
Heaven and Earth: Nuclear Astrophysics  
in the Multimessenger Era

J. Piekarewicz



P.A.M Dirac:  From Cambridge to Tallahassee

Wigner and Moshinsky



Lectures will attempt to provide an 
overall personal  picture of the emergent 
field of multi-messenger astronomy from 

a nuclear physics perspective 

Please ask questions!



"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!  



GW170817: The Beginning of  
the Multimessenger Era
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“I believe it would demean  
Nobel Prizes if they were  

awarded to research 
students, except in  

very exceptional cases and 
I do not believe this is one  

of them”

Jocelyn Bell: As a graduate student  
discovers neutron stars

Bell discovers pulsars as a graduate student in (1967)
Discovers by accident an amazingly regular signal 
First thought that signal came from an alien civilization  
 
 Nobel Prize awarded to her mentor (1974) 
 Awarded Special Breakthrough Prize (2018)  
 Bell donates prize ($3M) to help minority students!

Listen to the sounds of the Vela pulsar, 
which was produced after the explosion  

of a massive star about 10,000 years ago.  
The star spins on its axis 11 times per second.



Biography of a Neutron Star: The Crab Pulsar

SN 1054 first observed as a new “star” in the sky on July 4, 1054
Event recorded in multiple Chinese and Japanese documents
Event also recorded by Anasazi residents of Chaco Canyon, NM
Crab nebula and pulsar became the SN remnants

Name: PSR B0531+21 Distance: 6,500 ly
POB: Taurus Temperature: 106 K
Mass: 1.4 M� Density: 1014g/cm3

Radius: 10 km Pressure: 1029 atm
Period: 33 ms Magnetic Field: 1012 G
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Neutron Stars: The Role of Nuclear Science
Neutron stars are the remnants of massive stellar explosions (CCSN) 
Bound by gravity — NOT by the strong force!  
Satisfy the TOV equations: Transition from Newtonian Gravity to Einstein Gravity 

Only Physics that the TOV equation is sensitive to: Equation of State  

Increase from 0.7 to 2 Msun transfers ownership to Nuclear Physics!

Status before GW170817 
 

Many nuclear models that account for 
the properties of finite nuclei yield 

enormous variations in the prediction of 
neutron-star radii and maximum mass 

Only observational constraint in the 
form of two neutron stars with a mass  

in the vicinity of 2Msun 

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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Nuclear Physics Critical
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Enormous spread in stellar radii!

Micro-macro connection



Atmosphere (10 cm):  Shapes Thermal Radiation (L=4psR2T4)
Envelope (100 m):  Huge Temperature Gradient (108K 4106K)
Outer Crust (400 m):  Coulomb Crystal (Exotic neutron-rich nuclei)
Inner Crust (1 km):  Coulomb Frustration (“Nuclear Pasta”)
Outer Core (10 km):  Uniform Neutron-Rich Matter (n,p,e,µ)
Inner Core (?):  Exotic Matter (Hyperons, condensates, quark matter)

Anatomy of a Neutron Star:Our Sandbox

    Supernova 1987a
12 anti-neutrinos from Kamiokande
  8 anti-neutrinos from IMB
  5 anti-neutrinos from Baksan
  (Arrival a few hours before the EM radiation)

 Cassiopeia A (circa 1690)
 Very first light from Chandra X-ray telescope



How Does Matter Organize Itself?
What is the ground state of matter at a given density?

Neutron Stars: Unique Cosmic Laboratories

Experiment, Theory, and AI/ML



EOS-101: The Equation of State of Neutron-Rich Matter
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Equation of state: textbook examples 
Non-interacting classical gas 
high temperature, low density limit

Non-interacting (UR) quantum gas 
high density, low temperature limit
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P (n, T ) = nkBT $ P (E) = 2

3
E
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P (n, T =0) ⇡ n4/3 $ P (E) = 1

3
E
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S(⇢0) ⇡
⇣
EPNM�ESNM

⌘
(⇢0)=J

PPNM ⇡ 1

3
L⇢0 (Pressure of PNM)

“Stiff”           L large
“Soft”           L small

Equation of state of neutron-rich matter:  
NON-textbook example

Strongly-interacting quantum fluid  
 high density, low temperature limit
Two “quantum liquids” in µ-equilibrium
Charge-neutral system (neutralizing leptons)
Density dependence and isospin asymmetry  
of the EOS poorly constrained 



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! 

Electric Polarizability:
Electric field induced a polarization of charge
A time dependent electric dipole emits  
electromagnetic waves: 

        Tidal Polarizability (Deformability):
Tidal field induces a polarization of mass
A time dependent mass quadrupole emits  
gravitational waves:  Qij = ⇤Eij

Pi = �Ei

⇤ = 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

<latexit sha1_base64="sbDcEwlYpeC74zgbJsYGs/+EdJE=">AAACEHicbVDLSgMxFM3UV62vqks3g6VYUUum1kcXQtGNCxcV7AM645BJ0zY08yDJCGWYT3Djr7hxoYhbl+78G9N2Ftp6IHA451xu7nECRoWE8FtLzc0vLC6llzMrq2vrG9nNrYbwQ45JHfvM5y0HCcKoR+qSSkZaASfIdRhpOoOrkd98IFxQ37uTw4BYLup5tEsxkkqys3vmjQp3kB0ZxXJ8cVyB99GBUYGxHR0ZJRibh4UKNPP7djYHi3AMfZYYCcmBBDU7+2V2fBy6xJOYISHaBgykFSEuKWYkzpihIAHCA9QjbUU95BJhReODYj2vlI7e9bl6ntTH6u+JCLlCDF1HJV0k+2LaG4n/ee1Qds+tiHpBKImHJ4u6IdOlr4/a0TuUEyzZUBGEOVV/1XEfcYSl6jCjSjCmT54ljVLROC2e3JZz1cukjjTYAbugAAxwBqrgGtRAHWDwCJ7BK3jTnrQX7V37mERTWjKzDf5A+/wBRZOZkA==</latexit>

⇤1.4 = 390+190
�120 (90%)

GW170817  
rules out very large  
neutron star radii! 

Neutron Stars 
must be compact 

(Latest LIGO/Virgo analysis)



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
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Cromartie/Fonseca et al. (2020)
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M = 2.08± 0.07M�



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
=

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)
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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



Parity Violating e-Nucleus Scattering
Searching fo our most accurate picture of 

the nuclear weak-charge distribution!

The 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

APV =
GF Q2
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5

Use parity violation as Z0 couples preferentially to neutrons
PV provides a clean measurement of neutron densities (and rn)

up-quark down-quark proton neutron
�-coupling +2/3 �1/3 +1 0
Z0-coupling ⇡ +1/3 ⇡ �2/3 ⇡ 0 �1

gv=2tz � 4Q sin2 ✓W⇡2tz�Q
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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 asymmetry in elastic e-scattering 
• Z0 couples preferentially to neutrons in the target
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Organizing Committee

Chuck Horowitz (Indiana)

Kees de Jager (JLAB)

Jim Lattimer (Stony Brook)

Witold Nazarewicz (UTK, ORNL)

Jorge Piekarewicz (FSU

Sponsors: Jefferson Lab, JSA

PREX is a fascinating experiment that uses parity

violation to accurately  determine the neutron

radius in 208Pb. This has broad applications to

astrophysics, nuclear structure, atomic parity non-

conservation and tests of the standard model.  The

conference will begin with introductory lectures

and we encourage new comers to attend.

For more information contact horowit@indiana.edu

Topics

Parity Violation

Theoretical descriptions of neutron-rich nuclei and

bulk matter

Laboratory measurements of neutron-rich nuclei

and bulk matter

Neutron-rich matter in Compact Stars / Astrophysics

Website: http://conferences.jlab.org/PREX

1979 Nobel Prize 
EW unification



Heroic effort from our 
experimental colleagues
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From nuclear physics to astrophysicsFrom nuclear physics to astrophysics

3) Symmetry Energy

Yang, J., & Piekarewicz, J. (2017).Utama, R., Chen, W. C., & Piekarewicz, J. (2016)

Neutrons

Protons
+

Neutrons

The neutron skin thickness 
of 208Pb (Z=82, N=126)


