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Light to Heavy Nuclei
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Thc ModeLs

SU(3) and Sp(3,/) models for a microscopic description of
collective phenomena (plus pseudo-symmetry counterparts)

U(Q)@ SO(3) 1@» U ®SUB) D SO3)
U4Q)D ® ®
U4) D SU®) D SUy(2) ®SU,(2)| | SUM) D SU(2) ®SU,(2)

Sp(4) model (sp(4)~s 0(5)) for a microscopic description of
pp+nn+pn isovector (1sospin T=1) pairing correlations in
pairing-governed i1sobaric analog O* states:

U4Q) D Sp4Q?)®
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(A" (A))" (A)"|0)

basis states

Isovector (isospin 1)
J=0 pairing interaction

. NWNV-1 :
C ( )
- _ isospin | |
diagonal isescalar symmetry sul(2) ® uMN(1)
ety e sp(4) D - swQ) @ ui()
| | pn like-particle | sUPP(2) @ su(2)
Car B

Algebraic: in terms of second-order su(2) Casimir invariants

Microscopic: fermion realization, protons (CT. 1»C ) & neutrons (CT, e )

A . m’_— m,__
]m,z Jm,z b ’ J 2
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Reproduction of ;
Aanalog 07 State Energles

Energy spectra of pairing-
governed 0 TAS of 319 nuclei
0Ca Without parameter Variatim and 0111}’ 6 parameters

core
; LzzTizz ’ [ 23V 23 ’ ‘22Ti24 ’ ‘ 23V 25 ’ ‘ZZTiZG] 200
: ECO (MeV ) |°°N
15 4_14=1()0
= |2 — | — Semi-empirical
) .
=2 o L S R N estimate (Moller
S — % o]
| — L * w0 et al., 1997)
M|t * ’-"“‘ X
X %
. Lstezz ’ [25Mn23’ ‘26Fez4 ’ ‘25Mn25’ ‘26F326] "
7 A — *
i —— | Experiment
th exp th th exp th th exp | " s 3 o1
AW, A=56
5o 2D1122P30 189, )10 A=T78—

K.D. Sviratcheva, A.I. Georgieva, J.P. Draayer
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S Reproal uo’cww of FLWE struoture

L\. »

- Two-Proton Drip Line

- N=Z Irregularities

Interaction between
the last proton and
the last neutron
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CD-Bonn+3terms

residual
o g 1nteraction

Part of the quadrupole- »
quadrupole two-body
interaction that is not

contained in Sp(4)

model interaction
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11,, and upper fp+1g,,, shells
even-A nuclei, 40=4=<100 |
|

Microscopic description of like-particle and proton-neutron |

pairing correlations in isobaric analog 0" states (/A4.S) [ground states in
even-even nuclei and some odd-odd nuclei]

Reproduction of available experimental energies of the 0" /A4S with
only 6 parameters

Reproduction of the observed detailed structure [beyond mean-field effects|
such as the N=Zanomalies, 1sovector pairing gaps and staggering

|
|
“ Isoscalar pn force 1s J-independent &% Non-zero seniority irreps
= Important part of 0.0 is missing % Introduce mixing due, for

™ Total seniority zero configurations example, to 0.0 interaction,

and therefore only J7 = (0" states
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Lig ht Nuelet

Stellar rapid proton

capture path > v
50

f SU(3) and Sp(3,1)
Ad A Q Shell Models
* 28
20

(supermultiplet)

neutrons (V)
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_ MICTroscopic collective L
X, P; <= b: ®b, <> L, Angular Momentum

()5 |Quadrupole Moment

9

» SU(3) 1s the exact symmetry group of the

spherical oscillator [which is a reasonable

approximation for the average potential experienced by
nucleons in nuclei|

» SU(3) is the dynamical symmetry group of

the deformed oscillator [when, as is usually the case,
the deformation is generated by quadrupole interactions]

» In many cases, a single/few-irrep(s)
calculation suffices to achieve good
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ELLLott’s SM(B) Moch ught Deformed NuoLeL

2 a a
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EXP ROT sus 0k 010 ..................... 010
- — Truncated basis FullSU3) Exp SM
H.A Naqviand J.P. Draayer 1 )

1 C.E. Vargas, J.G.Hirsch, J.P.Draayer

H = Hspn"'Hspv—"XQ Q GHpaM—GH +aK; +bJ’ + A, C

pair,v
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Elliott’s SU(=) Model

Light nuclei: A<28

Microscopic description of collective modes in deformed nuclei |
Reproduction of experimental rotational energy spectra and
clectromagnetic transitions

Tremendous reduction 1n model space

“ Model space within a shell #® Symplectic extension: Sp(3,l)

= Effective charge required [D.J. Rowe and G. Rosensteel]
 #~Pairing, [ (orbit-orbit), and % No-Core Shell Model + 5p(3,R)

: . [T. Dytrych, C. Bahri, K.D.
Ls (Sp in-orb lt) break SU(3 )9 Sviratcheva, J.P. Draayer, J.P. Vary]

but full technology in place % Pseudo-SU(3) for heavy nuclei




SU(=) avwl the SY mpLec‘cw Extensilon ..

.............................................

Configuration Symplectic
Shell-Model Shell-Model
(multi-Aw) _(multi-aiw)
Z

4hw< 2hw . Oho —> SU3) limit (0hw)
( |
\ lr BY
horizontal vertical
slices rranslation invariance slices

okay for both
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SP (3 R) DSM(S) MooleL

L., Angular Momentum
b/ ® b, Q,,, |Quadrupole Moment
S Boson number

ALm  |Inter-shéll
B, ,  |eXcitations

» Multiple-shell correlations including core excitations
» No effective charge

» Microscopic formulation of the Bohr-Mottelson
collective model

) ! 8.9 .8 ) (8 (W) (8) (»). () )
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SP (B,R)DsSU(3) Model
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G. Rosensteel a:nd D.dJ. Rowe

(o}

ok 0

EXP TH
J.P. Draayer, K.J. Weeks, G. Rosensteel

H =hwH, +b2Q-Qw+ b:‘;(Q><Q)'Q+b4(Q'Q)2 +2£].nj + G, P
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SP (2,R)OsSU(3) Model

Light nuclei: A<28

Microscopic description of monopole and quadrupole collective
modes in deformed nuclei

Reproduction of experimental rotational energy spectra and
electromagnetic transitions without effective charges

Account of important multi-shell correlations

™ Light nucler % Pseudo-Sp(3, I?) for heavy nuclei
' “ Important short- and % Sp(3, R)+No-Core Shell Model
~intermediate range correlations [T. Dytrych, C. Bahri, K.D.

may not be fully accounted for,
| but required technologies exist

|
Sviratcheva, J.P. Draayer, J.P. Vary]
|

’ % ;
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Sp(=, R) + NOSM ModeL

Angular Momentum

1,m
b ®b, 0, |Quadrupole Moment
Xp Pi <> ! ’ ’
b @ pt N Boson number

| | ALm Inter-shell
B, excitations

{ )
'

» Realistic interaction

» Short- and intermediate-range correlations

>ngh—hm collective excitations
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' Sp(3,R) +NCSM Model

pppppppppp T [ T . . . a8 a8 a a - . . - . - . . g a8 a8 a a a8 8 8 a a8 - . . . . .

Sp-NCSM ’I

NCSM Probability Distribution, 0,* Probability Distribution, 2,*
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Sp(3,R) +NCSM Model

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Compared to NCSM

*Dimension of model space

( 0. d)yyo

bverlap
79.6%(0,%), 79.1%(2,%)

0w 2hw 4hw 6w

Model Space “B(E2: 21 P Ol+)

81%
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Hvea\@ Nuclel

Stellar rapid proton on T mmmllay Pseudo-SU(3) and
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Eigenvalues of the
spherical oscillator +

’PSEuolo—S'PLw

A. Arima A, M. Ha,rveyMK Shimizu

Exact pseudo
37/2 7 limit

6.0

1969: K. T. Hecht and A. Adler;

Spm Orbit Doublets

spin-orbit and orbit-
orbit interactions

2
H,+v Il s+v,l

E/fw
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Eigenvalues of the
spherical oscillator +
spin-orbit and orbit-
orbit interactions
2
H,+v Il s+v,l
n-1 j
Voo

n

~— 3
S~

I+
N | —

<

.
N
~

H, +4v, —v)l-5+v,[*+ const
For heavy nuclei1 (A=100)
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’Pseudo—spbw

Exact pseudo

1969: K. T. Hecht and A. Adler;
A. Arima A, M. Harvey M K. Shimizu

| Spm Orbit Doublets

Pseudo spin-
orbit doublets
can be treated as

(almost)
degenerate

levels with the
same pseudo-
angular

—— ==~ %2 P32 momentum and
x ('7/2. ’5/2!-‘
22 2. (almost)
e decoupled
7~ pseudo-spin.
L 2y
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R.D. Ratna Raju, J.R Draayer

Pseudo—su(s) Modlel and K.T. Hecht

Pseudo-Angular Momentum

(), . |Pseudo-Quadrupole Moment

» Pseudo-SU(3) is an (almost) good symmetry in heavy nuclei

| (A=100) when deformation dominates

» Pseudo-spin scheme is an excellent starting point for a
many-particle description of heavy nuclei, whether or not
they are deformed

» As for the SU(3) model, in many cases a leading-irrep
calculation achieves good agreement with experimental data |

- » Normal<Pseudo Mapping, e.g.:

<1% contribution to excitation energies and
electromagnetic transition strengths

’ % |
3rd ANL/MSW/INT/JINA Fermion Systems with .Y

RIA Theory Meeting, April 2006 Fuzzy ujmmc’cnes LSU|

[4d band




> F €t g— — ——6 41— —1
X 5 — EEESc — =
= P h g3 4——4 o 0
el i L S—= 2 —
B L 2 2* 0 0
= gt — —8 K =1
& 05 |k e —8 K=2 Kt
4r— — 4
3t— =2
O T O+ .
0 G. Popa, J. G. Hirsch,
g-8. and J. P. Draayer

*H,+D, Y I + szlfv —lXQ- 0,
-G, H, ,-G,H, +aK;+bJ" + A,.C,
emixed irrep shell-model basis
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-R681dua1 mteractlon
aX, +bX, +cX, +d(X,)’

+K,0- 0+K,[0x 0] 0+x,[Lx Q] -[Lx Q]
*Single leading irrep

BIE2) (e% b%)

Pseudo-SU(2) Model
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’Pseuolo—su(s) ModeL SOLSSDYS avwl TWLSt Moales
Typical M1 Spectrum T Adiabatic mixing -
S | Experiment .
= | Clustering
15 _—
Ao f
= | VFragmentation*
LTS AGALIN —_ - f—%
—}amev = .|
@ — J
/ = MoV " Gd (26.9) (27.7)
i e f : -5 “h
5° I COIISZIVECIIJ 3 scissors scissorl's + twist
OS5 o 0.|. 1+S : s [ pseu o’ 3) -
A
| N 1
<
E 05 — (29.6)
M : I twist
T. Beuschel, J. P. Draayer, 01.60 . 2.00 2.40 ‘ 2.80 - 3.20 T 3.60 — 44
D. Rompf, J. G. Hirsch Energy [MeV]
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DLrect Produc’c Cqu:Lw\,g*

Coupling proton and neutron
irreps to total (coupled) SU(3):

(A 1) ® (A, 14,)

i (An + )LV s U, T ,uv) GROUND STATE

(A, +A,—2, u + u, + 1) SCISSORS!

>

+
+ (A, + A+, u +u,—2) TWIST
+

(A, + A, —1, u_+ u, — 1)% SCISSORS + TWIST

AR T

=2 Em,l@ (An+ )L\,—2m+l, Mn+yv+m_2l)k =

*. .. Orientation of the w-v system is quantized
with the multlpllaty denoted by k= k(m,l)

srdANL/MSWlNTZ)INA AT AR Fermwwss’cemswuch iy
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’Pseuolo—s U (3) + tntruder Level Pleture
14
100+ -
» 2.7 14
14 ;‘
f p p | _14 30
52 P32 P1/ /
8.0+ o / A2
o —_—12 ——10 2
1Ge _ / 7°
t!I?nergy (MeV) eok ' 0 27 .
g.s. band Gamma band (K=2) Beta band (K=°) o 4900 A 8
7 - pf. \
Pfs/299,2 — 8+ P NEW BAND S anc z.om/QS(Zl
6 4 pf5/2 40~ -
Expt 1.26 0.3 74+ Pfs;299,2 6+ 6
1.18 0.36 :
5 - 2.0%)
0.80
0.87 —_t g
4 4+ 2.01 1.8(5) 7]
0.§9
3 4 0.30 —4—2
0.532+ 240 3.0 2
2 4 0.56 oL 0 _l_o —
o+ EXP THEORY
’
. 942 K.J. Weeks, C.S. Han, J.P. Draayer
1.00 2+ .
: B(E2: 24 > 04) = 253.94 ¢2 fm* for pf,
0] -t 0+ B(F“: :M Coms ezf:; f:: o K. P. Drumev, C. Bahri, V. G.
o S e Gueorguiev and J. P. Draayer
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Pseuolo—s]a (2,”R) Model

N/
SU(3) limit (0hw)
E.(MeV) 15 BER(EDY)
2381 1
Exp Sp(3,R) %01 \/
3.5 - , —— ExXp

0.0449 0.0435 / Sp(3.R)
0.1487 0.1451 3.0 1 : — SU(B)
0.3072 0.3048 s |
0.5178 0.5225 '
0.7757 0.7982 2.0 .
1.0765 1.1320 4 64 8
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On@ L o-f Pseuolo—spbw

dPhenomenology collective F

ARelativistic mean-field results

Qo-model with vector potential T Fseudo-spin <=>SU(3)

h* Using the Klein-Gordon Intuitively: from [([+1) splitting
Vir=— 2 MR2 equation of s.p. energies for a spherical
e (for small kinetic energy) well in a large mass limit
radius of the well o Starting with the Dirac equation (with only the time component of
hz 6 B\'_ the scalar and vector potentials)

= > e Using the non-relativistic limit of the relativistic mean-field theory
2MR"1-B| . Averaging of the spin-orbit interaction over the region

B is zolated-to thev inside radius R (surface region of importance)
strength of the = 2v, _ 1-B|  quantum u=0.45-0.69
scalar and vector v, 3B |40 models
coupllng constants C. Bahri, J P. Draayer S.A. Moszkowski
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A.L. Blokhin, C. Bahri, J. P. Draayer

! Ule_1=12+2]°()'+2=2j2—12+% i
| =() <~ Rotational invariance 1

U, T] =( [U ,T ] =(0 <~ Parity and time-reversal symmetry

UlU o U TU =1 <~ Unitary and conservation of symmetry
o -1/2

U=(d-d') d

d = (cos@ rop + isinfr/ry) - o
[U ,p] =0 <~ Translational invariance

The p-helicity (6=0°) | U, = o - p/p
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M’Phenomenology collective L

ARelativistic mean-field results

#o-model with vector potential T Fseudo-spin <=>SU(3)

[H i)] - —}A), (gSﬂS + gUV) /\DD@ ~0. Helicity/pseudo-

spin (approximate)
Hamiltonian for a single nucleon hS =hV =0 | | conservation
in the presence of two fields

- P T Vector meson field
H — P Ys 433—{—(]1‘/ | /s JL/with chiral symmetry

*>For heavy nuclei [large R] o~ mnM | (5-7)(T €
» Fast moving nucleons [v>>p/M] pR 7/3 r &i
» M=0 (trivial) e i

»Helicity conserves exactly in the plane L to nucleon spin =

2rd ANL/MSWINT/JINA Fermion Systems with i
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seudo—spw» awd ’Pseuolo—svk(s)/s]: (3 R) ModeLs

Heavy nuclei: A=100

Fundamental nature of pseudo-spin symmetry in nuclei
Reproduction of experimental rotational energy spectra and
electromagnetic transitions in heavy nuclei

Understanding the M1 transitions in heavy nuclei

“* Challenge for odd-4 nuclei (?) #%Pseudo-Sp(3, I): still unexplored...
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SP (4) Model: (sospw\, Bremzw\,g

(A" (A" (A1)"|0)

basis states

+ AT Al) —___yboveeior (Sospin 1)
=0 padrine Tnigraeilon

Dinuonnl Bosenkyr

i i (Suypin ) pu foree
282 SYANTTCUH VRUCTJIIT
Fala. -[c+ = NV -1 p|r1? N | | e

— — + —_— —_— — °
00 410 ) 0 4 breaking

¢ Describe pairing-governed isobaric analog 0+ states (IAS)

: * Include ground stategs for all even-even and only some
| 1\7~ odd- odd nuclel %
‘ i

d ANLMSWINT/INA N 5 (R0  Fermion Systems with LY
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Lowest Isobaric Analog 0* State (Binding) Energy

e [ xa Agree well with
Ca ) 0, experiment: binding
a o] ] energies (x) and
e oA energies of the
1% x—aa—x [T lowest 0+ IAS (o).
2 XM -X —a—A=S) -
aﬂﬁ N T | 54
o | K—e T e X ~ 1]
. b I O S ¢ I ' '
X X '
50 |- - X . .
* - XX
S S T I T 20 T M S S RS
, -6 4 2 0 2 4 6
‘ 1][7/2 T,

~ Coulomb correction
d. Retamosa, E. Caurier, F. Nowacki and

A. Poves, Phys. Rev. C 35, 1266 (1997).

C A I I IO I I I I I I I A I IO I I I I I I I I I DI I I DI DI DI
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chroal uctww o-f Fw»e Structure ("

. N —Z Irre gularltles

CORE
ZN ZN °F zZN

Eo(Ny +2,N_+2)— Eo(Ny +2,N_) — Eo(Ny,N_+2) + Eo(Ny, N_)

the last proton and

Interaction between
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