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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 shells: systematics

Shell structure from E (2;)

» High E (2,) indicates stable shell structure:

!L.!'HI

d 22 268 40 SO g2 12&

IALEE Workdiop on BRI T, Movember ZRFS ‘P (Aﬁ




Nuclear shdlls;

n
I

W
|

\V)
|

LT
|

energy first 2' state[MeV]

12 16 20 24
neutron number N

m High E,, and
sheall closure
=EX: N=207?

Ecole du CERN, 2005.



Nuclear shells; neutron riCH

n

W

[\V)

energy first 2' state[MeV]

12 16 20 24
neutron number N

m High E,, and
snell closure
-EX: N=207
m Magic number
disappearsfar
from stability




Nuclear shells; neutron riCH

n

W

[\V)

energy first 2' state[MeV]

12 16 20 24
neutron number N

m High E,, and
snell closure
-EX: N=207
m Magic number
disappearsfar
from stability




Nuclear shells; neutron ricH

Large scale
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Nuclear shells; neutron ricH
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Proton Neutron
Novel Quantum Symmetry




- |11 -
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Rutherford

m 1919 H nuclea in nuclel => protons




- |11 -
Proton Neutron

Chadwick

m 1919: Protons

m 1932: Discovery of neutrons




Proton Neutron
Novel symmetry

m 1919: Protons
m 1932: Neutrons

m 1932: Twin particles (m,= m,)
« Proton : nucleon with theisotopic spin +1/2
- Neutron : nucleon of isospin -1/2
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Novel symmetry
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Proton Neutron
Novel symmetry

m Symmetric nuclel
«=Mirror nuclel: N«— Z
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Proton Neutron
Novel symmetry

m Symmetric nuclel
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« A tool for structure
studies

+< Proton — neutron /7 —+1/2

| = 1sospin @, ﬁ

Ecole du CERN, 2005. { [ - =



Proton Neutron
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Proton Neutron
Novel symmetry

m Symmetric nuclel

< Mirror nuclel
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Proton Neutron
Novel symmetry

m Many particles
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Novel symmetry

Proton Neutron

m Many particles

< Many twins

< Novel quantum number :
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Novel symmetry

Proton Neutron

m Many particles
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< Novel quantum number :
Thehypercharge: Y

Ecole du CERN, 2005. { [

(MeV)

4l 1318
g

g 1193

VY 1116
(Q\
I

gl 9309

1 12 0 +12 +1 ‘

| =Isospin ¥, }g

\7 "N



Proton Neutron
Novel symmetry
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Novel symmetry
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Proton Neutron
Novel symmetry

m 3 Quarksin baryons
- Today 6 flavorsand 3 colors (QCD)
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Proton Neutron
Novel symmetry
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= § Radioactivity
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Proton Neutron
Novel symmetry

m J Radioactivity
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Proton Neutron
Novel symmetry

CLUERN
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Quarksand gluonsin Nuclel

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

m Nuclel: Laboratoriesfor el ementary properties
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Quarksand gluonsin Nuclel

m Nucle: Laboratoriesfor e ementary properties

= radioactivity and weak interaction (neutrinos)
=[3 radioactivity and CKM matrix
—Nuclear structure should be under control

IQCD for nucla far to be pOSSI ble(non—perturbative)

«<Decoupling of the various scales => nucleons
«Effective interaction for nucleon (measured ?)

=> Coming from QCD constraints (chiral symmetry)
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Liquid Drop

m Bond likeadrop

= Energy proportional to
the number of particles
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m Bond likeadrop

= Energy proportional to
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« Strong for ce short
Ecolecdu cERN.2005. [ ANQE




1V -
Liquid Drop

‘\"

Densith de charge (e .fm-3}

m Bond likeadrop

the number of particles
E/A =-16 MeV

Ecol

= Strong force short
edqucern.2005. [ ANQE

REER=

Lot
T T T T T

B0 e gxpzmence

~Energy proportional to m Drop density profile

- Central density
p = 0.17 nucleon/fm?

(¥4




1V -
Liquid Drop

m Bond likeadrop

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

Ecol

« Strong for ce short
range

e du CERN, 2005.

rop density profile
- Central density
p = 0.17 nucleon/fm?

(¥4




v | \/6s
Liquid Drop

¢

20 |

oL

o

e = Taz 02

Mﬂ,e E rwecf /fi ]







M echanical properties

m Still badly known 20|
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’ L 14
L v Tl
3

}V. y A

Ecole du CERN, 2005




M echanical properties
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for neutron matter.
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M echanical properties
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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;)
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Multifragmentation
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Phase Transition



Phase Transition
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Phase Transition
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Phase Transition
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First Observations

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