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Definition of symmetry ‘

* A hamiltonian H has symmetry G (is invariant under G)
if

VgeEG: [H,g] =0

* The transformations g are assumed to form a Lie algebra.

‘ Consequences of symmetry

* Degeneracy:

HI)=EI) = Hgl’)=EgI)
* State labelling:

H|I'y)= E(I')| Iy )
* Action of transformations g:

glry)=Y a, (g)Iy')
-
* The a-matrices constitute a representation of the

elements g of G.

Definition of a Lie algebra

* A Lie group contains an infinite number of elements
that depend on a set of continuous variables.

* The corresponding Lie algebra is obtained from (a
finite number of) infinitesimal operators, called
generators.

* An algebraic structure over the generators is defined

through commutation relations in terms of structure
constants:

- _ k
[gj’gj]= 8i og_j -gj °8 = Eczjgk
k
* Structure constants are antisymmetric in i and j.

* Generators satisfy the Jacobi identity:

[gf’[gj,gk]]+[gj,[gksgf]]+[gk,[gf,gj]] _0
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Nuclear shell: Super-heavy
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Nuclear shells: systematics

Shell structure from E (2;)

» High E (2,) indicates stable shell structure:
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Nuclear shells; neutron ricH

HFB (Mean-field) +CGM
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Nuclear defor mation

HFB (Mean-field) +CGM
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Nuclear defor mation

v Shape coexistence and isomers
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Nuclear defor mation

Exact Ab-initio calculations
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Defor mation

Dramatic
effect In
small sytem
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® Conflrmed by
nuclear reactlon
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Halo nuclei

® Conflrmed by
nuclear reactlon
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Halo nuclei

nuclear reactlon

® Conflrmed by |
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Proton Neutron
Novel Quantum Symmetry
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Proton Neutron

Rutherford

v 1919: H nucld in nuclel => protons




- |11 -
Proton Neutron

Chadwick

v 1919: Protons

v 1932: Discovery of neutrons




Proton Neutron
Novel symmetry

v 1919: Protons
v 1932: Neutrons

v 1932: Twin particles(m,= m,)
o Proton : nucleon with the isotopic spin +1/2
o Neutron : nucleon of isospin -1/2

Ecole du CERN, 2006.



Proton Neutron
Novel symmetry

Energies

M asses

(MeV)
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Proton Neutron
Novel symmetry

v . Symmetric nuclel
® Mirror nuclel: N«— Z

o Proton «— neutron
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Proton Neutron
Novel symmetry -

v . Symmetric nuclel

® Mirror nuclel, N «— Z
o | sospin multiplets,

@ A tool for structure
studies

o Proton «— neutron 172 17
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Proton Neutron
Novel symmetry

v . Symmetric nuclel

o Mirror nucle
o | sospin multiplets,

o A tool for structure
studies
o Proton <— neutron T A2, 0 F1U2 +1
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Novel symmetry

v . Symmetric nuclel

o Mirror nucle
o | sospin multiplets,
triplets, quadruplets, ...

o A tool for structure
studies
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o Proton <— neutron 1 12 0 +12 +1

m Ié | sospin
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Proton Neutron
Novel symmetry
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Proton Neutron
Novel symmetry

v Many particles

n P

o Proton <— neutron 1 12 0 +12 +1
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Proton Neutron
Novel symmetry

v Many particles
o Many twins

o Novel quantum number :
Thehypercharge: Y
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Novel symmetry

Proton Neutron

v Many particles
o Many twins

o Novel quantum number :
Thehypercharge: Y
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Novel symmetry

Proton Neutron

v Many particles
o Many twins

o Novel quantum number :
Thehypercharge: Y

v 3 Quarksin baryons
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Proton Neutron
Novel symmetry

Gell Man

v Many particles -1
o Many twins <
o Novel quantum number: G |,
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Proton Neutron
Novel symmetry

v 3 Quarksin baryons
o Today 6 flavorsand 3 colors (QCD)
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Proton Neutron
Novel symmetry

e

v B Radioactivity

v 3 Quarksin baryons
o Today 6 flavorsand 3 colors (QCD)
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Proton Neutron
Novel symmetry

v B Radioactivity
o | sospin (weak)
o Electro-weak unification
o» Gauge Theory

v 3 Quarksin baryons
o Today 6 flavorsand 3 colors (QCD)
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Proton Neutron
Novel symmetry

v B Radioactivity

o | sospin (weak)
o Electro-weak unification
o» Gauge Theory

d

v 3 Quarksin baryons

o Today 6 flavorsand 3 colors (QCD)
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Proton Neutron
Novel symmetry

v Weak | nteraction
o | sospin (weak)
o Electro-weak unification
o Gaugetheory

e+
v Structurewith 3 Quarks
o Today 6 flavorsand 3 colors (QCD)
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Quarksand gluonsin Nuclel

v Nucla: Laboratoriesfor elementary properties

of radioactivity and weak interaction (neutrinos)
of radioactivity and CKM matrix
—Nuclear structure should be under control

j)
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Quarksand gluonsin Nuclel

v Nucle: Laboratoriesfor elementary properties

o radioactivity and weak interaction (neutrinos)
of3 radioactivity and CKM matrix
—Nuclear structure should be under control

VQCD for nucla far to be pOSSI ble (non-pertur bative)

oDecoupling of the various scales => nucleons
oEffective interaction for nucleon (measured ?)

=> Coming from QCD constraints (chiral symmetry)

j
Ecole du CERN, 2006. ‘P(Mﬁ




N-N for ces not enough=>3-body

Ab Initio calculation
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Liquid Drop

v Binding
o Energy




SV -

Liquid Drop

v Binding

® Energy
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Liquid Drop

v Bond likea drop

o Energy proportional to
the number of particles

Ecolle du CERN, 2006.
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Liquid Drop

v Bond likea drop

o Energy proportional to
the number of particles
E/A =-16 MeV

o Strong for ce short
Ecoledu cERN. 2006 [ ANQE
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M echanical properties

v Still badly known ial

for neutron matter.
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M echanical properties

v Sl badly known
for neutron matter.
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-1V - v Thermodynamics
v Lijiuid-gas phase

Liquid Drop transition

Quantum Chaos

v React likealiquid

o Neutron absor ption
o Statein disorder

—colle du CERN, 2006.




—v | \ /&2
Liquid Drop

v Thermodynamics
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v Thermodynamics

v Liquid-gas phase
transition

® Saturation

e® Equation of states

D
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Equation of state
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Thenucleusis auto-or ganized
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v Spectra signals

symmetries.
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Bosons (pairs, quartets) in Nucle

“ “ “ v Normal superfluidity
o O It '
D-p e pposite spins
“ v New superfluidity
N=Z nucle

= o Parallel spins
o T=0 (n-p) pairs
o Additionnal binding
N=Z Nucle
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Bosons (pairs, quartets) in Nucle

sd shell
= Normal superfluidity
o » Opposite spins
£ 4
= New superfluidity
o :
o N=Z nucle
3 o Parallel spins
<

o T=0 (n-p) pairs
o Additionnal binding

N=Z Nucle
Ecole du CERN, 2006,
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Bosons (pairs, quartets) in Nucle
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Super-symmetry

» Example: The *Pt - 1*°Pt doublet.

Expi




» Example: The %Pt - *"Pt - 17 Au - 1°8Au quartet.
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Definition of symmetry

* A hamiltonian H has symmetry G (is invariant under G)

if
VgeG: [H,g] =0

» The transformations g are assumed to form a Lie algebra.

Consequences of symmetry |
» Degeneracy:
H|\I'y=E|I') = HgI')=EgTI)
» State labelling:
H|I'y)= E(I)Iy)
* Action of transformations g:

r
g|F}f ,."' = E H;—'}f'(g)|rj" r."':
<
» The a-matrices constitute a representation of the

elements ¢ of G.




Definition of a group |
* A set of elements G and a multiplication operation.
» AXioms:

* Closure
geEGAg' EG=>g0g' EG

* Associativity
go(g'og")=(g°8)°¢

)

» Existence of an identity element e
€ o g = g 0 ¢€ = g

» Existence of unique inverse for every element g
R S
§c8 =8 °CPE=E€

» Commutativity is not required.




Definition of a Lie algebra

* A Lie group contains an infinite number of elements
that depend on a set of continuous variables.

* The corresponding Lie algebra is obtained from (a
finite number of) infinitesimal operators, called
generators.

* An algebraic structure over the generators is defined
through commutation relations in terms of structure
constants:

2.8, |=88-8°8=clg
k

* Structure constants are antisymmetric in 1 and j.

* Generators satisfy the Jacobi identity:

o]} [e daa T [efeu ] -0




Casimir operators
* An operator that commutes with all generators of G is

called a Casimir operator and denoted as (n is the order
of the operator in the generators)

H = EKHCR[G] = H has symmetry G

H

» Example: Rotations in three dimensions, SO(3).
* Second-order Casimir operator of SO(3):
C[SO(3)]|=ji + i) +Ji = J°
* SO(3) symmetry:
H=j = H has SO(3) symmetry

* Degeneracy and state labelling:

C[S0(3) im, ) = j(j + 1) jm;)




Vaporization

v Determination of
vaporization threshold
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Equation of state
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Multifragmentation

v Volume effect

Dynamics of a phasetransition
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Multifragmentation

v Volume effect
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Equation of state
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Phase Transition



Phase Transition

+ Cumnulonimbus Clouds

+ Antarchic lceberg
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Phase Transition

|n small systems
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First Observations

D 'Agostino et al, Phys. L ett. 2000

Chaleur Massique (A™)
E & o w B & B

Heat capacity C (A7)
25 0
|

-50

g &

| 2 3 4 5 6 7
Thermal E/A (AMeV)

Bougault et al

II|III|IIll"'rlll|III|III|III|III|IIIL

1 14 16 10 20

EA I:hennlqua)m (A.MeV)

Ecole du CERN, 2006.



Equation of state
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Radioactivity i
Quantum property «out» [
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Quantum property

v Exponential decay
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Heutrnn star

Mass
~1.5 times the Sun

Solid crust
~1 mile thick
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Heavy liquid interior
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Crab Nebula
Hubble Space Telescope - Wide Field Planetary Camera 2
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