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A% NUCLEAR STRUCTURE AND ASTROPHYSICS: SELECTED TOPICS

Monday 27t January 2025

09:10 Cecilia Chirenti ,Astrophysical constraints on the NEUTRON STAR EQUATION OF STATE from
SHORT GAMMA-RAY BURSTS"

Tuesday 28™ January 2025
09:45 Ani Aprahamian ,Were the HERUY ELEMENTS MADE IN NATURE?“

11:00 Adi Ashkenazi ,The NUCLEAR ASPECTS of NEUTRINO OSCILLATION mesurements”

Wednesday 29t January 2025
17:00 James Lattimer ,Recent developments in extracting the E0S FROM OBSERVATIONS*

Thursday 30" January 2025
09:00 Jacklyn Gates ,Pursuing new SUPERHEAUV ELEMENTS"



B NUCLEAR STRUCTURE AND ASTROPHYSICS: SELECTED TOPICS

NUCLEAR STRUCTURE:

@) the basics
(2) ab initio nuclear models
(3 neutrino oscillation measurements

(@) superheavy nuclei

NUCLEAR ASTROPHYSICS:

@ introduction
() stars: nature's nuclear reactors
(3 life and death of a star

(@) nuclear Equation of State

(B s, 1, p, rp processes



A% NUCLERAR STRUCTURE: THE BASICS

NUCLEAR LANDSCAPE

Z, number of protons
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N, number of neutrons

~ 300 STABLE NUCLEI
o Z = Nupto“Ca
o N > Zfor A>40
~ 3000 UNSTABLE NUCLEI

ISLAND OF STABILITY?



A NUCLERR 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



( I]UI:I.EHR STRUCTURE: THE BASICS
talk on Tuesday

EHHREE DISTRIBUTIONS IN (STABLE) NUCLE

i well described by Py

FERMI PARAMETRISATION “—

]
p(r) = 22 — X\

1+e(r_R)/t \

r

RADIUS R
< increases with A: R =ry - AY3 (ry, = 1,2fm)

SURFACE WIDTH or SKIN THICKNESS t

o const. density p, in the interior (saturation)

o same skin thickness t

-> (stable) nuclei look like LIQUID DROPS of radius R o A1/3



¥ NUCLEAR STRUCTURE: THE BASICS

BINDING ENERGY

O W ol LT BINDING ENERGY B:
PNe O P Y Mod energy required to split a nucleus into its constituents
m(Z,N) = (Zm, + Nm,) — B
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o
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< gives information on
o forces between nucleons
o stability of nucleus
o energy released or required
in nuclear decays or reactions
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average binding energy per nucleon (MeV)
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2 characterize binding energy with only
o a few general parameters
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" NUCLEAR STRUCTURE: THE BASICS
LIQUID DROP MODEL

Bethe-Weizsacker semi-empirical mass formula:

Z(Z-1) (A — 2Z)?
. A1/3 B asym ) A

B(Z,N) =a,-A—a,-A?3 —a,

Yol.
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UARIATION FROM THE SEMI-EMPIRICAL MASS FORMULA
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2,8, 20, 28, 50, 82, 126,...

more bound systems at Zor N

< SHELL STRUCTURE in nuclei as in atoms?

O

4He 160 40Ca 58Ni 12°Sn2°8Pb

132§0208Pp oy

4He 160 4OCa 4BCa



2 I'IUI:I.EHR STRUCTURE: THE BASICS
EXPEBIIIIEIITHI. EVIDANCE FOR SHELL STRUCTURE IN NUCLEI

two-neutron separation energy nuclear-charge radii
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Y NUCLEAR STRUCTURE: THE BASICS
NUCLEAR SHELL MODEL

Further splitting ~ Multiplicity
i RN a developed in 1949
‘"’ﬁ;':'ni’n?tm 19, 8 by Maria Goppert-Mayer and Hans Jensen
‘9\—‘~ at leading order nucleons are seen as:
19, 10 - o INDEPENDENT particles
2 S — fii g Closed shells O eVOIVing in 2 MEAN FIELD
y o 2p;, 4 e muers: o which generates orbitals
e, ]| efnueleons grouped in SHELLS separated by energy gaps
0, 4 © o closed shells < MAGIC NUMBERS
 — 25 2
9o © < SPIN-ORBIT COUPLING is crucial
. e D, 2 to get the right ordering of shells
) o, 4
1s .- 1s @
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2% NUCLEAR STRUCTURE: THE BASICS

NUCLEAR SHELL MODEL
explains SPIN and PARITY of the ground state of many nuclei and some of the EXCITED LEVELS




NUCLEAR MODELS

A% NUCLEAR STRUCTURE: THE BASICS

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

100 :- T T T TTrTrrTy ' T T T T TTrT T '
F Mean Field Models
Collective models

Shell Model(s)

10 E Microsco pic
Ab Initio
(GFMC...)

QCD

i = = ||

Proton Number

Effective i
Interactions 3

3 a
. - Bare Nucleon-Nucleon
E . Interactions
1F
r
-
) ns

Neutron Number

AB INITI0O 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
IIIII'II'J-BIIIW HAMILTONIAN

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

relative motion described by the A-body Hamiltonian:
i\ pz A
i -> -
H= Z ot zV(ri,ri) + e
1=

i<j
— solve the A-body Schrédinger equation

Hlp(Fl, Fz, ver FA) — Eq’(l_‘)l, Fz, ver FA)



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

Ve (r) [MeV]

300

200
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-100

E NUCLEAR STRUCTURE: AB INITIO NUCLEAR MODELS

N. Ishii et al., PRL 99, 022001 (2007)
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I'IUI:I.EHR STRUCTURE: AB INITIO NUCLEAR MODELS
EIIERIW LEVELS OF LIGHT NUCLEIL: EXPERIMENT US THEORETICAL CALCULATION

0 . 2 .
:2111_ . Argonne v;; - VNN underbinds the nucleus
_10: 34 With Tllinois-2 _; < need THREE-BODY FORCES
200 GFMC Calculations - A
30 g %/gi-\: 52 = H = z T; + Z Z Vi]'k + ...
E 4He \1+-\k /7/2* /S:X 3+ . E Si=1 k>is>i=1
S -40F OLi 3ra \3+\ s P2 - ] ==
OO TP e S ST :
T S0 bogps ]\}Tgm AN - three-body forces account for
2 sor o %?ﬁi 2L+ intermediate excitation of nucleons
: Be o B | |
70— - .
pon “Be 10g. 10R L f
-80; : ? W,ﬂ.w“i‘ﬁ”
o L E I et
_100: 12C7:

Carlson, Pieper, Wiringa et al. < can be derived from EFFECTIVE FIELD THEORY



- A% NUCLEAR STRUCTURE: AB INITIO NUCLEAR MODELS
EFFECTIVE FIELD THEORY (33),

is an effective quantum field theory based on QCD symmetries
with resolution scale A 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

P
o o %
o0




’ 2 I'IUIZI.EHR STRUCTURE: AB INITIO NUCLEAR MODELS

I!HIBIII. EFFECTIVE FIELD THEORY ( EFT)

NN

3N

4N

(2 LECs: 3N)

N3LO O(%)

(12 LECs)

systematic expansion of nuclear forces in Q/ A
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)

np scattering phase shifts
604

40
20
0
AV

Ebb[MeV]

0 [deqg]

Emb[MeV]
E. Epelbaum et al., PRL 115 (2015) 122301



Y, NUCLEAR STRUCTURE: AB INITIO NUCLEAR MODELS
OXYGEN ISOTOPIC CHAIN

H. Hergert, Front. Phys. 8 (2020) 379
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ground state energies obtained from different ab initio methods are in good agreement

o Wwith each other

o With experiment

all theoretical approaches require 3N forces to reproduce the dripline at 24O



- l. NUCLEAR STRUCTURE: AB INITIO NUCLEAR MODELS
| PB[IIiIIESS IN AB INITIO NUCLEAR STRUCTURE CALCUATIONS
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% NUCLEAR STRUCTURE: NEUTRIND OSCILLATION MEASUREMENTS
neﬂrnmns
o have no charge

o are everywhere \,
< 1012 neutrinos pass through every cm? every second W
Vv VvV



- A% NUCLEAR STRUCTURE: NEUTRING OSCILLATION MEASUREMENTS

NEUTRINOS
o have no charge

o are everywhere
< WHERE DO THEV COME FROM?

Q =7

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

Neutrino Energy (eV)



% NUCLEAR STRUCTURE: NEUTRIND OSCILLATION MEASUREMENTS
neﬂrnmns
o have no charge

o are everywhere
< 1012 neutrinos pass through every cm? every second

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

o come in three flavours

o have very small masses



- A% NUCLEAR STRUCTURE: NEUTRINO OSCILLATION MEASUREMENTS

HOW TO DETECT NEUTRINOS?

< via their weak interactions!




A% NUCLEAR STRUCTURE: NEUTRINO OSCILLATION MEASUREMENTS

HOW TO DETECT NEUTRINOS?

< via their weak interactions!

oco

"

source detector



E NUCLEAR STRUCTURE: NEUTRINOG OSCILLATION MEASUREMENTS

HOW TO DETECT NEUTRINOS?
& via their weak interactions!

AV 2 .V e-

aco
-
5
acc
©

ot

o FLAVOUR EIGENSTATES: v, v, v, NEUTRINO MIXING

< Eigenstates of the weak Hamiltonian

o MASS EIGENSTATES: v, v, v

< Eigenstates of the Hamiltonian describing a free neutrino witha =e, I, T

—

source detector

- _ 3
Vo = i=1UaiVi




y NUCLEAR STRUCTURE: NEUTRINOG OSCILLATION MEASUREMENTS

HOW TO DETECT NEUTRINOS?

< via their weak interactions!

@ i o

ot

o NEUTRINO OSCILLATIONS (start with two flavours)
< each flavour (e, n) is a superposition of different masses (1,2)

()= (oo cose) C2)

source detector



E NUCLEAR STRUCTURE: NEUTRINOG OSCILLATION MEASUREMENTS

ACCELERATOR-BASED OSCILLATION EXPERIMENTS

< neutrino oscillation probability

E: neutrino energy

2 S
=2 .. 2 (Am~“L L: propagation distance
PV —V (E; L) = Sln (ZO)SIH ( ) 0: neutrino mixing angle
e 4E Am? = m? — m?

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



A% NUCLEAR STRUCTURE: NEUTRING OSCILLATION

Physics process

-y
o

Oscillated v flux
o N & O @

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

>

Experimental analysis

reliable NUCLEAR THEORIES NEEDED for interpretation of v data
< precise description of v — N interaction needed!



A% NUCLEAR STRUCTURE: NEUTRIND 0SCILLATION

- MEASUREMENTS
MC vs. (e,e’p) Transverse Variables

(b) b, < 45°, MicroBooNE Preliminary

(c) 135° < da. < 180°, MicroBooNE Preliminary
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see Adi Ashkenazi‘s
talk on Tuesday

IDEA: use electron scattering

< constrain model uncertainties

< test energy reconstruction
methods

GOAL:
leverage e-N and v-N
scattering data to constrain
exiting models and improve
simulation environment




p NUCLEAR STRUCTURE

NUCLEAR LANDSCAPE

Z, number of protons

T h=28

oo
0o
=82
valley of stability rI?H.
TM=126
IIII:II:I ; d d
z=50 —_apelfon ] . ecay mode
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IEI [ a
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7=20 d wsy  neutron-rich nuclel —p
| Unknown
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N, number of neutrons

~ 300 STABLE NUCLEI
o Z = Nupto“Ca
o N > Zfor A>40

~ 3000 UNSTABLE NUCLEI
ISLAND OF STABILITY?



- % NUCLEAR STRUCTURE: SUPERHEAUY NUCLEL

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

120 p Island of Stability
g
2 110 b '-
c =
o 7 B '
o Peninsula
= 100 b Superheavy

Elements

Actinides
90 b  Continent

238U

Sea of Instability
232Th

80 p
- 208pp,

]
Stable elements

70 _ , »
100 110 120 130 140 150 160 170 180 190
neutron number

0 0 0 | Il n| 0 | J

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




A% NUCLEAR STRUCTURE: SUPERHEAUY NUCLEI

nucilei 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 V= 184



¥ NUCLEAR STRUCTURE: SUPERHEAUY NUCLE
SYNTHESIS OF SUPERHEAUY ELEMENTS

cold fusion reactions
208Pp or 209Bj + massive projectile (A = 50) -> high Z + (1-2n) ¢ ‘ o
successfully applied to synthesis S e g =
elements Z=1 07'1 12 g:c:jgctiles on target 1 a'tom
] ] Mg *Cm fusion ‘s s H
hot fusion reactions e,
“Ca on actinide target — SHE + (4-5n) =% * w‘
R
used for synthesis of elements Z=114-118 . i
1x10"7 -
Proiectiles on taraet 1 atom

presently 118 elements known up to 0GANESSON (Og)



; I'IUI:I.EHR STRUCTURE: SUPERHEAUY NUCLEI
lI]EIlTIflI!IITllIIl OF SUPERHEAUY ELEMENTS

< a~decay will occur until spontaneous fission occurs
< observation of sequential a-decays

297
117

11.03(8) MeV
21 ms

O

285 10.31(9) MeV
aG 113 0.32 s

281 9.74{8) MeV
9.48(11) MeV
Rg

38 s

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



P ! NUCLEAR STRUCTURE: SUPERHEAVY NUCLEI see Jacklyn Gates'

talk on Thursday

ON THE WAY TO PRODUCE ELEMENT 120

elements Z=114-118 were all produced using “4Ca beams on actinide targets

< heaviest possible target: californium — 98 protons
< heavier beams needed

A New Way to Make Element 116

Particle beam Target Fusion Compound nucleus Particle detected

Titanium-50 Plutonium-244 Livermorium-294 Livermorium-290

22 protons 94 protons 116 protons 116 protons
28 neutrons 150 neutrons 178 neutrons 174 neutrons



I]UIZI.EHR STRUCTURE: SUPERHEAUY NUCLEI
talk on Tuesday

I:IIII SUPEBHEIIW 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

1wwn SHE ..E.EEEE.E

< alpha-decay chains towards the
island of superheavy nuclei By

I|IIII|IIII|II:T!I.III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIL

;0 II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
100 110 120 130 140 150 160 170 180 190 200 210 220 230

. Petermann et al., EPJA 48 (2012) 122
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A% NUCLEAR ASTROPHYSICS

THE BIG QUESTIONS

= B asioon | o creation of heavy elements?
ot < alf-life known
?f' ‘7fjnoﬂﬂngknown

S PILOCES’S ‘

Pb(&a
c

o nuclear engines for the
life and death of stars?

P process

o EoS of neutron-rich matter?

U

@) introduction

(2) stars: nature's nuclear reactors
(3 life and death of a star

(@ nuclear Equation of State

neutrons

(5 s, r, p, rp processes



A% NUCLEAR ASTROPHYSICS: INTRODUCTION

NUCLEOSYNTHESIS IN A NUTSHELL

by fusion of light elements
the Fe-Ni region can be reached

5 a- 56
;‘.}, 9 o Us oo Mk 11:5,1 "
_§ 8- aZQ:"N \ Region of very o 2151;'.
S 7 ®ilie stable nuclides 238y
i Fusion Fission
g 54 "eu
g
.,!%”’4 ’ heavier nuclei are produced based on n or p capture processes
3 34 S s, I, p, Ip process
E 9 - He
g 1424
U 1 | ] 1 | 1 I ] I I I I
20 40 60 80 100 120 140 160 180 200 220 240

Mass number (A)



A% NUCLEAR ASTROPHYSICS: INTRODUCTION
ABUNDANCES OF ELEMENTS

LR AR A
1 00 Ry S e §
z 109 il S
A S R
3 107 i I‘\e i &/
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[ 105 imhﬂl,cfa Fe - ity TR vy A I L.
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: _'lit | : :‘ ﬂ""ﬁll-". : i X a . ; 1 : .
8 100 Ul (IR ;TE‘? w74 o larger alpha-nuclei abundance?
g - L ﬂﬁ’ r s"n«ﬁm"‘*-[W._b,f]’!-*-'q o broad peak around Fe?
"‘3 . : 4 - : . - ] L n
E?: 13-4 Loy % ¢ 3 b o9y 6 Koy 9 ¢ vy ] {1 !I E )l ! (é that IS nUCIear phySICS!)
0 o0 100 150 200

MASS NUMBER A



A% NUCLEAR ASTROPHYSICS: INTRODUCTION
* ABUNDANCES OF ELEMENTS

10-3 S, I, P, I'P process
10-4 b 4§ b5 g PR
0 50 100 150
MASS NUMBER A

S 101! ]

~ 1010 formation of elements:
- 10°

3 " big bang nucleosynthesis
= 10

o igg fusion in stars, explosive burning:
L:;J 104 H 9 He

g 103 He >C,0

ﬁ )

s C,0-Si

8 100 Si = Fe group

ﬂzl! 10-1

g 10—2

(as]

-1,




. }‘ NUCLEAR ASTROPHYSICS: STARS - NATURE'S NUCLEAR REACTORS
HYDROGEN BURNING: PP CHAIN

H+'Ho>?%H+e*+v,
’H+'H > *He +vy

69%/ \31 "

SHe + 3He — “He + 2'H SHe + ‘He > 'Be + v
ppl 99,1V \0,3%
‘Be+e —Lit+v, ‘Be+'™H—>%B+Yy
7Li+H — 2%He 5B > 5Be + e +v,
ppll

summary: 4p — 3He + 2e* + 2v, + 25MeV



NUCLEAR ASTROPHYSICS: STARS - NATURE'S NUCLEAR REACTORS
HYDROGEN BURNING: CNO CYCLE

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

CNO C - cycle:
12C+1H > 13N +vy
N> 13C+e"+v,
13C+1H > N +vy
14N + TH —» 150 +7

V  Neutrino

() Positron O

150 > 15N + e* + v, Aﬁ?x/@

15\ + "H — 12C + 4He Y EO

summary: (12C) + 4p - (12C) + 7He + 2e* + 2v, + 26.73MeV

Y Gamma Ray %l




A% NUCLEAR ASTROPHYSICS: STARS - NATURE'S NUCLEAR REACTORS

REACTION RATE

we consider the radiative capture reaction: 1 +2 -3 +y
the REACTION RATE is the number of reactions occuring per unit time and volume

r=N{N,ov

the velocity v is distributed according to Maxwell-Boltzmann

() o e~/
= (V) = 411[ P(v)o(v)vidv

x [ e E/*T g(E)EdE



¥ NUCLEAR ASTROPHYSICS: STARS - NATURE'S NUCLEAR REACTORS

o(E) AT LOW ENERGY

due to COULOMB BARRIER o plummets at low E
because reaction takes place only through TUNNELING

3H€+OL%7Be+y

L

(nb]

dM

He {a,y) Be

CROSS SECTION ¢
8.

®e

ENERGY E_, (keV)



Y | NUCLEAR ASTROPHYSICS: STARS - NATURE'S NUCLEAR REACTORS
ASTROPHYSICAL S FACTOR: THE NUCLEAR PHYSICS NUGGETS OF (av)

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

{nb]

CROSS SECTION ¢
Fa]
T‘nﬂl -T7 7

the rapid drop explained by the Gamow factor e 2™

with the Sommerfeld parameter

 ZyZye?
N~ Jre h ol 3
__ S(E)e~2™ 2
= G(E) o E X o ll. d
% 03 .
[ l L1
. . . Q p2f —{-H._LL_I__}__‘_;_L_*_*
the astrophysical S factor varies smoothly with E & j
P o —

ENERGY E_, (keV)



. »' NUCLEAR ASTROPHYSICS: STARS - NATURES NUCLEAR REACTORS
GAMOW PEAK

(GV) X f e _E/ kT (0] (E) E dE Maxwell-Boltzmann
Distribution
—E/KT e e—E/kTe—Znn

xX e

/

= [ e E/KT e=2mg(E)dE

Tunnelling
through
Coulomb Barrier

Gamow Peak

< § (i.e. o) must be known
only in the Gamow peak:

g(E) — e—E/kTe—Zm]

oc @ 2™

Fusion window

FUSION PROBABILITY

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

< DIFFERENT STAGES of nuclear burning in stars a s

ENERGYE —



A% NUCLEAR ASTROPHYSICS: STARS - NATURE'S NUCLEAR REACTORS
HELIUM BURNING

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

the obvious reaction would be “He + “He
BUT there are N0 STABLE NUCLEI WITH A=8

this A=8 gap is bridged by the TRIPLE-o. PROCESS:

Carb oduction (0.04%
4He +4He = 8Be @ S s )

AL
T 9 e B

4.459 NeV
E2
O

u-decay (99.96%) stable 12C




SUBSEQUENT STAGES

2C+*He > %0 +y
150 + *He — #Ne +y

2C 4 12C = 23Na +p
20Ne + “He

23Mg +n

24Mg + g
Be + 160

+ more advanced burning stages
— ONION-LIRE STRUCTURE OF THE STAR

onion-ike’ structure
. just prior to exploding
\_ as a supemova




- A% NUCLEAR ASTROPHYSICS: LIFE AND DEATH OF A STAR

“#% °  stellarNebula

g —

M <0,08Mg 0,08Mgy <M <8M, M >8M,

Brown
Dwarf

=

Planetary gm - 3
Nebula = X4 e &3
- AR Neutron g F

Star

Whites
Dwarf

Black

Supernova




- A% NUCLEAR ASTROPHYSICS: LIFE AND DEATH OF A STAR
MEDIUM MASS STARS (M < 8M )

burning helium in their cores, ; 0 o e
but cannot get hot enough to ignite carbon ' / " P
< end with C-O core ’ }" §
H outer layer is expelled : ’ 7 |
< PLANETARY NEBULA | g -' ’-
» . STy
.‘! ‘>

NGC 6543,

. . Cat's Eye Nebula
nuclear reactions stop and the remaining core cools down

< WHITEDWARF (M ~ M and R ~ Rg)
where gravity is compensated by the pressure of the electrons, which form a Fermi gas



. NUCLEAR ASTROPHYSICS: LIFE AND DEATH OF A STAR
MASSIVE STARS (M > 8M )

once Fe is produced, the stellar core collapses
o photodisintegration
o electron capture by the nuclei: p +e-—>n + v,
o heutron degeneracy sets in

5= ) i R 4 ] O
P ;“:.; » N L~-~ * AT e
. ) o e . 18 ¥ PR e W
. . ‘{ -} ® ev.h‘ Cx v r ¢ o
. . - s 4 = R N
< M~ M,andR ~ m, p~ | el B T
L) v 3 0,75 1 RO 8 R
” o \ s i\
~ oy
=
d > e i Lo

< black hole (M ~ several M)

outer layers expelled

< CORE-COLLAPSE SUPERNOVA (type I1) RPN . v ' 'CTyST\l I berl
. . rab Nebula
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What is a neutron star (NS)?

o for ASTRONOMERS NS are very LITTLE STARS “visible” as radio pulsars or sources of X- and y-rays

o for PARTICLE PHVSICISTS 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




A% NUCLEAR ASTROPHYSICS: NUCLEAR EQUATION OF STATE

® heUtron stars are bound by gravity NOT by the strong force
o neutron stars satisfy the TOLMAN-OPPENHEIMER-VOLROFF (TOV) equation

dM

- = 4mr?e(r)
dP s(r)M(r) L PO[L | 4P| [ 26M()]
ar - C s<r>” M(r) ” )

only physics that the TOV equation is sensitive to: EQUATION OF STATE (EoS) — P = P(¢)

307

T T T T T
« EO0S

20r
351

(dyne cm?)

15

1
Mass (M,)

log,, Pressure

34F ! 41 10F

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

0.5 :.—"I’.
33

0.0

1 1 1 1 1
142 144 146 148 150 152 5
log,, Density (g em™) Radius (km)



MASS-RADIUS RELATION

3 I I I I I I |
E N NL3 - BMF022 |
g’.,\”-*"“ d FSUGold2
) 5 $5 @ RMF032 _|
— =22 i
B T JO0740 (2019
o= S J0348 (2013 —
= J1614 (2010
= 5 IU-FSU 3 i
2 15F 1.6 Fattoyever al
X il NICER (2019)
> | 8 ]
1= 3 -
05F =
BigApple
0 | | | 1 | 1 [
10 12 14 16 18

"R, (km

¥ NUCLEAR ASTROPHYSICS: NUCLEAR EQUATION OF STATE

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

< GENERAL RELATIVITY: a NS is not a black hole

2GM
N P
C

< FINITE PRESSURE: NS matter cannot be arbitrarily compressed

< CAUSALITY: speed of sound must be smaller than ¢
< R > 2. 92—1:1



f p NUCLEAR ASTROPHYSICS: NUCLEAR EQUATION OF STATE

1558 . Density
MASS-RADIUS RELATION > e
Py e Surface 1
3 | = T | T | | .;m y A
P W e = Fslicok2 T
5 5 v E RMF032 _| - < Crust Jo1L13
i 82=3 |
P J0740 019 |
2F \ J0348 (20130 | )
- J1614 2010 X _ Outer core 10
> L IU-FSU ) _ e ——
2 15 o 1.6 = Fattoyever al _‘ ; e
S e NICER (2019) e 10
> | ] ]
1 3 -
. S'_ ] o EoS must span about 10 orders of magnitude
| BigApple in baryon density
| 1 | 1 | 1 | 1 .
00 12 14 16 18 o increase from 0.7 — 2Mg,

Ry (km must be explained by nuclear physics



% NUCLEAR ASTROPHYSICS: NUCLEAR EQUATION OF STATE

| Bethe-Weizséicker: incompressible quantum liquid drop binding energy

Z(Z-1) (A — 27)?
. A1/3 B asym . A

B(Z,N)=a,-A—a-A%3 —a_

Volume Surface Coulomb Asymmetry



A% NUCLEAR ASTROPHYSICS: NUCLEAR EQUATION OF STATE

Bethe-Weizséicker: incompressible quantum liquid drop binding energy

Z(Z-1) (A — 27)?
. A1/3 B asym . A

B(Z,N)=a,-A—a-A%3 —a_

in the limit where volume V and A — oo but % = po = const.

e(a) = — B(i’N) = —ay + Ja? with a = (pn — pp)/(Pn + Pp)

incompressible — fails to reproduce response to density fluctuations



A% NUCLEAR ASTROPHYSICS: NUCLEAR EQUATION OF STATE

s(@ = -2 =(ay) 0% with & = (pn — pp)/(Pn + Pp)

A

< Equation of State of asymmetric matter

£(p, @) 2 +0(a*)  where S(p) is the SYMMETRY ENERGY

S 30
(0]
2 _
o B
o 59 [ neutron
[ matter \
10 F

drip-line nuclei
N/Z=2-3

| 18 orders of magnitude smaller

4 99 orders of magnitude lighter
v2=1-15 1 SAME Equation of State




% NUCLEAR ASTROPHYSICS: NUCLEAR EOS
| talk on Wednesday

SUMMETRY ENERGY
S(p) characterisis the increase in energy from N = Z

Taylor expanded around p = py:

2
_ L{p—po 1 P—Po
S(p)_]+3(00)+18Ksym(Po) +

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



# NUCLEAR ASTROPHYSICS: NUCLEAR EOS see James Lattimer’s

talk on Wednesday

Tolman-Oppenheimer-Ve

An Analytic Inversion of TOV Equations

dp

The TOV equations dr

dm
determine the neutron star
M-R curve from the equation .
of state (EOS), i.e., the
pressure-energy density (P-£)
relation. M-R observations U Y S
can be converted to EOS | o

) ) ] ] ~ Equation of State -——————— Observations
information by inverting the —

TOV equations. We
discovered a simple analytic
inversion method using

(M, R) values for fractional
maximum mass points that
gives the central P-£ of those
stars to better than 0.5%.

P MeV fm)

£ (MeV fm™) 1000

J. M. Lattimer Analytic Inversion of the M — R Relation




A% NUCLEAR ASTROPHYSICS: EOS AND NEUTRON STARS

observation of neutron stars

e NV VA VAVAVAVAVAVAAV TV

A: 1 meter Tmicron  10nm  01nm 0.01 nm

Radio IR UV X-ray Gamma

radio

VLT HST (Hubble)

Green Bank eer



' NUCLEAR ASTROPHYSICS: EOS AND NEUTRON STARS

Observatlon Of neutron Stars A 1 meter Tmicron  10nm  0.1nm  0.01 nm

Radio X-ray Gamma
radio IR and optical optical and UV _ X-ray and y-ray .
A . > R
gravitational waves AN F!
js GreenBank  MeerkAT VLT HST (Hubble)

,, -
o Ry N
. f s
7

IceCube



gy I'IUIILEHR ASTROPHYSICS: EOS AND I'IEUTR[]I'I STARS
NEUTRON STAR MERGER GUITOBIT

X-ray
T OMAS O
@
- L.I"Ur ——
- ST, STSEER. e
Barpa, [V Tare [3T0, PP FECERS, =T |y gy, Plrpbiimppae, @B TE, RAAETE N Wmgplnn Fibagrs Pas BTa R
L LM LREL 1T, DB s, ST L DRSOAMET BOINE BRI TN S, ¢ BT WIHT, S8 L CHR SO | TOHCE, L
FU e Skl | ok S, AL IO T B, A5 3E A LSS, el N L L St Iil II Il I I I I I
IR ’ — o
Sl FO, A, el WA Rt KT GHOS BILAE MO R W) !:n-fa.lrl—-a-r 1]
- fen nuatnrm mitl
— N —
Hadio - { =
ETCA, VLA LEHAR VY B T, WAL LTI L'.l!'u_x_'.u,, DT, DM, oD, Visor@dT, Farken, PAT, ok 1
1 v -
=100 50 050 10 107 joe Ll

1 [5) i (days)

gravitational wave signal NZH Swops | PLTA0 VISTA Chandra

y 1 . B
y- and X-ray, UV, optical, IR, and radio signals w _* | ‘b ..

10.86h i|[1.08n )|11.24h  wk| |ad X-ray

= MULTI-MESSENGER ASTRONOMY VASTER DEGarn Cas Cumbres | [JVIA

- 3F IE A

B.P. Abbott et al., ApJL 848 (2017) L12  |11.31n wll11.40n  il11.57n w| [16.4d Radio




A% NUCLEAR ASTROPHYSICS: EOS AND NEUTRON STARS

NEUTRON STAR MERGER GWI70817

Frequency (Hz)

Event rate (counts/s)

400
00

200

100

50

1750 1
1500 A
1250 4
1000 4

750 4

Gravitational-wave time-frequency map

=

GRAVITATIONAL WAVE (GW)

Lighteurve from Fermi/GBM (50 — 300 keV)

GAMMA RAY BURST (GRB)
U

What powers the GRBs?

210 3 —§ . —9 0 2

Time from merger (s)

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

i
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H'.'PEBIIIHSSIIIE NEUTRON STAR (HMNS)

black hole

|| || Hﬁ
|
‘“\‘\I”l |"|||

| postfnerger |

bt

10% h, (100 Mpc)

! LA
T T
MH‘ H“H“””I\HM\ ‘H‘ H"""'J'J‘u‘”‘ ..u'u".".",‘u'.“.“u“.",'d‘.".w"w.'

|\ 'll\“
‘|u

log[2h(f) f'2] [Hz""2, 100 Mpc]

5

t'tmerger [ms]

see Cecilia Chirenti‘s
talk on Monday

o lives for < 1s
o spins fast
o emits kHz GWs
< too high for current GW detectors

HMNS oscillations could
result in a measurable

MODULATION OF THE GRB

| & quasiperiodic oscillations (QPO)

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



2 I]UI:I.EHR ASTROPHYSICS: E0S AND NEUTRON STARS
talk on Monday

l!llIlSTHIIlIl MASS-RADIUS RELATION

from oscillation modes obtain constraints on . PSRJO740 - NICER
o chirp mass:
3 _ GRB91071
_ (M M,)5 21.81
= 1 = GRB931101B
(My + M3)5 =
1.6
o binary tidal deformablgtz TR, PSRJ0030 ! NICER
_ 16 (M, + M,)MIA
T = (M, 2) 11_|_(1<_>2) 14 | | | | |
13 (Ml 4+ MZ)S 11 12 13 14 15
R [km]

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

| =

M A
= RM(A ]Vl‘) = — = INFORMATION ABOUT €0S OBTAINED FROM GRB
1M@ 800



I'IUI:I.EHR ASTROPHYSICS: §, R, P, RP PROCESSES
Hlllll DO WE GET HEAVIER ELEMENTS?

2 90- 34g m’fa B 1195
%3"2(5'2 ’ \Ragicn c—f:ery 20'51'. 215‘;‘
§ 7 oo N stable nuclides ;“U . . . .
Bofn = | =2 o increasing Coulomb barrier suppresses fusion
o1 o once Fe synthesised no further fusion
% 3-,3,.,

0

IIIIIIIIIIII

Mass nu mber (A)

R S P © to explain formation of heavier elements
SRR | Burbidge, Burbidge and Hoyle (B2FH) suggest in 1957
N U . SUCCESSIVE CAPTURES OF NEUTRONS BY SEED NUCLEI

e T . o 0 o s and r processes




S PROCESS

the s process is a SLOW process of neutron capture by stable nuclei 5

< slow means slower than 3 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, ...)

Se

As

Ge

Ga

Zn

[ NUCLEAR ASTROPHYSICS: S, R, P, RP PROCESSES

isotope?

stable +i0 > stable

v

isotope?

yes

741175 1| 76

1

1
N75 ! 76

1

N7 [N72 ]

67

I
9!l 70|t 71
- 1

—> s process path

.
L




A NUCLEAR ASTROPHYSICS: S. R, P, RP PROCESSES ;

. stable | , /gy &\ stable
R PROCESS S '\\ & <™ |isotope?
the r process is a RAPID process of neutron capture by stable nuclei yesl 0
: 4
< rapid means faster than 8 deacy e | [y oy 1
< requires high neutron flux Soope
e.g. core-collapse supernovae, neutron star mergers

M0 B
., ALPHA-DECAY
|

synthesis elements far away from valley of stability
< superheavy elements t00?

i
|
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: = i
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A% 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:

Sn (50) Ar
o X-ray burst g
< accretion by neutron star of H- and He-rich material rawer LT IGAR T
from companion star 49 ENEE

Tc(43)
Mo (42)| | ' P Pl
o supernova type la No@n  TENNNT
Zr (40) S |
v@e 1 REREE 52 54
Sr (38) [ ]
Rb (37)
Kr (36) | BN
o o) ISR
Se (34) |
As (33)

Ge(32) | stable isotope
Ga (31)

Zn (30) . )

Cu (29) B waiting point

Ni (28)

IEEEE B EEaa —— Flux > 10%

24 26 28 30 32 .34 36
------ Flux 1-10%



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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