Relativistic description
of atomic nuclei

Dubna, 2.August 2005

Peter Ring

Technical University Munich



Content |

® I. Covariant density functional theory

® II. Applications



Content |

® Relativistic density functional theory

* concept of density functional theory
- Hohenberg-Kohn theorem
- Kohn-Sham theory

* covariant density functionals

- relativistic fields

- non-relativistic limit

- pseudospin symmetry

- effective Lagrangian

- equations of motion

- relativistic saturation mechanism
* relativistic pairing



Hohenberg-Kohn theorem

We consider a realistic manybody system with the kinetic energy

T and two-body interaction V(r;,r,) in an external field U(r). In
this case the expectation value of the exact energy

Eyelp(e)] = (T +7)

is given by a universal functional E,[p], which does only depend
on the local density p(r), and not on the external potential U(r).

The ground state is determined by minimizing E«[p] with respect to p



Kohn-Sham theorem

For the same system the expectation value of the exact energy is
also given by a functional

Elp(r), o(0)] = (T + V)

is given by a universal functional Eysp], which does depend
on p(r) and on the kinetic energy density

r(r) = V,V,(a(Ddr))

r=r



Summary on exact density functionals:

formally exact In practice
Kohn-Hohenberg: E[p(r)] no shell effects
Kohn-Sham: E[p(r),7(r)] nol-s,
Skyrme: E[p(r),7(r),J(r)] no pairing
Gogny: E[p(r),7(r),J(r).k(r)]  no config.mixing
generalized mean field: no configuration mixing,
no two-body correlations
local density: o(r)= <CD|a+ (r)a(r)\CD>:Zgol. (l‘)><g0i (r)‘
A i=1
kinetic energy density: 7(r) :Z‘V @, (r)><V @, (1)
pairing density. k(r)=(@|a(r,s)a(r—s)| @)

a”(r)a(r)a” (r'a(r’)

D)

two-body density: o (r,r') = <q)



|
Non-local density functional theory: E

®)=E[ /]

CD> Slater determinant <~ 1[3 density matrix

/o

E:<‘PH

\P> - <q)‘ﬁeﬁ”

(D> — A(% (r1) Py (rA )) /A)(rar') — Z ?; (r)><¢i (r')‘
Mean field: Eigenfunctions: Interaction:
2
h:é‘lf h¢i>:5i¢i> V = é =
op 0pOp

Extensions: Pairing correlations, Covariance
Relativistic Hartree Bogoliubov (RHB)



Covariant density functional theory: 2

Why covariant ?

1) no relativistic kinematic necessary: \/p; + mjz\, = mN«/l + 0.075
2) non-relativistic DFT works well

3) technical problems:
no harmonic oscillator
no exact soluble models
double dimension
huge cancellations V-S
no variational method

4) conceptual problems:
treatment of Dirac sea
no well defined many-body theory



Why covariant?

1) Large spin-orbit splitting in nuclei
Large fields V#350 MeV , S*-400 MeV
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3) Success of Relativistic Brueckner

4) Success of infermediate energy proton scatt.
5) relativistic saturation mechanism

6) consistent treatment of time-odd fields

7) Pseudo-spin Symmetry

8) Connection to underlying theories ?

9) As many symmetries as possible |
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Relativistic densities: §

In the relativistic treatment, one has to deal with four-component Dirac spinor
wave functions. Consequently, there are 16 independent bilinear covariants:

w () y(r)

This gives the following local densities:

=1 scalar density

L, =7, vector density

r_:w =@/ 2)(}",”}"1- - }ﬂ,}"ﬁ,) tensor density

" =7, pseudoscalar density
L, =75 axial density

(which have isoscalar and isovector components.) In most applications, only
three densities are required:

vy (0) wy'y (W) vy“ty (p)




Dirac equation: %

m+v -5 &p-V) (gj B (gj
6(13-\7) —m+V+S fl._gifi

scalar potential S(I‘)
vector potential (tfime-like) V(r)
vector potential (space-like) ﬁ(r)

vector space-like corresponds to magnetic potential (nuclear magnetism)
is time-odd and vanishes in the ground state of even-even systems



V-5 % 50 MeV |,

-

V+S = 750MeV




Elimination of small components: (£ — m+e)

1 w,=V=_3§

fz(r) — e+ 2m - W, Gpgi(r)

{613 L a5+ W}g,< ) = 6,0

e + 2m(r)

l




Pseudospin:

Oscillator-shell

A.Arima, M.Harvey,K.Shimizu, PLB 30 (1969) 517
K.T.Hecht,A.Alder, NPA 137 (1969) 129
J.N.Ginocchio, PRL 78 (1997) 436




Elimination of large components: (e — m+e)

1
/4

) —

- g(r) has pseudo-spin
6pf;(r) quantumnumbers

gi(r) = 6p
&

{613 L e - Zm}f,-(r) s )

I T S o) /4
+ —— s+ W, -2 (r) =¢g,
P ey a o M}gl(r) ,g,(r)

For V=S is W=0, ie. pseudo-spinorbit spitting vanishes

J.N.Ginocchio, PRL 78 (1997) 436

QCD-sum rules: V=S | [Furnstahl et al, PRC 46 (1992) 1507
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FIG. 2 (color online). Spin-orbit splitting egind_; ) —
€4(nl;41,2) in antineutron spectra of 'O and **Pb versus the
average energy of a pair of spin doublets. The vertical dashed
ling shows the continuum limit.

S.6. Zhou, J. Meng, P.Ring, PRL 91 (2003) 262501 |



Covariant density functional theory

o

Nucleons are coupled by exchange of mesons
through an effective Lagrangian (EFT)

(J*,T)=(0*,0) (J=,T)=(1-,0) (J=,T)=(1- 1)

S(r)=g,or) V(r)=g,0()+g,7p(r)+eA(r)
/ / \

Sigma-meson: Omega-meson: Rho-meson:
attractive scalar field short-range repulsive isovector field




LAGRANGIAN DENSITY

free Dirac particle free meson fields free pho‘ron field
L= P(v-0-—my/+ —(80)2——m2&
1 1
— —QWQW+ mow® — —RWRW+ Smop? — ZFWF“’”
— goYoY — guy-wP — gy PTY — eyy- A (02

iInteraction terms
Parameter:
meson masses. My, My, mp

meson couplings: g, g, 90



Equations of motion:

m@%mmmmmmmmmmmmmmmmmm

for the nucleons we find the Dirac equation

(7/“(1’6/1 — Vﬂ)— m + S)l//l. = (.

for the mesons we find the Klein-Gordon equation

(00, + m*)o = —g.p,
(8 8 + mi) — gmju ju(x) = ;Wi(x)h\lf,-(x)
( u8 " s) N gpj“ ju(x) = ZA‘,@(X)%Y“%(X)
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The static limit (with time reversal invariance)

for the nucleons we find the static Dirac equation

(&1_5 +V + ﬁ(m — S))\Vi = &;V,;.

S =-g0, V=g,0,+gp +e4

for the mesons we find the Helmholtz equations

(— A + mi)c = —g.P, P, = ﬁ;%wi
(_ A+ moza)“)o = 8uPs Py = iw?\vi
i=1
(— A + mi)pg = gpp3 0’ = ZA:\V:%\I’
_ . (em) i=1
Mo = ep = S L




Relativistic saturation mechanism:

We consider only the o-field, the origin of attraction
its source is the scalar density

A

A
mo=-g.Y vy =-g (e, - £71)
i=1

i=1

for high densities, when the collapse is close, the Dirac gap #2m*
decreases, the small components f; of the wave functions increase
and reduce the scalar density, i.e. the source of the o-field, and
therefore also scalar attraction. 1 T
fi(r) = = okg,(r)

e + 2m

1

X 1 1 & £
m.c ~ —gPy — 2D [ f = —g.py + ;ZV&- Vg,
i=1 i=1

In the non-relativistic case, Hartree with Yukawa forces
would lead to collaps



Symmetric

k _
nuclear matter: lak + B(m - 5)]y

R e T e ]

[E -V ]y

with . =m—S adE =vK>+m? and E=E +V

we have plane wave solutions of the Dirac equation:

* * 1

yik) = \/ E;*m ok
the w-field is given 2 e E +m
by the density: V=gm, = (&) Py

mO)

the o-field has 2 2 3 -
to be determined S=—g6=m—m*=&p :ng d’k m
from a non-linear ° m. m. Y (2n) E (k)

equation, which

2
gives saturation: Y &

. . e (k. E
= m|k.E. —m’In—-£ + =L
47t2m§ {FF {m mﬂ

Es

(¢

m

(O}

2 2
One needs only 2 constants: |G; = (m—j = 11,75 fm2 |G, = (&j = 8,61 fm?




Relativistic Pairing:

T

One has to quantize the meson fields:

Fermion fields: jd3r ﬁ(ocp ~ )y

Boson fields: Zwu a:au
u ~ PN
Interaction: - Z vty o, neglect retardation
u
R g e—mu‘r | R
Eliminate the meson operators: ¢ (1) = =& j d’r (" CHy(r)
g 47t -1

Formulation in Green's functions:
Gorkov factorization

(wivawaw, ) = (wiw (wiws) = (wivs wiw,) + (wiws sy, )

direct ferm  exchange term pairing term



Relativistic HFB equations:

- (A A .
A:(** A+j:BA r A, + A

T Wy P



Pairing in nuclear matter: 2

'S, — Channel

RMF+BCS
Gap equation: A=vk=vuv
| A(k 2
Alp) = ———  k k-dk
(p) 4n? ! P )\/(a(k) — L) + A(k)
wd 2 _ = I A
t:;'ﬂ(p,k) = - g: - m +pz+k (E [P} E {k)) ({P"'k} +m¥)
EWER ok C\p-kEem
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o-w model
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All relativistic forces, e. g. NL1,NL2, .. overestimate
nuclear pairing by a factor 3, because they do not have
a cut off in momentum space

H. Kucharek, P. Ring, and P. Schuck, Z. Phys. A334 (1989) 119
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free NN-forces, which reproduce the phase shift in the
150 channel, give pairing similar to the Gogny force

M. Serra, A. Rummel, P. Ring, PRC 65 (2002) 014304




M. Serra, A. Rummel, P. Ring, PRC 65 (2002) 014304
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contributions of the various meson fields in the B-potential to pairing




Relativistic structure of pairing

4.0

2.0

0.0

A

++

Total =«

0.0 4.0 8.0

r (fm)

m+V -8 Gp A, A,
op -m—-V -5 A, A
A, A, —m-V+S  —op
A, A__ —op m+V+S

A,_=A__ <<A,, <<op

therefore we neglect A e

total
scalar
vector time-like

vector spacelike

M. Serraq, P. Ring, PRC 65 (2002) 064324




Relativistic Hartree Bogoliubov (RHB):

A EfA Epgir

expt. RHB Gogny RHB Gogny
112 -8.513 -8.558 -8.419  -22.84 -19.04
116  -8.523 -8.563 -8.437  -22.75 -19.39
120  -8.505 -8.538 -8.417  -21.80 -17.92
124 -8.467 -8.487 -8.378  -19.68 -14.94
128  -8.418 -8.414 -8.326  -13.97 -945
132 -8.355 -8.319 -8.283 0.00 0.00

Elo.k] = Egmelp] + EGogny[K]

Ao 5E1'<AMF
op

A SEGAOG
oK

T. Gonzales-Llarena, J.L. Egido, 6.A. Lalazissis, P. Ring PLB 379 (1996) 13




Conclusions part |:

1) density functional theory is in principle exact
2) microscopic derivation of E(p) very difficult
3) Lorentz symmetry gives essential constraints
- large spin orbit splitting
- relativistic saturation
- unified theory of time-odd fields
4) pairing effects are non-relativisitic
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® Ground state properties

* nuclear matter

* masses, radii, deformations

* shell quenching

* neutron skins and halo phenomena
* proton emitters

* superheavy elements

@ Vibrational excitations

* breathing modes (incompressibility)

* giant dipole modes (symmetry energy)
* pygmy resonances

* isobaric analog resonances

* Gamov-Teller resonances
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MEUTROM MATTER

NMUALEAR MATTER

ow-model

J.D. Walecka, Ann.Phys. (NY) 83, (1974) 491




Effective density dependence:

non-linear potential: NL1 NL3
Boguta and Bodmer, NPA. 431, 3408 (1977) :

1 2 9) 1 2 2 1 3 1 4
—m-oc- = U(oc)=—m o +—g,0°+—g.0

> Mo (o) ST 280 T8

density dependent coupling constants:

R.Brockmann and H.Toki, PRL 68, 3408 (1992)
S.Typel and H.H.Wolter, NPA 656, 331 (1999) new

2,:8,:8, = &,(P)g,(P)g,(p) “

g — dg(p(r) DD-ME1,DD-ME2




Parameterization of denstiy dependence

MICROSCOPIC: Dirac-Brueckner calculations

saturation density

" 9.(p)

14

13 i
PHENOMENOLOGICAL: o
gi(p) = gi(psat) fi(x) © :

18

_ , 14b(z+di)’ [
fi(z) = afi1_|_céx_|_d32 \ 16

: Sl
i =0,w a&”\

12

g.(p)

9p(p) = gp(psat) e~ %@=1) 1ol

T = p/psat \ °

—6 F
4 parameters for density dependence 35?4 \

\_

9

Typel and Wolter, NPA 656, 331 (1999)
Niksic, Vretenar, Finelli, Ring, PRC 66, 024306 (2002) 0
Lalazissis, Niksic, Vretenar, Ring, PRC 71 024132 (2005)

0.2 0.25




How many parameters ?

finite nuclei (N=2): E/A, radii
spinorbit for freex

Coulomb (N#Z):

symmetric nuclear matter: E/A, p, =) l

dy

density dependence: T=0 K, m> . .
T=1 r,-r, = .



Nuclear matter equation of state
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E(p,a) = E(p,0) + Sa2(p)a?

Symmetry energy | © = VFZ + Sa(p)o™ +
A So(p) = ag + ppz_i (p — psat) +
Sa
saturation density 1@;&1 (p — psat)z 4+ ...

empirical values:

30 MeV <a, <34 MeV
2 MeV/fm3 < pg < 4 MeV/fm3
-200 MeV < AK, < -50 MeV

Lombardo §
'Symmetry energy
0 005 01 015 02 025 03
p (fm?) Neutron matter EOS
DD-ME1 | NL3 | NL1
aa(MeV) i o T 37.9 | 43.7
po(MeV/fm3) 326 [5.92]| 7.0
AKy(MeV) -128.5 52.1|67.3 0 0.025 005  0.075 0.1 %‘%
p, (fm”)
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superheavy elements

I proton radioactivity I

shell quenching N=28

halo phenomena

deformed nuclei
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Relativistic Hartree Bogoliubov theory (RHB)

R

Ground-state properties of weakly bound nuclei far from stability
== > Unified description of mean-field and pairing correlations

chemical potential

quasiparticle energy

Dirac hamiltonian
\

(ED_'T'_/\ A )(Uk(r)):E(Uk(r))
— A —hp +m 4+ A Vi(r) B\ Vi(r)

/ \ nucleon mass ‘

quasiparticle

pairing field wave function

S, 1 S, S,
A (7 7)) = 5 Z chid(r, ) Kpg (7, 7)
c,d



Ground state properties of finite nuclei

DD-ME1

r.-r, (fm)

Ar Z-Ar, .2 (fm’)
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0 1
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Charge isotope shifts in even-A

Pb isotopes.
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Deformations of 6d, Dy, and Er isotopes.
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rms-deviations: masses: Am =900 keV
radii: Ar =0.015fm

B, Bin (MeV)

Lalazissis, Niksic, Vretenar, Ring, PRC submitted
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ground state properties of Ni and Sn isotopes %

Lalazissis, Vretenar, Ring, Phys. Rev. C57, 2294 (1998)

combination of the NL3 effective interaction for the RMF Lagrangian, and the
Gogny interaction with the parameter set D1S in the pairing channel.

Neutron densities ____
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reduction of the spin-orbit potential

50

The spin-orbit potential originates from

)

the addition of two large fields: the .~ ™

field of the vector mesons (short range
repulsion), and the scalar field of the
sigma meson (intermediate attraction).

V., (MeV/fm

Vs.o. & %%VZS(T)

WS meff

weakening of the effective single-neutron "

spin-orbit potential in neutron-rich isotopes |

. > 1

reduced energy spacings between 2 .|
e
<]

spin-orbit partners

AE;g=Ey 1 i=1-1/2 = Epjj=i+1/2

6

-150 F

m_(V+ 5) 250 L

of the spin-orbit

_ Radial dependence

term of the single

o - )

r (fm)

" Energy splittings
between spin-orbit
partner states

@17, 11,
—lig, -1q,

Ni

60 70

G. A. Lalazissis, D. Vretenar, P. Ring, NPA 57 (1998) 2294 N
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shell quenching N=28
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B

Neutron radii

41

40

39 F

38 F

3.7 F

36 F

3.5

Shape coexistence in the deformed N=28 region

Lalazissis, Vretenar, Ring, Stoitsov, Robledo, Phys. Rev. C60, 014310 (1999)

RHB description of neutron rich N=28 nuclei. NL3+D1S effective interaction.

Strong suppression of the spherical N=28 shell gap.
1f7/2 -> fp core breaking [ > Shape coexistence

/ | RHB/NL3

24

26

28 30 32
Neutron number
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%Neu’rr‘on single-particle levels for 42Si, 44S, and 46Ar as functions of the
quadrupole deformation. The energies in the canonical basis correspond to
ground-state RHB solutions with constrained quadrupole deformation.
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Evolution of the shell structure, shell gaps and magicity with neutron number!



Muclear densities (fr?)
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halo phenomena
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Neutron halo‘s

|. Tanihata et al.
Phys. Rev. Lett. 55, 2676 (1985)

Interaction cross section
measurements at Bevalac
(790 MeV/u)

11Li

Nuclear radius (fm)

6 10
Mass number

effective NN interaction
strong in-medium effects 0

(almost) bare NN interaction
weak in-medium effects

Mean field theory of halo's:
(RHB in the continuum)

advantages:

* residual interaction by pairing
* self-consistent description

* universal parameters

* polarization of the core

* treatment of the continuum

problems:
*center of mass motion

*boudary conditions at infinity



Densities in Li-isotopes

J. Meng and P. Ring , PRL 77, 3963 (1996)
J. Meng and P. Ring , PRL 80, 460 (1998)
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rel. Hartree-Bogoliubov
in the continuum

density dependent 6—pairing



canonical basis in Li-isotopes

V(r)+S(r) [MeV]

* eigenstates of the density matrix

* wavefunction has BCS-type
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Giant halo in the Zr region:

IR

J. Meng and P. Ring , PRL 80, 460 (1998)
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Nuclei at the proton drip line:

Vretenar, Lalazissis, Ring, Phys.Rev.Lett. 82, 4595 (1999)

characterized by exotic ground-state decay modes such as the direct emission
of charged particles and B -decays with large Q-values.

--------

Radial potential (MeV)

20
Radius (fm)

40

Proton Separation Energy (MeV)
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Ground-state proton emitters

R
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Self-consistent RHB calculations -> separation
energies, quadrupole deformations, odd-proton
orbitals, spectroscopic factors
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Neutron Number

Lalazissis, Vretenar, Ring
Phys.Rev. C60, 051302 (1999)



The proton drip-line in the
sub-Uranium region.

Possible ground-state proton
emitters in this mass region?

202Fy

ZDBAC

214Pa

The proton drip-line in the
region of superheavy elements. T 7

How far is the proton-drip
line from the experimentally
known superheavy nuclei?

Z
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182T| x
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X
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N
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Experimental Data
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6. A. Lalazissis et al., PRC 59 (2004) 017301
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Superheavy Elements: Q_-values

Q_ (MeV)
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Superheavy elements: Quadrupole deformations
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Time dependent mean field theory: g

5j dt{<cp(t) io,| (D(t)> —E| A0 ]}: 0
N 95 = h(p) + £, 7|

No-sea approxim. |

2
:_ A+ mi:wo(t) = gwa(t) Pr = il W:Wi
i_a) (t) = gcoJB(t) j]:B = ,-A:l V0,

and similar equations for the p- and A-field



breathing mode: 208Pb

K.=211

K.=271

K.=355

time [fm/c] E [MeV]



——— order and chaos

_ | GMR: T=0
(a) ) ,
Eﬂ:ﬂﬂ' 4000 5 15 25 35
'5 T T T 1 T
E
e GMR: T=1
':‘ibn

D. Vretenar et al., PRE 56(1997) 6418




Relativistic RPA for excited states g

8pph' 8poch

Small amplitude limit:

5(6) = 7O + 55(¢) ( A f3)(§ :m{X)

/ -BT —AT Y
ground-state density '\
H 8phID' 8phoc
RRPA matrices:
Oly; b .
Aminj = (én — €;)0mn0i; apﬁ?: Bming = 30?7?

the same effective interaction determines
> the Dirac-Hartree single-particle spectrum
and the residual interaction

Interaction:
5°E
558 p

;-




Isoscalar Giant Monopole Resonance: IS-GMR

S S SO SO

The ISGMR represents the

essential source of
experimental information on
the nuclear incompressibility

— total
-0.02 — heutrons
— protons

-0.03

7777 constraining the nuclear

matter compressibility

= ol tos
250 MeV < K, < 270 MeV

T. Niksic et al., PRC 66 (2002) 024306

210 220 230 240 250 260 270 280 290
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Isovector Giant Dipole Resonance: IV-GDR

R A AR A AR,

0.02

— total
—— neutrons
—— protons

the IV-GDR represents

0.01

one of the sources of T
experimental informations e
on the nuclear matter 0.00
symmetry energy
0 5 10 15 20 25 ao OO
E (MeV) r (fm)

208

Pb

constraining the nuclear
matter symmetry energy

B

32 MeV < a, < 36 MeV

"0 00 012 016 02 T Niksic et al., PRC 66 (2002) 024306

a, (MeV) o (fm™)




IV-GDR in Sn-isotopes

U U e

R (e’fm’)

DD-ME2

E,, = 15.59 MeV
10

E,,.= 15.68 MeV

' 1155"

10 20

30
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'"*sn

10 20 30
E (MeV)

E, = 15.40 MeV
E.,,= 15.36 MeV

L |"*"sn
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30

[ E,, = 15.28 MeV

E,,.= 15.19 MeV

10 20

G.A. Lalazissis et al, PRC (2005) in print
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Photoneutron Cross Sections for Unstable Neutron-Rich Oxygen Isotopes
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The dipole response of stable and unstable neutron-rich oxygen nuclei of masses A=17

(Received 19 December 2000)

to A=22

Has been investigated experimentally utilizing electromagnetic excitation in heavy-ion collisions at beam
encrgies about 600 MeV/ nucleon. A kinematically complete measurement of the neutron decay channel
in inclastic scattering of the secondary beam projectiles from a Pb target was performed. Differential

electromagnetic exc

itation cross scctions da/dE

were derived up to 30 McV excitation energy. In

contrast to stable nuclei, the deduced dipole strength distribution appears to be strongly fragmented and
systematically exhibits a considerable fraction of low-lying strength.
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Distribution of
the neutron
particle-hole
configurations
for the peak at
7.6 MeV (1.4%
of the EWSR)

120 124 128 132

| 13291 at 7.6 MeV

28.2% 2d3/5 — 2f5 )2
21.9% 2d5/2 ¢ 2f7/2
19.7% 2d3/2 — 3p1/2
10.5% 1hqy/p — ligz)o
35% 2d5/2 — 3p3X2
1.9% 1g7/2 — 2f5/2
1.5% 1g7/5 — 1hgo
0.6% 1g7/5 — 2f7/>

0.2

Nucl. Phys. A692, 496 (2001)
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IV Dipole Strength for 298Pb and transition densities for the peaks at 7.29 MeV
and 12.95 MeV Phys. Rev. C63, 047301 (2001)

6 , y . T 0.5 , y .

12.95 MeV 7.29 MeV

Exp GDR at 13.3 MeV |
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208Ph

12.95 MeV

Exp PYGMY centroid
at 7.37 MeV J
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0 -0.4

O 10 20 0 é 1.0
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In heavier nuclei low-lying dipole states appear that are characterized by
a more distributed structure of the RQRPA amplitude.

Among several single-particle transitions, a single collective dipole state is
found below 10 MeV and its amplitude represents a coherent superposition
of many neutron particle-hole configurations.



Spin-lsospin Resonances: |AR - GTR |

ZN Z+1,N-1
GTR)=ST|ZN)
ﬁ spin flip &
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isospin flip
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Spin-lsospin Resonances: |IAS and GTR

e e e ]

charge-exchange excitations m==) profon-neutron
relativistic QRPA

mand p-meson exchange

generate the spin-isospin £7TN e %&75 ,Yuauﬁ.’,]—_’

dependent interaction ferms

the Landau-Migdal zero-range
force in the spin-isospin channel

2 — —
V(1,2) = gp (Tﬁ—i) Ty -T2 M1 -32 0(r1 —7T2)  (g,=0.55)

GAMOW-TELLER RESONANCE:  S=1 T=1 Jr=1*

ISOBARIC ANALOG STATE: 5=0 T=1 J==0"



GT-Resonances

N. Paar, T. Niksic, D. Vretenar, P.Ring, PR C69, 054303 (2004)
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Isobaric Analog Resonance: IAR

N. Paar, T. Niksic, D. Vretenar, P.Ring, PR C69, 054303 (2004)
experiment
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Neutron skin and IAR/GRT

EGTR'EIAR (MeV)
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nuclel at high large angular velocities: {

complete pairing
spectroscopy,
rotational
continuum,

chaos

hyper-
deformation

magnetic
rotation

r.-',,l_:.l, T R I & i M=4
L & Eea po ’» g bifurcation

ﬁ-
Angular Momentum



Physical observables in rotating nuclei: |£,() = E(I +2) - E(I)

Q_dE_AE_EY(I)

Angular velocity Q: = =
dJ Al 2

Kinematic moment of inertia J(1) 0 J 21 -1
l,+8 S = = =
v 10 Q E,
Ev, Dynamic moment of inertia J(2)
dJ 4
l,+6 JAQ) = = =
—v 0
dQ  E/(I)-E( -2)
Charge quadrupole moment
lo+4
Relative quantities: relative (effective) alignment,
relative charge quadrupole moments:
<+ lo+2 1. measure an effect introduced by a particle(s)
In single-particle orbital(s)
_ ¥ o 2. includes direct contribution (<i|O]i>) and

polarization effects on “core”



How to describe rotating nuclei ?

Rigid rotor: rotational excitation energies
X E(l) obey ‘the /(/+1) rule’; / is spin
- 2

h
E(="~](]+1
() 2J ( )
J 1S moment of inertia

» Nucleil do not rotate as rigid bodies
S » Quantum mechanics forbids collective
y rotation around the symmetry axis

N

Laboratory frame: potential V is time-dependent
Rotating frame: potential V* is time-independent

Transformation to rotating frame = CRANKING MODEL

<¥|J |¥>=II+) (W) =3 (i)
H=H-QJ

X



The cranked relativistic Hartree+Bogoliubov theory

1. The CRHB equations for the fermions in the rotating frame
(one-dimensional cranking approximation)

(h _fA Q{ +xA+mj(lIik]:Ek£(Ti:j

Corlolls term

[y = o(=i% = () + V() + Bm — () |

Magnetic potential

l-r,
2

A(F)

Y

| Nuclear magnetism |

V(F)=g.0(F )+ g 1.p(F)+e

-space-like components of vector mesons
-behaves in Dirac equation like a magnetic field




2. Klein-Gordon equations for mesons:
CA—(QL, ) +m2} 07 )= g.pi(F)
CA—(QL ) +m| o(F)=—g.ps(F)—,0°(F )~ 2:6° (7 )
CA—(Q(L,+8, ) +m} | &(F)=g,j" (F)

Two sources of time-reversal symmetry breaking: |

- Coriolis term “time-odd” mean
- magnetic potential fields in non-relativistic

theory
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TOWARD THE UNIVERSAL ENERGY DENSITY FUNCTIONAL |

Structure of
heavy
neutron-rich
nuclei

‘ Covariant Density Functional Theory

Next generation universal energy density functionals constrained by bulk

properties of nuclei, nuclear excitations, nuclear and neutron matter EOS ->
microscopic description of.

- ground-state properties of all nuclei
- extended asymmetric nuclear matter |
- low-energy vibrations

§ Applications in astrophysics
|
i
- rotational spectra §
§
:
§
%

- r-process
- supernova explosions
- neutrino-matrix-elements

- small-amplitude vibrations
- large-amplitude adiabatic properties
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