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First Week: Heaven and Earth — Informing  
the Equation of State of NS Matter  
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(Andre, Francesco, Martin, Moritz; Almudena) 
Third Week: Neutron Star Mergers 
(Albino, Alejandra, Om; Bruno)
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Nuclear Theory for Astrophysics



Lectures will attempt to 
provide an overall (personal) 

picture of the field 



P.A.M. Dirac — Tallahassee most famous resident!

Wigner and Moshinsky



Multi-messenger Astronomy with 
Gravitational Waves 

X-rays/Gamma-rays	

Gravita.onal	Waves	

Binary	Neutron	Star	Merger	

Visible/Infrared	Light	

Radio	Waves	

Neutrinos	

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)

J. Piekarewicz (FSU) Neutron Stars Mazurian Lakes 2015 2 / 15

            
           The “Old” Generation

Pablo Giuliani
Daniel Silva 
Junjie Yang  
 
The New Generation
Amy Anderson
Marc Salinas

My Students and Collaborators 



Neutron Stars

A Brief History of Neutron Stars



Death of a Star Birth of a PulsarDeath of a Star — Birth of a Pulsar: Core-Collapse Supernova

Big Bang creates H, He, and traces of light elements
Massive stars create all chemical elements: from 6Li to 56Fe
Once 56Fe is produced the stellar core collapses
Core overshoots and rebounds: Core-Collapse Supernova!
99% of the gravitational energy radiated in neutrinos
An incredibly dense object is left behind: A neutron star or a black hole

Neutron stars are solar mass objects with 10 km radii
Core collapse mechanism and r-process site remain uncertain!

. . . see “Blingnova: The origin of gold” (Washington Post)

J. Piekarewicz (FSU) Neutron Stars Santa Tecla, September 2013 5 / 33



A very brief history of neutron stars
Chandrasekhar predicts that WD-stars will collapse (1931)
Chadwick discovers the neutron (1932)
Baade-Zwicky conjecture the existence of neutron stars (1934)
Tolman-Oppenheimer-Volkoff equation including GR (1939)  
 
 
 

Bell discovers pulsars accidentally as a graduate student (1967)

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.



S. Chandrashekar and X-Ray Chandra

Cassiopeia A 
Chandra’s First Light! 

August 27, 1999

White-dwarf stars supported by electron degeneracy 
pressure (Dirac and Fowler 1926)
For WD stars in excess of 1.4 solar masses electrons 
become relativistic and the pressure is insufficient to support 
the star against gravitational collapse (1931) 
 

Arthur Eddington (1919 light bending) ridiculed Chandra
James Chadwick discovers the neutron (1932)
Chandra awarded the Nobel Prize with W.A. Fowler (1983)
NASA launches the Chandra X-ray observatory (1999)

P ⇠ n5/3 ! n4/3
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Neutron Stars: Dame Jocelyn Bell Burnell 

© 1968 Nature Publishing Group

Nature, 217 - Feb.14, 1968

Detected a bit of “scruff”  (1967)
Discovers amazing regularity in the signal (P=1.33730119 seconds)
May the signal be from an alien civilization?  (Little Green Man 1)
Paper announcing first pulsar published   
[Observation of a Rapidly Pulsating Radio Source  
A Hewish, SJ Bell, et al., Nature 217, 709 (1968)]
Nobel awarded to Hewish and Ryle (1974)
“No-Bell” roundly condemned (Hoyle)

“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”

Awarded Special Breakthrough Prize (2018)  
Bell donates prize ($3M) to help minority students!



A Very Brief Description of the Anatomy of a Neutron Star



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 Playground

    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

Neutron stars  probe ~10 orders  
of magnitude in baryon density  
Terrestrial laboratories can not 
recreate such exotic environment 
Neutrons stars are bound by gravity 
and not by the strong nuclear force!

2023  |  VERSION 1.1



The Beginning of a New Era:  
Multi-messenger Astronomy



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

2023  |  VERSION 1.1

How were the heavy  
elements from iron  
to uranium made? 

Are there new states  
of matter at ultrahigh  

temperatures and  
densities?

The Nuclear Physics  
of Neutron Stars

Cosmic Ladder



Oppenheimer-Volkoff

Neutron Stars and the Equation of  
State of Neutron-Star Matter

Monday Afternoon Session: Adriana Raduta


