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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
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FIGURE 2.6 Multidisciplinary quest for understanding the neutron-rich matter on Earth and in the cos-
mos. The study of neutron skins and the PREX experiment are discussed in the text. The anticipated 
discovery of gravitational waves by the Laser Interferometer Gravitational Wave Observatory (LIGO) 
and the allied European detector Virgo will help understanding large-scale motions of dense neutron-
rich matter. Finally, advances in computing hardware and computational techniques will allow theorists 
to perform calculations of the neutron star crust. SOURCE: Courtesy of W. Nazarewicz, University of 
Tennessee at Knoxville; inspired by a diagram by Charles Horowitz, Indiana University.

Nuclear Masses and Radii

The binding of nucleons in the nucleus contains integral information on the 
interactions that each nucleon is subjected to in the nuclear environment. Dif-
ferences in nuclear masses and nuclear radii give information on the binding of 
individual nucleons, on the onset of structural changes, and on specific interac-
tions. Examples of recent measurements of charge radii in light halo nuclei were 
discussed above. With exotic beams and devices such as Penning and atomic traps, 
storage rings, and laser spectroscopy the masses and radii of long sequences of 
exotic isotopes are becoming available, extending our knowledge of how nuclear 

Nuclear Astrophysics in the new 
era of multimessenger astronomy

Workshop on 208Pb(e,e’K)  
and Neutron Stars
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Neutron Rich Matter in Heaven: 
The historical first detection of gravitational 
waves from a binary neutron-star merger

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)

On August 17, 2017 at 12∶41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral. The signal, GW170817, was detected
with a combined signal-to-noise ratio of 32.4 and a false-alarm-rate estimate of less than one per
8.0 × 104 years. We infer the component masses of the binary to be between 0.86 and 2.26 M⊙, in
agreement with masses of known neutron stars. Restricting the component spins to the range inferred in
binary neutron stars, we find the component masses to be in the range 1.17–1.60 M⊙, with the total mass of
the system 2.74þ0.04

−0.01M⊙. The source was localized within a sky region of 28 deg2 (90% probability) and
had a luminosity distance of 40þ8

−14 Mpc, the closest and most precisely localized gravitational-wave signal
yet. The association with the γ-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
coalescence, corroborates the hypothesis of a neutron star merger and provides the first direct evidence of a
link between these mergers and short γ-ray bursts. Subsequent identification of transient counterparts
across the electromagnetic spectrum in the same location further supports the interpretation of this event as
a neutron star merger. This unprecedented joint gravitational and electromagnetic observation provides
insight into astrophysics, dense matter, gravitation, and cosmology.

DOI: 10.1103/PhysRevLett.119.161101

I. INTRODUCTION

On August 17, 2017, the LIGO-Virgo detector network
observed a gravitational-wave signal from the inspiral of
two low-mass compact objects consistent with a binary
neutron star (BNS) merger. This discovery comes four
decades after Hulse and Taylor discovered the first neutron
star binary, PSR B1913+16 [1]. Observations of PSR
B1913+16 found that its orbit was losing energy due to
the emission of gravitational waves, providing the first
indirect evidence of their existence [2]. As the orbit of a
BNS system shrinks, the gravitational-wave luminosity
increases, accelerating the inspiral. This process has long
been predicted to produce a gravitational-wave signal
observable by ground-based detectors [3–6] in the final
minutes before the stars collide [7].
Since the Hulse-Taylor discovery, radio pulsar surveys

have found several more BNS systems in our galaxy [8].
Understanding the orbital dynamics of these systems
inspired detailed theoretical predictions for gravitational-
wave signals from compact binaries [9–13]. Models of the
population of compact binaries, informed by the known
binary pulsars, predicted that the network of advanced
gravitational-wave detectors operating at design sensitivity

will observe between one BNS merger every few years to
hundreds per year [14–21]. This detector network currently
includes three Fabry-Perot-Michelson interferometers that
measure spacetime strain induced by passing gravitational
waves as a varying phase difference between laser light
propagating in perpendicular arms: the two Advanced
LIGO detectors (Hanford, WA and Livingston, LA) [22]
and the Advanced Virgo detector (Cascina, Italy) [23].
Advanced LIGO’s first observing run (O1), from

September 12, 2015, to January 19, 2016, obtained
49 days of simultaneous observation time in two detectors.
While two confirmed binary black hole (BBH) mergers
were discovered [24–26], no detections or significant
candidates had component masses lower than 5M⊙, placing
a 90% credible upper limit of 12 600 Gpc−3 yr−1 on the rate
of BNS mergers [27] (credible intervals throughout this
Letter contain 90% of the posterior probability unless noted
otherwise). This measurement did not impinge on the range
of astrophysical predictions, which allow rates as high as
∼10 000 Gpc−3 yr−1 [19].
The second observing run (O2) of Advanced LIGO, from

November 30, 2016 to August 25, 2017, collected 117 days
of simultaneous LIGO-detector observing time. Advanced
Virgo joined the O2 run on August 1, 2017. At the time of
this publication, two BBH detections have been announced
[28,29] from the O2 run, and analysis is still in progress.
Toward the end of the O2 run a BNS signal, GW170817,

was identified by matched filtering [7,30–33] the data
against post-Newtonian waveform models [34–37]. This
gravitational-wave signal is the loudest yet observed, with a
combined signal-to-noise ratio (SNR) of 32.4 [38]. After

*Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PRL 119, 161101 (2017)
Selected for a Viewpoint in Physics

PHY S I CA L R EV I EW LE T T ER S
week ending

20 OCTOBER 2017

0031-9007=17=119(16)=161101(18) 161101-1 Published by the American Physical Society

GW170817: places important constraints on the EOS 
Imprinted in the GW profile is the “tidal polarizability” an observable 

sensitive to the stellar compactness (Radius/Mass)  
LIGO-Virgo suggest that stars are fairly compact (small radii)

Is there any compelling evidence in favor of hyperons  
(or other exotica) in the core of neutron stars?

It is natural to expect hyperons to appear at high density when the 
neutron Fermi momentum can compensate for the excess mass
However, enormous uncertainties in the hyperon dynamics (e.g., 
hyperon-nucleon interaction) severely hinders the argument

Neutron-star mergers 
create gravitational waves, 

light, and gold!
2

My philosophy: Rely exclusively on nucleons-only  
models informed by both terrestrial experiments and  

astrophysical observations and see if and how they fail.  
So far, they have not …



The Equation of State of Neutron-Rich Matter
Two conserved charges: proton and neutron densities (no weak interactions)
Equivalently; total nucleon density and asymmetry: r and a=(N-Z)/A
Expand around nuclear equilibrium density: x=(r-r0)/3r0;   r0x0.15 fm-3  

Density dependence of symmetry energy poorly constrained!!   
“L” symmetry slope ~ pressure of pure neutron matter at saturation

E(⇢,↵) ' E0(⇢) + ↵2S(⇢) '
⇣
✏0 +

1

2
K0x

2
⌘
+

⇣
J + Lx+

1

2
Ksymx

2
⌘
↵2

3
0 0.5 1 1.5 2

ρ/ρ
0

0

20

40

60

80

S(
ρ)

(M
eV

)

ρ/ρ
0
∼2/3

L~PPNM

Symmetry Energy

symmetry 
energy

0 1 2 3 4
l/l

0

-20

0

20

40

60

80

100

E
/A

-M
(M

eV
)

Symmetric Nuclear Matter

kFermi



Neutron-Star Structure at JLab: Rskin as a proxy for L
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PREX@JLAB: First Electroweak 
(clean!) evidence in favor of Rskin in Pb 
Precision hindered by radiation issues
Statistical uncertainties 3 times larger than  
promised: Rskin=0.33(16)fm

PREX-II & CREX to run in 2019-20
Original goal of 1% in neutron radius
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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
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Although a fundamental parameter of the EOS, L is NOT a physical observable 
Strong correlation emerges between the neutron skin thickness of 208Pb and L
L controls both the neutron skin of 208Pb and the radius of a neutron star 
… As well as many other stellar properties sensitive to the symmetry energy 

0 0.2 0.4 0.6 0.8 1
Correlation with skin of 208Pb

skin 132Sn

RNS[0.8]
RNS[1.4]

skin 48Ca

l
t

skin 208Pb

L

Yp
t

MDUrca

Icrust[0.8]

St
ru

ct
ur

e
Pa

st
a

Cooling

Glitches

40 50 60 70 80
L(MeV)

0.18

0.2

0.22

0.24

R
sk
in

20
8
(f
m
)

l=0.995
FSUGold

MREX

v090
M
Sk7

HFB-8
SkP

HFB-17
SkM

*
DD-M

E2
DD-M

E1
FSUGold
DD-PC1
Ska

PK1.s24
Sk-Rs

NL3.s25
Sk-T4
G2

NL-SV2
PK1
NL3

NL3*
NL2

NL1

0 30 60 90 120 150
L(MeV)

0.12

0.16

0.2

0.24

0.28

0.32

R
sk
in

20
8
(f
m
)

D1S

D1N
SG
II

Sk-T6
SkX SLy5

SLy4

M
SkA

M
SL0

SIV
SkSM

*
SkM

P

SkI2SV

G
1

TM
1

NL-SH
NL-RA1

PC-F1

BCP

RHF-PKO
3

Sk-G
s

RHF-PKA1
PC-PK1

SkI5

PREX-II

M
R
EX

l=0.98

FSU
G
old

Roca Maza et al. 
PRL 106,252501 (2011)

Neutron Rich Matter on Earth: 
The Quest for “L” at Terrestrial Laboratories
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How can we make massive stars with small radii?

Tantalizing Multi-Messenger 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?) … 

So far,  however, nucleons-only models have NOT failed!

Most massive neutron star ever  
detected strains the limits of physics 

Shapiro Delay

10 12 14 16 18
R+(km)

0

0.5

1

1.5

2

2.5

3

M
+

/M
su

n

1.6

FSUGold2
RMF022
RMF028
RMF032Caus

ali
ty NL3

B
ausw

ein et al

FS
U
G
ar
ne
t

IU-FSU

TA
M
U
c

TA
M
U
b

TA
M
U
a

J0348(2013)
J1614(2010)

G
W

170817

J0740(2019)

12 12.5 13 13.5 14 14.5 15
RNS
1.4 (km)

400

600

800

1000

1200

1400

R
1.
4

.16 .22 .25 .28 .30 .33

Rskin208 (fm)

Revised upper bound

90% upper bound

PREX
PREX-II

MREX

(a) (b)

10 12 14 16 18
R+(km)

0

0.5

1

1.5

2

2.5

3

M
+

/M
su

n

1.6

RMF022
FSUGold2
RMF032

Causality NL3

Bausw
ein et al

FS
UG

ar
ne
t

IU-FSU

TA
M
Uc

TA
M
Ub

TA
M
Ua

J0348(2013)
J1614(2010)

J0740(2019)

(1939)
Oppenheimer-Volkoff

NICER (2019)
Fattoyev et al

}Arbitrary central value



It is all Connected!

My FSU Collaborators
Genaro Toledo-Sanchez
Karim Hasnaoui
Bonnie Todd-Rutel
Brad Futch
Jutri Taruna
Farrukh Fattoyev
Wei-Chia Chen
Raditya Utama

My Outside Collaborators
B. Agrawal (Saha Inst.)
M. Centelles (U. Barcelona)
G. Colò (U. Milano)
C.J. Horowitz (Indiana U.)
W. Nazarewicz (MSU)
N. Paar (U. Zagreb)
M.A. Pérez-Garcia (U.
Salamanca)
P.G.- Reinhard (U.
Erlangen-Nürnberg)
X. Roca-Maza (U. Milano)
D. Vretenar (U. Zagreb)
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The New Generation
Pablo Giuliani
Daniel Silva 
Junjie Yang

Gravitational-wave astronomy has  
opened a new window into the cosmos.  
New capabilities in heaven and earth  
will unravel nature’s deepest secrets   

Multi-messenger Astronomy with 
Gravitational Waves 

X-rays/Gamma-rays	

Gravita.onal	Waves	

Binary	Neutron	Star	Merger	

Visible/Infrared	Light	

Radio	Waves	

Neutrinos	
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FIGURE 2.6 Multidisciplinary quest for understanding the neutron-rich matter on Earth and in the cos-
mos. The study of neutron skins and the PREX experiment are discussed in the text. The anticipated 
discovery of gravitational waves by the Laser Interferometer Gravitational Wave Observatory (LIGO) 
and the allied European detector Virgo will help understanding large-scale motions of dense neutron-
rich matter. Finally, advances in computing hardware and computational techniques will allow theorists 
to perform calculations of the neutron star crust. SOURCE: Courtesy of W. Nazarewicz, University of 
Tennessee at Knoxville; inspired by a diagram by Charles Horowitz, Indiana University.

Nuclear Masses and Radii

The binding of nucleons in the nucleus contains integral information on the 
interactions that each nucleon is subjected to in the nuclear environment. Dif-
ferences in nuclear masses and nuclear radii give information on the binding of 
individual nucleons, on the onset of structural changes, and on specific interac-
tions. Examples of recent measurements of charge radii in light halo nuclei were 
discussed above. With exotic beams and devices such as Penning and atomic traps, 
storage rings, and laser spectroscopy the masses and radii of long sequences of 
exotic isotopes are becoming available, extending our knowledge of how nuclear 
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