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Nuclear structure and astrophysics: selected topics

Monday 27th January 2025

09:10 Cecilia Chirenti „Astrophysical constraints on the neutron star equation of state from 
short gamma-ray bursts“

Tuesday 28th January 2025

09:45 Ani Aprahamian „Were the heavy elements made in nature?“

11:00 Adi Ashkenazi „The nuclear aspects of neutrino oscillation mesurements“

Wednesday 29th January 2025

17:00 James Lattimer „Recent developments in extracting the EOS from observations“

Thursday 30th January 2025

09:00 Jacklyn Gates „Pursuing new superheavy elements“



Nuclear structure and astrophysics: selected topics

Nuclear structure:     nuclear astrophysics:

① the basics      ① introduction

② ab initio nuclear models    ② stars: nature‘s nuclear reactors

③ neutrino oscillation measurements   ③ life and death of a star

④ superheavy nuclei     ④ nuclear Equation of State

       ⑤ s, r, p, rp processes



decay mode

valley of stability

proton-rich nuclei

neutron-rich nuclei
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N, number of neutrons

≈ 300 Stable nuclei 
o 𝐙𝐙 ≅ 𝐍𝐍 up to 40Ca
o 𝐍𝐍 > 𝐙𝐙 for A>40

≈ 3000 unstable nuclei

Island of stability?

Nuclear structure: the basics

Nuclear landscape



Nuclear structure: the basics

static properties to describe a nucleus:

electric charge
radius
mass 
binding energy
angular momentum
parity
magnetic dipole and electric quadrupole moments
energies of excited states



Nuclear structure: the basics

Charge distributions in (stable) nuclei
well described by 
Fermi parametrisation
 

𝛒𝛒 𝐫𝐫 = 𝛒𝛒 𝟎𝟎
𝟏𝟏+𝐞𝐞 𝐫𝐫−𝐑𝐑 /𝐭𝐭 

radius R
 increases with A: 𝐑𝐑 = 𝐫𝐫𝟎𝟎 � 𝐀𝐀𝟏𝟏/𝟑𝟑  (r0 ≈ 1,2fm)

surface width or skin thickness t

o const. density 𝝆𝝆𝟎𝟎 in the interior (saturation)

o same skin thickness t

→ (stable) nuclei look like liquid drops of radius 𝐑𝐑 ∝ 𝑨𝑨𝟏𝟏/𝟑𝟑

t

see Patrick Achenbach‘s 
talk on Tuesday



Nuclear structure: the basics

Binding energy

binding energy B: 
energy required to split a nucleus into its constituents
 𝐦𝐦 𝐙𝐙,𝐍𝐍 = 𝐙𝐙𝐦𝐦𝐩𝐩 + 𝐍𝐍𝐦𝐦𝐧𝐧 − 𝐁𝐁 

 gives information on 
o forces between nucleons
o stability of nucleus
o energy released or required 
     in nuclear decays or reactions

characterize binding energy with only 
a few general parameters

 liquid drop model



Nuclear structure: the basics

Liquid drop model
Bethe-Weizsäcker semi-empirical mass formula:

𝐁𝐁 𝐙𝐙,𝐍𝐍 = 𝐚𝐚𝐯𝐯 � 𝐀𝐀 − 𝐚𝐚𝐬𝐬 � 𝐀𝐀 ⁄𝟐𝟐 𝟑𝟑 − 𝐚𝐚𝐜𝐜 �
𝐙𝐙 𝐙𝐙 − 𝟏𝟏
𝐀𝐀 ⁄𝟏𝟏 𝟑𝟑 − 𝐚𝐚𝐬𝐬𝐬𝐬𝐦𝐦 �

𝐀𝐀 − 𝟐𝟐𝐙𝐙 𝟐𝟐

𝐀𝐀



Nuclear structure: the basics

Variation from the semi-empirical mass formula

more bound systems at Z or N = 2, 8, 20, 28, 50, 82, 126,…

shell structure in nuclei as in atoms?
4He 16O 40Ca 58Ni 120Sn208Pb

4He 16O 48Ca 208Pb40Ca 132Sn



Nuclear structure: the basics

Experimental evidance for shell structure in nuclei

two-neutron separation energy nuclear-charge radii



Nuclear structure: the basics

Nuclear Shell model

developed in 1949 
by Maria Göppert-Mayer and Hans Jensen

at leading order nucleons are seen as:

o independent particles
o evolving in a mean field
o which generates orbitals 
     grouped in shells separated by energy gaps
o closed shells ⇔ magic numbers

 spin-orbit coupling is crucial 
    to get the right ordering of shells



Nuclear structure: the basics

Nuclear Shell model
explains spin and parity of the ground state of many nuclei and some of the excited levels
e.g. 17O and 17F:



Nuclear structure: the basics

Nuclear models
up to here: potential assumed based on empirical facts

can we build ab initio models (i.e. based on first principles)?
 nucleons as building blocks
 realistic NN-interaction

Ab initio methods: description of nuclei starting from the bare NN & 3N 
interactions.
nuclear shell model: nuclear average potential + (residual) interaction 
between nucleons.
Mean-field methods: nuclear average potential with global 
parametrisation (+ correlations).
Phenomenological models: specific nuclei or properties with local 
parametrisation.



Nuclear structure: ab initio nuclear models

Many-body Hamiltonian

nuclear structure calculations: A nucleons (Z protons and N neutrons)

relative motion described by the A-body Hamiltonian:

𝐇𝐇 = �
𝐢𝐢=𝟏𝟏

𝐀𝐀
𝐩𝐩𝐢𝐢𝟐𝟐

𝟐𝟐𝐦𝐦
+ �

𝐢𝐢<𝐣𝐣

𝐀𝐀

𝐕𝐕 �⃗�𝐫𝐢𝐢, �⃗�𝐫𝐣𝐣 + ⋯

→ solve the A-body Schrödinger equation
𝐇𝐇𝚿𝚿 �⃗�𝐫𝟏𝟏, �⃗�𝐫𝟐𝟐, … , �⃗�𝐫𝐀𝐀 = 𝐄𝐄𝚿𝚿 �⃗�𝐫𝟏𝟏, �⃗�𝐫𝟐𝟐, … , �⃗�𝐫𝐀𝐀



Nuclear structure: ab initio nuclear models

Realistic NN-interactions

construct NN-potentials 
based on neutron and proton scattering data 
and properties of light nuclei

⟺ phenomenological potentials fitted on NN-observables:
o d binding energy,
o NN-phaseshifts

N. Ishii et al., PRL 99, 022001 (2007)



Nuclear structure: ab initio nuclear models

Energy levels of light nuclei: experiment vs theoretical calculation 

Carlson, Pieper, Wiringa et al.

𝐕𝐕𝐍𝐍𝐍𝐍 underbinds the nucleus
 need three-body forces

𝐇𝐇 = �
𝐢𝐢=𝟏𝟏

𝐀𝐀

𝐓𝐓𝐢𝐢 + �
𝐣𝐣>𝐢𝐢=𝟏𝟏

𝐀𝐀

𝐕𝐕𝐢𝐢𝐣𝐣 + �
𝐤𝐤>𝐣𝐣>𝐢𝐢=𝟏𝟏

𝐀𝐀

𝐕𝐕𝐢𝐢𝐣𝐣𝐤𝐤 + ⋯

three-body forces account for 
intermediate excitation of nucleons

 can be derived from effective field theory



Nuclear structure: ab initio nuclear models

Effective field theory (EFT)
is an effective quantum field theory based on QCD symmetries 
with resolution scale 𝚲𝚲 that selects appropriate degrees of freedom

 hierarchy of EFTs that describe the strong interaction across multiple scales
scale separation simplifies description of physical processes

 relevant degrees of freedom in nuclear physics: nucleons and mesons ⟺ chiral EFT 

N N

N

N

N
N

N



Nuclear structure: ab initio nuclear models

Chiral Effective field theory (𝝌𝝌EFT)
systematic expansion of nuclear forces in Q/ 𝚲𝚲

natural hierarchy of nuclear forces

power counting scheme results in systematic expansion
enables uncertainty estimates

low energy constants (LEC) unknown 
fit to NN data (NN scattering)
fit to 3N data (binding energies, radii)

E. Epelbaum et al., PRL 115 (2015) 122301

np scattering phase shifts



Nuclear structure: ab initio nuclear models

Oxygen isotopic chain

ground state energies obtained from different ab initio methods are in good agreement 
o with each other
o with experiment
all theoretical approaches require 3N forces to reproduce the dripline at 24O

H. Hergert, Front. Phys. 8 (2020) 379



Nuclear structure: ab initio nuclear models

progress in ab initio nuclear structure calcuations

H. Hergert Front. Phys. 8 (2020) 379



Neutrinos
o have no charge

o are everywhere
       1012 neutrinos pass through every cm2 every second 

Nuclear structure: neutrino oscillation measurements



Neutrinos
o have no charge

o are everywhere
       where do they come from? 

Terrestrial 
Reactor 

J.A. Formaggio, G.P. Zeller, Rev. Mod. Phys. 84 (2012) 1307

Nuclear structure: neutrino oscillation measurements



Neutrinos
o have no charge

o are everywhere
       1012 neutrinos pass through every cm2 every second

o are very weakly interacting
      would need 10 light-years of lead to stop a 1MeV neutrino

o come in three flavours

o have very small masses

𝜈𝜈𝑒𝑒 𝜈𝜈𝜇𝜇 𝜈𝜈𝜏𝜏

Nuclear structure: neutrino oscillation measurements



How to detect Neutrinos?
 via their weak interactions! 𝝂𝝂𝒆𝒆 + 𝐧𝐧 → 𝐩𝐩 + 𝐞𝐞−

Nuclear structure: neutrino oscillation measurements



How to detect Neutrinos?
 via their weak interactions! 𝝂𝝂𝒆𝒆 + 𝐧𝐧 → 𝐩𝐩 + 𝐞𝐞−

source detector

Nuclear structure: neutrino oscillation measurements



How to detect Neutrinos?
 via their weak interactions!

source detector

o flavour Eigenstates: 𝝂𝝂𝒆𝒆,𝝂𝝂𝝁𝝁,𝝂𝝂𝝉𝝉
       Eigenstates of the weak Hamiltonian

o mass Eigenstates: 𝝂𝝂𝟏𝟏,𝝂𝝂𝟐𝟐,𝝂𝝂𝟑𝟑
       Eigenstates of the Hamiltonian describing a free neutrino

Neutrino mixing
𝛎𝛎𝛂𝛂 = ∑𝐢𝐢=𝟏𝟏𝟑𝟑 𝐔𝐔𝛂𝛂𝐢𝐢𝛎𝛎𝐢𝐢 

with α = e, μ, τ

Nuclear structure: neutrino oscillation measurements



How to detect Neutrinos?
 via their weak interactions! 𝛎𝛎𝛍𝛍 + 𝐧𝐧 → 𝐩𝐩 + 𝛍𝛍−

𝛍𝛍−𝛎𝛎𝛍𝛍𝛎𝛎𝐞𝐞

source detector

o Neutrino oscillations (start with two flavours)
      each flavour (e, 𝛍𝛍) is a superposition of different masses (1,2)

𝛎𝛎𝐞𝐞
𝛎𝛎𝛍𝛍

= 𝐜𝐜𝐨𝐨𝐬𝐬𝛉𝛉 𝐬𝐬𝐢𝐢𝐧𝐧𝛉𝛉
−𝐬𝐬𝐢𝐢𝐧𝐧𝛉𝛉 𝐜𝐜𝐨𝐨𝐬𝐬𝛉𝛉

𝛎𝛎𝟏𝟏
𝛎𝛎𝟐𝟐

 

Nuclear structure: neutrino oscillation measurements



accelerator-based oscillation experiments

 neutrino oscillation probability

𝐏𝐏𝛎𝛎𝛍𝛍→𝛎𝛎𝐞𝐞 𝐄𝐄,𝐋𝐋 = 𝐬𝐬𝐢𝐢𝐧𝐧𝟐𝟐 𝟐𝟐𝛉𝛉 𝐬𝐬𝐢𝐢𝐧𝐧𝟐𝟐 𝚫𝚫𝐦𝐦𝟐𝟐𝐋𝐋
𝟒𝟒𝐄𝐄

 

 to extract oscillation parameters the neutrino energy has to be reconstructed
    in every neutrino-nucleus scattering event

E: neutrino energy
L: propagation distance
θ: neutrino mixing angle
Δm2 = mν1

2 − mν2
2  

Nuclear structure: neutrino oscillation measurements



adapted from M. Khachatryan et al., Nature 599 (2021) 7886

reliable nuclear theories needed for interpretation of ν data
 precise description of 𝛎𝛎 − 𝐍𝐍 interaction needed!

see Adi Ashkenazi‘s 
talk on Tuesday

Nuclear structure: neutrino oscillation 
measurements



Nuclear structure: neutrino oscillation 
measurements

see Adi Ashkenazi‘s 
talk on Tuesday

Idea: use electron scattering
 constrain model uncertainties
 test energy reconstruction    

     methods

Goal:
leverage e-N and 𝝂𝝂-N 

scattering data to constrain
exiting models and improve 

simulation environment



decay mode

valley of stability

proton-rich nuclei

neutron-rich nuclei
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N, number of neutrons

≈ 300 Stable nuclei 
o 𝐙𝐙 ≅ 𝐍𝐍 up to 40Ca
o 𝐍𝐍 > 𝐙𝐙 for A>40

≈ 3000 unstable nuclei

Island of stability?

Nuclear structure

Nuclear landscape



Nuclear structure: superheavy nuclei

does the stability end with Uranium OR is there an island of stability?
is there a new magic number for Z ~ 114-126?

Y. Oganessian, Rad. Act. 99 (2011) 429



Nuclear structure: superheavy nuclei

nuclei with Z>103 already predicted in the late 1960s 
based on theoretical models extending the nuclear shell model

nuclear shell effects provide increased binding energy 
 stabilize superheavy elements (SHE) against spontaneous fission

Island of stability
region of superheavy nuclei 
near spherical proton and neutron shell closures at Z = 114 and N = 184



Nuclear structure: superheavy nuclei

Synthesis of superheavy elements

cold fusion reactions
208Pb or 209Bi + massive projectile (𝑨𝑨 ≥ 𝟓𝟓𝟎𝟎) → high Z + (1-2n)
successfully applied to synthesis
elements Z=107-112

hot fusion reactions
48Ca on actinide target → SHE + (4-5n)
used for synthesis of elements Z=114-118

presently 118 elements known up to Oganesson (Og)



Nuclear structure: superheavy nuclei

Identification of superheavy elements
 α-decay will occur until spontaneous fission occurs
 observation of sequential α-decays 

Y. Oganessian, Rad. Act. 99 (2011) 429



Nuclear structure: superheavy nuclei

On the way to produce element 120
elements Z=114-118 were all produced using 48Ca beams on actinide targets

 heaviest possible target: californium → 98 protons
 heavier beams needed

see Jacklyn Gates‘ 
talk on Thursday



Nuclear structure: superheavy nuclei see Ani Aprahamian‘s 
talk on Tuesday

Can superheavy elements be produced in nature?
possible site: astrophysical rapid neutron capture process

 surpassing area of fission dominance
 subsequent beta-decays of 

    higher charge number nuclei ends with 
    finite abundance in valley of beta-stability 

 alpha-decay chains towards the 
    island of superheavy nuclei 

I. Petermann et al., EPJA 48 (2012) 122



Nuclear astrophysics

The big questions

o creation of heavy elements?

o nuclear engines for the 
     life and death of stars?

o EoS of neutron-rich matter?

⇓
① introduction

② stars: nature‘s nuclear reactors

③ life and death of a star

④ nuclear Equation of State

⑤ s, r, p, rp processes



Nuclear astrophysics: introduction

Nucleosynthesis in a nutshell
by fusion of light elements 

the Fe-Ni region can be reached

heavier nuclei are produced based on n or p capture processes
 s, r, p, rp process



Nuclear astrophysics: introduction

Abundances of elements

did you notice…

o odd-even staggering of abundances?
o larger alpha-nuclei abundance?
o broad peak around Fe?

(→ that is nuclear physics!)



Nuclear astrophysics: introduction

Abundances of elements

formation of elements:
big bang nucleosynthesis

fusion in stars, explosive burning:
H → He
He → C, O
C, O → Si
Si → Fe group

s, r, p, rp process



Nuclear astrophysics: stars – nature‘s nuclear reactors

Hydrogen burning: pp chain
  1H + 1H → 2H + e+ + νe

   2H + 1H → 3He + γ

3He + 3He → 4He + 21H  3He + 4He → 7Be + γ

   7Be + e- → 7Li + νe   
7Be + 1H → 8B + γ

   7Li + 1H → 24He   8B → 8Be + e+ + νe

        8Be → 24He

ppI

ppII
ppIII

69% 31%

99,7% 0,3%

Geben Sie hier eine Formel ein.

summary: 𝟒𝟒𝐩𝐩 → 𝟐𝟐
𝟒𝟒𝐇𝐇𝐞𝐞 + 𝟐𝟐𝐞𝐞+ + 𝟐𝟐𝛎𝛎𝐞𝐞 + 𝟐𝟐𝟓𝟓𝟐𝟐𝐞𝐞𝐕𝐕



Nuclear astrophysics: stars – nature‘s nuclear reactors

Hydrogen burning: cno cycle

summary: 𝟏𝟏𝟐𝟐𝐂𝐂 + 𝟒𝟒𝐩𝐩 → 𝟏𝟏𝟐𝟐𝐂𝐂 + 𝟐𝟐
𝟒𝟒𝐇𝐇𝐞𝐞 + 𝟐𝟐𝐞𝐞+ + 𝟐𝟐𝛎𝛎𝐞𝐞 + 𝟐𝟐𝟐𝟐.𝟕𝟕𝟑𝟑𝟐𝟐𝐞𝐞𝐕𝐕

if the star constains C, N or O, they can be used as 
catalyst to synthesize 4He from 4p

CNO C – cycle:
 12C + 1H → 13N + γ
                13N → 13C + e+ + νe
 13C + 1H → 14N + γ
 14N + 1H → 15O + γ
                15O → 15N + e+ + νe
 15N + 1H → 12C + 4He



Nuclear astrophysics: stars – nature‘s nuclear reactors

Reaction rate

we consider the radiative capture reaction: 𝟏𝟏 + 𝟐𝟐 → 𝟑𝟑 + 𝜸𝜸
the reaction rate is the number of reactions occuring per unit time and volume

𝒓𝒓 = 𝑵𝑵𝟏𝟏𝑵𝑵𝟐𝟐𝝈𝝈𝝈𝝈

the velocity v is distributed according to Maxwell-Boltzmann

𝝓𝝓 𝝈𝝈 ∝ 𝒆𝒆−𝑬𝑬/𝒌𝒌𝒌𝒌

⇒ 𝝈𝝈𝝈𝝈 = 𝟒𝟒𝟒𝟒�𝝓𝝓 𝝈𝝈 𝝈𝝈 𝝈𝝈 𝝈𝝈𝟑𝟑𝒅𝒅𝝈𝝈

     ∝ ∫𝒆𝒆−𝑬𝑬/𝒌𝒌𝒌𝒌 𝝈𝝈 𝑬𝑬 𝑬𝑬𝒅𝒅𝑬𝑬 



Nuclear astrophysics: stars – nature‘s nuclear reactors

σ(E) at low energy

due to Coulomb barrier σ plummets at low E
because reaction takes place only through tunneling

3He + α → 7Be + γ



Nuclear astrophysics: stars – nature‘s nuclear reactors

Astrophysical S factor: the nuclear physics nuggets of 𝛔𝛔𝐯𝐯

often it is useful to remove the energy dependence 
from the cross section

the rapid drop explained by the Gamow factor 𝐞𝐞−𝟐𝟐𝛑𝛑𝛑𝛑

with the Sommerfeld parameter

η =
Z1Z2e2

4πϵ0ℏν

           ⇒ 𝛔𝛔 𝐄𝐄 = 𝐒𝐒 𝐄𝐄 𝐞𝐞−𝟐𝟐𝛑𝛑𝛑𝛑

𝐄𝐄
 

the astrophysical S factor varies smoothly with E



Nuclear astrophysics: stars – nature‘s nuclear reactors

Gamow peak

𝛔𝛔𝐯𝐯 ∝ ∫𝐞𝐞−𝐄𝐄/𝐤𝐤𝐓𝐓𝛔𝛔 𝐄𝐄 𝐄𝐄 𝐝𝐝𝐄𝐄 

          = ∫𝐞𝐞−𝐄𝐄/𝐤𝐤𝐓𝐓 𝐞𝐞−𝟐𝟐𝛑𝛑𝛑𝛑𝐒𝐒 𝐄𝐄 𝐝𝐝𝐄𝐄 

 S (i.e. σ) must be known 
only in the Gamow peak:
𝐠𝐠 𝐄𝐄 = 𝐞𝐞−𝐄𝐄/𝐤𝐤𝐓𝐓𝐞𝐞−𝟐𝟐𝛑𝛑𝛑𝛑 

light nuclei fuse at lower temperature 
(compared to heavier ones)

 different stages of nuclear burning in stars



Nuclear astrophysics: stars – nature‘s nuclear reactors

Helium burning

when enough 4He has built up AND if temperature and pressure are high enough
 He fusion starts

the obvious reaction would be 4He + 4He
BUT there are no stable nuclei with A=8

this A=8 gap is bridged by the triple-α process:
4He + 4He ⇌ 8Be
8Be + 4He ⇌ 12C* → 12C + γ



Nuclear astrophysics: stars – nature‘s nuclear reactors

subsequent stages
12C + 4He → 16O + γ
16O + 4He → 20Ne + γ

12C + 12C → 23Na +p  
  20Ne + 4He 
  23Mg + n 
  24Mg + g
    8Be + 16O

+ more advanced burning stages
→ onion-like structure of the star 



Nuclear astrophysics: life and death of a star
Stellar Nebula

0,08M < M < 8M M > 8MM < 0,08M

Supernova

Neutron
Star

Black
Hole

Planetary
Nebula

Red
Giant

Brown
Dwarf

White
Dwarf

Red
Supergiant



Nuclear astrophysics: life and death of a star

Medium mass stars (𝑴𝑴 ≤ 𝟖𝟖𝑴𝑴⨀)
burning helium in their cores, 
but cannot get hot enough to ignite carbon

end with C-O core

H outer layer is expelled
planetary nebula

nuclear reactions stop and the remaining core cools down
 white dwarf (𝟐𝟐 ∼ 𝟐𝟐⨀ and 𝐑𝐑 ∼ 𝐑𝐑⨁)

    where gravity is compensated by the pressure of the electrons, which form a Fermi gas

NGC 6543,
Cat‘s Eye Nebula



Nuclear astrophysics: life and death of a star

Massive stars (𝑴𝑴 > 𝟖𝟖𝑴𝑴⨀)
once Fe is produced, the stellar core collapses

o photodisintegration
o electron capture by the nuclei: p + e- → n + νe
o neutron degeneracy sets in

neutron star (𝟐𝟐 ∼ 𝟐𝟐⨀ and 𝐑𝐑 ∼10km; 𝛒𝛒~𝛒𝛒𝟎𝟎)

 black hole (M ∼ several M⨀)

outer layers expelled
core-collapse supernova (type II) Type II SN:

Crab Nebula



Nuclear astrophysics: life and death of a star

What is a neutron star (NS)?

o for astronomers NS are very little stars “visible” as radio pulsars or sources of X- and γ-rays

o for particle physicists NS are neutrino sources (mainly when they are born) and probably the 
only places in the Universe where deconfined quark matter may be abundant

o for cosmologists NS are “almost” black holes

o for nuclear physicists NS are the biggest neutron-rich nuclei of the Universe

NS are excellent observatories to test fundamental properties 
of matter under extreme conditions
NS offer an interesting interplay between nuclear processes 
and astrophysical observables 



Nuclear astrophysics: nuclear equation of state

o neutron stars are bound by gravity NOT by the strong force
o neutron stars satisfy the Tolman-Oppenheimer-Volkoff (TOV) equation

only physics that the TOV equation is sensitive to: equation of state (EoS) → 𝐏𝐏 = 𝐏𝐏 𝛆𝛆

𝐝𝐝𝟐𝟐
𝐝𝐝𝐫𝐫

= 𝟒𝟒𝛑𝛑𝐫𝐫𝟐𝟐𝛆𝛆 𝐫𝐫  
𝐝𝐝𝐏𝐏
𝐝𝐝𝐫𝐫

= −𝐆𝐆
𝛆𝛆 𝐫𝐫 𝟐𝟐 𝐫𝐫

𝐫𝐫𝟐𝟐
𝟏𝟏 +

𝐏𝐏 𝐫𝐫
𝛆𝛆 𝐫𝐫

𝟏𝟏 +
𝟒𝟒𝛑𝛑𝐫𝐫𝟑𝟑𝐏𝐏 𝐫𝐫
𝟐𝟐 𝐫𝐫

𝟏𝟏 −
𝟐𝟐𝐆𝐆𝟐𝟐 𝐫𝐫

𝐫𝐫

−𝟏𝟏

EoS

Mass-Radius relation is “unique” 
to the underlying EoS



the radius R of a neutron star with mass M 
cannot be arbitrarily small!

 General Relativity: a NS is not a black hole 
                                   𝐑𝐑 > 𝟐𝟐𝐆𝐆𝟐𝟐

𝐜𝐜𝟐𝟐
 

 Finite Pressure: NS matter cannot be arbitrarily compressed 
                                            𝐑𝐑 > 𝟗𝟗

𝟒𝟒
𝐆𝐆𝟐𝟐
𝐜𝐜𝟐𝟐

 

 Causality: speed of sound must be smaller than c 
                                            𝐑𝐑 > 𝟐𝟐.𝟗𝟗𝐆𝐆𝟐𝟐

𝐜𝐜𝟐𝟐
 

Nuclear astrophysics: nuclear equation of state

mass-radius relation



Nuclear astrophysics: nuclear equation of state

mass-radius relation

o EoS must span about 10 orders of magnitude 
     in baryon density
o increase from 𝟎𝟎.𝟕𝟕 → 𝟐𝟐𝟐𝟐⨀ 
     must be explained by nuclear physics



Nuclear astrophysics: nuclear equation of state

Bethe-Weizsäcker: incompressible quantum liquid drop binding energy

𝐁𝐁 𝐙𝐙,𝐍𝐍 = 𝐚𝐚𝐯𝐯 � 𝐀𝐀 − 𝐚𝐚𝐬𝐬 � 𝐀𝐀 ⁄𝟐𝟐 𝟑𝟑 − 𝐚𝐚𝐜𝐜 �
𝐙𝐙 𝐙𝐙 − 𝟏𝟏
𝐀𝐀 ⁄𝟏𝟏 𝟑𝟑 − 𝐚𝐚𝐬𝐬𝐬𝐬𝐦𝐦 �

𝐀𝐀 − 𝟐𝟐𝐙𝐙 𝟐𝟐

𝐀𝐀



Nuclear astrophysics: nuclear equation of state

Bethe-Weizsäcker: incompressible quantum liquid drop binding energy

𝐁𝐁 𝐙𝐙,𝐍𝐍 = 𝐚𝐚𝐯𝐯 � 𝐀𝐀 − 𝐚𝐚𝐬𝐬 � 𝐀𝐀 ⁄𝟐𝟐 𝟑𝟑 − 𝐚𝐚𝐜𝐜 �
𝐙𝐙 𝐙𝐙 − 𝟏𝟏
𝐀𝐀 ⁄𝟏𝟏 𝟑𝟑 − 𝐚𝐚𝐬𝐬𝐬𝐬𝐦𝐦 �

𝐀𝐀 − 𝟐𝟐𝐙𝐙 𝟐𝟐

𝐀𝐀

in the limit where volume V and 𝐀𝐀 → ∞ but 𝐀𝐀
𝐕𝐕

= 𝛒𝛒𝟎𝟎 = 𝐜𝐜𝐨𝐨𝐧𝐧𝐬𝐬𝐭𝐭.

𝛆𝛆 𝛂𝛂 ≡ −𝐁𝐁 𝐙𝐙,𝐍𝐍
𝐀𝐀

= −𝐚𝐚𝐕𝐕 + 𝐉𝐉𝛂𝛂𝟐𝟐 with 𝛂𝛂 = 𝛒𝛒𝐧𝐧 − 𝛒𝛒𝐩𝐩 / 𝛒𝛒𝐧𝐧 + 𝛒𝛒𝐩𝐩

incompressible → fails to reproduce response to density fluctuations



Nuclear astrophysics: nuclear equation of state

𝛆𝛆 𝛂𝛂 ≡ −𝐁𝐁 𝐙𝐙,𝐍𝐍
𝐀𝐀

= −𝐚𝐚𝐕𝐕 + 𝐉𝐉𝛂𝛂𝟐𝟐 with 𝛂𝛂 = 𝛒𝛒𝐧𝐧 − 𝛒𝛒𝐩𝐩 / 𝛒𝛒𝐧𝐧 + 𝛒𝛒𝐩𝐩

 Equation of State of asymmetric matter
   𝛆𝛆 𝛒𝛒,𝛂𝛂 = 𝛆𝛆 𝛒𝛒,𝛂𝛂 = 𝟎𝟎 + 𝐒𝐒 𝛒𝛒 𝛂𝛂𝟐𝟐 + 𝓞𝓞 𝛂𝛂𝟒𝟒        where 𝑺𝑺 𝝆𝝆  is the symmetry energy

18 orders of magnitude smaller
55 orders of magnitude lighter
same Equation of State

vs.



Nuclear astrophysics: nuclear eos

Symmetry energy

𝑺𝑺 𝝆𝝆  characterisis the increase in energy from 𝑵𝑵 = 𝒁𝒁 

Taylor expanded around 𝝆𝝆 = 𝝆𝝆𝟎𝟎: 

𝐒𝐒 𝛒𝛒 = 𝐉𝐉 + 𝐋𝐋
𝟑𝟑

𝛒𝛒−𝛒𝛒𝟎𝟎
𝛒𝛒𝟎𝟎

+ 𝟏𝟏
𝟏𝟏𝟖𝟖
𝐊𝐊𝐬𝐬𝐬𝐬𝐦𝐦

𝛒𝛒−𝛒𝛒𝟎𝟎
𝛒𝛒𝟎𝟎

𝟐𝟐
+ ⋯ 

the symmetry energy can be constrained from

o laboratory measurements → neutron skin thickness
o astrophysical observations → mass and radii of neutron stars
o nuclear structure calculations

see James Lattimer‘s 
talk on Wednesday



Nuclear astrophysics: nuclear eos see James Lattimer‘s 
talk on Wednesday



Nuclear astrophysics: EOS and neutron stars 

observation of neutron stars

HST (Hubble)

λ:

FermiChandra

X-ray and γ-rayoptical and UVIR and optical

VLT HST (Hubble)

radio

Green Bank MeerKAT



Nuclear astrophysics: EOS and neutron stars

observation of neutron stars

neutrinos

IceCubeANTARES

gravitational waves
LIGO
Hanford

KAGRA

LIGO
Livingston Virgo



Nuclear astrophysics: eos and neutron stars

Neutron star merger GW170817

gravitational wave signal
+
γ- and X-ray, UV, optical, IR, and radio signals

⇒ multi-messenger astronomy 

B.P. Abbott et al., ApJL 848 (2017) L12



Nuclear astrophysics: eos and neutron stars

Neutron star merger GW170817

B.P. Abbott et al., PRL 119 (2017) 161101

Fermi

LIGO

Gravitational wave (GW) 

Gamma ray burst (GRB)

What powers the GRBs?
⇓



Nuclear astrophysics: eos and neutron stars

Hypermassive neutron star (HMNS)

o lives for < 𝟏𝟏𝐬𝐬 
o spins fast
o emits kHz GWs
     too high for current GW detectors

neutron stars           HMNS            black hole

⇓
HMNS oscillations could
result in a measurable

modulation of the GRB
 quasiperiodic oscillations (QPO)

C. Chirenti et al., Astrophys. J. Lett. 884 (2019) 1

see Cecilia Chirenti‘s 
talk on Monday



Nuclear astrophysics: eos and neutron stars

Constrain Mass-radius relation

see Cecilia Chirenti‘s 
talk on Monday

adapted from V. Guedes et al., arXiv: 2408.16534

GW170817

PSRJ0740 - NICER

PSRJ0030 - NICER

GRB910711
+

GRB931101B

from oscillation modes obtain  constraints on

o chirp mass:

ℳ =
𝑴𝑴𝟏𝟏𝑴𝑴𝟐𝟐

𝟑𝟑
𝟓𝟓

𝑴𝑴𝟏𝟏 + 𝑴𝑴𝟐𝟐
𝟏𝟏
𝟓𝟓

o binary tidal deformability
�𝚲𝚲 =

𝟏𝟏𝟐𝟐
𝟏𝟏𝟑𝟑

𝑴𝑴𝟏𝟏 + 𝑴𝑴𝟐𝟐 𝑴𝑴𝟏𝟏
𝟒𝟒�𝚲𝚲𝟏𝟏

𝑴𝑴𝟏𝟏 + 𝑴𝑴𝟐𝟐
𝟓𝟓 + 𝟏𝟏 𝟐𝟐

⇒ 𝐑𝐑𝟐𝟐 �𝚲𝚲,𝓜𝓜 = 𝛂𝛂
𝓜𝓜
𝟏𝟏𝟐𝟐⊙

�𝚲𝚲
𝟖𝟖𝟎𝟎𝟎𝟎

𝟏𝟏
𝛃𝛃

⇒ information about EOS obtained from GRB



Nuclear astrophysics: s, r, p, rp processes

How do we get heavier elements?

o increasing Coulomb barrier suppresses fusion
o once Fe synthesised no further fusion

to explain formation of heavier elements
Burbidge, Burbidge and Hoyle (B2FH) suggest in 1957
successive captures of neutrons by seed nuclei

 s and r processes



Nuclear astrophysics: s, r, p, rp processes

S process

the s process is a slow process of neutron capture by stable nuclei
 slow means slower than β deacy
 requires small neutron flux

    e.g. He burning stage of AGB stars

synthesis elements close to valley of stability
 does not explain

o isotopes away from stability
o heavy elements (U, Th, …)



Nuclear astrophysics: s, r, p, rp processes

r process

the r process is a rapid process of neutron capture by stable nuclei
 rapid means faster than β deacy
 requires high neutron flux

    e.g. core-collapse supernovae, neutron star mergers

synthesis elements far away from valley of stability
 superheavy elements too?

see Ani Aprahamian‘s 
talk on Tuesday



slide courtesy of Ani Aprahamian



Nuclear astrophysics: s, r, p, rp processes

P and rp processes

s and r processes synthesis only neutron-rich nuclei
how to explain the presence of p-rich nuclei?

 p and rp processes are similar processes with successive proton captures

p process:

slow capture of protons
synthesis proton-rich nuclei close to valley of stability
possible site: supernova



Nuclear astrophysics: s, r, p, rp processes

rp processes

rapid proton-capture reactions synthesis elements away from valley of stability
possible sites:
o X-ray burst

 accretion by neutron star of H- and He-rich material 
    from companion star
o supernova type Ia



summary

nuclei are synthesised in stellar environments
during various processes

o pp chain, CNO cycles, He burning
o s and r processes (n capture)
o p and rp processes (p capture)

stable nuclei can be qualitatively described
by liquid-drop and shell model

nowadays ab initio nuclear structure models
from first principles

 future challenges and oppotunities 
     in nuclear structure and astrophysics 
   studying stable, exotic and superheavy nuclei
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