Schwarzschild radius for a 1.97M[ star. It has been proposed that
the Tolman VII EOS-independent analytic solution of Einstein’s
equations marks an upper limit on the ultimate density of observable
cold matter22. If this argument is correct, it follows that our mass mea-
surement sets an upper limit on this maximum density of
(3.746 0.15)3 1015 g cm23, or ,10ns.
Evolutionary models resulting in companion masses.0.4M[ gen-

erally predict that the neutron star accretes only a few hundredths of a
solar mass of material, and result in a mildly recycled pulsar23, that is
one with a spin period.8ms. A few models resulting in orbital para-
meters similar to those of J1614-223023,24 predict that the neutron star
could accrete up to 0.2M[, which is still significantly less than the
>0.6M[ needed to bring a neutron star formed at 1.4M[ up to the
observed mass of J1614-2230. A possible explanation is that some
neutron stars are formed massive (,1.9M[). Alternatively, the trans-
fer of mass from the companion may be more efficient than current
models predict. This suggests that systems with shorter initial orbital
periods and lower companion masses—those that produce the vast
majority of the fully recycled millisecond pulsar population23—may
experience even greater amounts of mass transfer. In either case, our
mass measurement for J1614-2230 suggests that many other milli-
second pulsars may also have masses much greater than 1.4M[.
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Figure 3 | Neutron star mass–radius diagram. The plot shows non-rotating
mass versus physical radius for several typical EOSs27: blue, nucleons; pink,
nucleons plus exoticmatter; green, strange quarkmatter. The horizontal bands
show the observational constraint from our J1614-2230 mass measurement of
(1.976 0.04)M[, similar measurements for two other millisecond pulsars8,28

and the range of observed masses for double neutron star binaries2. Any EOS
line that does not intersect the J1614-2230 band is ruled out by this
measurement. In particular, most EOS curves involving exotic matter, such as
kaon condensates or hyperons, tend to predict maximum masses well below
2.0M[ and are therefore ruled out. Including the effect of neutron star rotation
increases themaximum possiblemass for each EOS. For a 3.15-ms spin period,
this is a=2% correction29 and does not significantly alter our conclusions. The
grey regions show parameter space that is ruled out by other theoretical or
observational constraints2. GR, general relativity; P, spin period.
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Tidal Polarizability and Neutron-Star Radii (2017)

The tidal polarizability 
measures the  “fluffiness”  

(or stiffness)of a neutron star 
against deformation. Very 

sensitive to stellar radius! 

        Tidal Polarizability(Deformability): 
Tidal field induces a mass polarization
A time dependent mass quadrupole 
emits gravitational waves

Qij = ⇤Eij ⇤ = k2

✓
c2R

2GM

◆5

= k2

✓
R

Rs

◆5
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low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-7
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⇤1.4 = 390+190
�120 (90%)

GW170817  
rules out very large  
neutron star radii! 

Neutron Stars 
must be compact 

(Latest LIGO/Virgo analysis)

So EOS! 
Small L!

Micro-Macro

Large level arm!



Most massive neutron star ever  
detected strains the limits of physics 

Shapiro Delay

Measuring Heavy Neutron Stars (2019) 
Shapiro Delay: General Relativity to the Rescue

<latexit sha1_base64="CA1JMgByePFWOnhK3SbwmR0/GEo="></latexit>

G(Mns +Mwd) = 4⇡2 a
3

P 2

Newtonian Gravity sensitive 
to the total mass of the binary 

Kepler’s Third Law

Shapiro delay — a purely 
General Relativistic effect 
can break the degeneracy

Cromartie/Fonseca et al. (2020)
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Neutron-star Interior Composition Explorer (NICER) 
Simultaneous Mass and Radius Measurements (2019-2021)
NICER was launched  from Kennedy’s 
Space Center on June 3, 2017 aboard 

SpaceX Falcon 9 Rocket and docked at the 
International Space Station two days later. 

NICER measures the compactness  
of the Neutron Star by looking at  

back of the star! 

Pulse Profile: The stellar 
compactness controls the light 

profile from the hot spot 
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2GM

c2R
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RS

R

Neutron 
Star

NICER

Simultaneous mass–radius measurements

PSR J0740+6620 (2021)2PSR J0030+0451 (2019)1

observer

neutron
star

gravitational lensing Emissions from neutron stars with 
hot spots probe the surrounding 
space-time geometry
X-ray pulse profiling and ray tracing 
allow inferring the neutron star 
properties such as mass & radius
Analyses are compatible with 
GW170817 but have large 
uncertainties and favors larger radii

NICER

Riley et al. (2019)

<latexit sha1_base64="yVhNcP4SouHDs/oD5CTogHKf9JA="></latexit>

M = 1.34+0.15
�0.16 M�

R1.4 = 12.71+1.14
�1.19 km

Miller et al. (2019)
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M = 1.44+0.15
�0.14 M�

R1.4 = 13.02+1.24
�1.06 km

Shapiro delay: Cromartie et al. (2020)

Miller et al. (2021)

Riley et al. (2021)
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M = 2.08± 0.07M�

R2.0 = 12.39+1.30
�0.98 km

R2.0 = 13.7+2.6
�1.5 km

Stiff EOS! 
Large L!Micro-Macro



Heaven and Earth 
Laboratory Constraints on the EOS

3

From nuclear physics to astrophysicsFrom nuclear physics to astrophysics

3) Symmetry Energy
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The slope of the symmetry energy L controls both the 
neutron skin of heavy nuclei as well as the radius of (low mass)  

neutron stars — objects that differ in size by 18 orders of magnitude!



Parity Violating e-Nucleus Scattering
Searching for an accurate picture of the neutron distributionThe Modern Approach: PV in Elastic Electron-Nucleus Scattering

Donnelly, Dubach, Sick, NPA 503, 589 (1989); Abrahamyan et al., PRL 108, (2012) 112502

Charge (proton) densities known with enormous precision
charge density probed via parity-conserving eA scattering
Weak-charge (neutron) densities very poorly known
weak-charge density probed via parity-violating eA scattering
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Charge (proton) density known with enormous precision 
• Probed via parity-conserving elastic e-scattering 
Weak-charge (neutron) density known very poorly known 
• Probed via parity-violating elastic e-scattering
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PREX-2 (Oct 29, 2020) 
Ciprian Gal - DNP Meeting  

Adhikari et al., PRL 126, 172502 (2021)

Conservation of difficulty: 
PVES provides the cleanest  

constraint on the EOS of 
neutron-rich matter  in the 

vicinity of saturation density

Heroic effort from our 
experimental colleagues
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Tantalizing Possibility
• Laboratory Experiments suggest large neutron radii for Pb 
• Gravitational Waves suggest small stellar radii 
• Electromagnetic Observations suggest large stellar masses 

Exciting possibility: If all are confirmed, this tension may be evidence  
of a softening/stiffening of the EOS (phase transition?)
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The composition of the outer crust and the r-process 
Enormous sensitivity to nuclear masses!

Outer Crust: Lattice of neutron-rich nuclei 
imbedded in e-gas (N=50,82)
r-Process: Seed nuclei imbedded in a high 
neutron-flux environment reach neutron drip line
RIB Facilities: Unlikely to reach drip lines
Theory/Experiment partnership!

?



Nuclear Theory meets Machine Learning

M(N,Z) = MDFT (N,Z) + �MBNN (N,Z)

Systematic scattering greatly reduced   
Predictions supplemented by theoretical errors         

The paradigmUse DFT to predict nuclear masses   
Train BNN by focusing on residuals          

o

Re-generating Richard Feynman
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The Dangers of Extrapolation!

M(N,Z) = MDFT (N,Z) + �MBNN (N,Z)

Systematic scattering greatly reduced   
Predictions supplemented by theoretical errors         

The paradigmUse DFT to predict nuclear masses   
Train BNN by focusing on residuals          
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Emulators are statistical ML models 
that faithfully reproduce the behavior 

of a complex physical system at a “tiny” 
fraction of the computational cost!



Astrophysics:  What is the minimum mass of a black hole?
C.Matter Physics: Existence of Coulomb-Frustrated Nuclear Pasta?
General Relativity:  Can BNS mergers constrain stellar radii?
Nuclear Physics:  What is the EOS of neutron-rich matter?
Particle Physics:  What exotic phases inhabit the dense core?
Machine Learning: Extrapolation to where no man has gone before?

Neutron Stars are the natural meeting place for  
interdisciplinary, fundamental, and exciting science! 

Conclusions: We have entered the golden 
era of neutron-star physics 
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Multi-messenger Astronomy with 
Gravitational Waves 
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+ A=

G = G  + G    G0 0
Self-consistent DFT ground state

Covariant Density Functional Theory
Walter Kohn 

Nobel Laureate 
Chemistry 1998

Anatomy of a self-consistent Covariant DFT calculation
The Hohenberg-Kohn Theorem: The ground state energy  
can be obtained variationally: the density that minimizes  

the total energy is the exact ground state density

Empirical parameters calibrated to physical observables
Ground state properties emerge from functional minimization

From finite nuclei to neutron stars!

s: intermediate range scalar attraction (2p exchange) 
w: short-range vector repulsion (contact term in cEFT)  
r: isospin (flavor) dependent short-range interaction 
g: long-range Coulomb repulsion between protons 
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The Dawn of a Golden Era in Neutron-Star Physics 
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Neutron Stars as Nuclear Physics Gold Mines
Neutron Stars are the remnants of massive stellar explosions

Are bound by gravity NOT by the strong force
Satisfy the Tolman-Oppenheimer-Volkoff equation (vesc/c⇠1/2)

Only Physics sensitive to: Equation of state of neutron-rich matter
EOS must span about 11 orders of magnitude in baryon density

Increase from 0.7!2M� must be explained by Nuclear Physics!

common feature of models that include the appearance of ‘exotic’
hadronic matter such as hyperons4,5 or kaon condensates3 at densities
of a few times the nuclear saturation density (ns), for example models
GS1 and GM3 in Fig. 3. Almost all such EOSs are ruled out by our
results. Our mass measurement does not rule out condensed quark
matter as a component of the neutron star interior6,21, but it strongly
constrains quark matter model parameters12. For the range of allowed
EOS lines presented in Fig. 3, typical values for the physical parameters
of J1614-2230 are a central baryondensity of between 2ns and 5ns and a
radius of between 11 and 15 km, which is only 2–3 times the
Schwarzschild radius for a 1.97M[ star. It has been proposed that
the Tolman VII EOS-independent analytic solution of Einstein’s
equations marks an upper limit on the ultimate density of observable
cold matter22. If this argument is correct, it follows that our mass mea-
surement sets an upper limit on this maximum density of
(3.746 0.15)3 1015 g cm23, or ,10ns.
Evolutionary models resulting in companion masses.0.4M[ gen-

erally predict that the neutron star accretes only a few hundredths of a
solar mass of material, and result in a mildly recycled pulsar23, that is
one with a spin period.8ms. A few models resulting in orbital para-
meters similar to those of J1614-223023,24 predict that the neutron star
could accrete up to 0.2M[, which is still significantly less than the
>0.6M[ needed to bring a neutron star formed at 1.4M[ up to the
observed mass of J1614-2230. A possible explanation is that some
neutron stars are formed massive (,1.9M[). Alternatively, the trans-
fer of mass from the companion may be more efficient than current
models predict. This suggests that systems with shorter initial orbital
periods and lower companion masses—those that produce the vast
majority of the fully recycled millisecond pulsar population23—may
experience even greater amounts of mass transfer. In either case, our
mass measurement for J1614-2230 suggests that many other milli-
second pulsars may also have masses much greater than 1.4M[.
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Figure 3 | Neutron star mass–radius diagram. The plot shows non-rotating
mass versus physical radius for several typical EOSs27: blue, nucleons; pink,
nucleons plus exoticmatter; green, strange quarkmatter. The horizontal bands
show the observational constraint from our J1614-2230 mass measurement of
(1.976 0.04)M[, similar measurements for two other millisecond pulsars8,28

and the range of observed masses for double neutron star binaries2. Any EOS
line that does not intersect the J1614-2230 band is ruled out by this
measurement. In particular, most EOS curves involving exotic matter, such as
kaon condensates or hyperons, tend to predict maximum masses well below
2.0M[ and are therefore ruled out. Including the effect of neutron star rotation
increases themaximum possiblemass for each EOS. For a 3.15-ms spin period,
this is a=2% correction29 and does not significantly alter our conclusions. The
grey regions show parameter space that is ruled out by other theoretical or
observational constraints2. GR, general relativity; P, spin period.
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       What have we learned since GW170817 
PREX suggest a stiff EOS around saturation density 
LIGO-Virgo favor a soft EOS at around 2n0 
 although see Gamba et al., PRD 103, 124015 (2021) 
NICER/Pulsar Timing suggest a stiff EOS at ~4n0



Who Ordered That?
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No theoretical model 
that I know of can  

reproduce both!



"We have detected gravitational waves; we did it" 
David Reitze, February 11, 2016

The dawn of a new era: GW Astronomy 
Initial black hole masses are 36 and 29 solar masses
Final black hole mass is 62 solar masses;  
3 solar masses radiated in Gravitational Waves!  



The New Periodic Table of the Elements

The optical counterpart SSS17a 
produced at least 5% solar 

masses (1029 kg!) 
of heavy elements - 

demonstrating that NS-mergers 
play a role in the r-process


