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_LToplcs for Discussion

» Exact solution of nuclear pairing
= Properties of the ground state

» Excited states

= New approximations

= Chaos and pairing

» Phase transitions

= Extending to continuum

» Ternary correlations



[ Pairing Hamiltonian ]

» Pairing on degenerate time-conjugate orbitals
« Pair operators P = (a a) (J=0, T=1)

Number of unpaired fermions is seniority s
Unpaired fermions are untouched by /

H=Y eN; - ZGlgPIPQ
1 12

5,=0



Approaching the solution of
[ pairing problem

= Approximate
o BCS - HFB theory
+ corrections + RPA
o lterative techniques
» Exact solution

o Richardson solution (special choices of ()
o Algebraic methods
o Direct diagonalization + quasispin symmetry



SHORTCOMINGS of BCS

PARTICLE NUMBER NONCONSERVATION
0)= 1 {ur—vsP}vac)
A(doublets)

Projection correction: gauge freedom

v = ype'®

(losing the variational character of the solution...)

NO SOLUTION for WEAK PAIRING

Simple model: G, = —G const near Fermi-
surface

Ay
By = e
=G :;f. 2Ey
Nontrivial solution

1
I—Ggﬁ

Critical point, G =G,, A=

1
I—G',;lﬁ

Macroscopic superconductor:
de 1
I“G”Lhdm = A = 2K Exp(—a)

1



Quasispin and exact solution of
pairing problem (EP)

For each single j-level

» Operators P!, P, and N, form a SU(2) group
Quasispin L*?t is a constant of motion,
seniority s=(2j+1) -2L,
» Each s;is conserved but N, is not

= Practically easy:

Example: ''%5n; 601,080,390 m-scheme states
272,828 =0 states
110 ==0 states

« Generalization to isovector pairing, R group



| Drawbacks of BCS

= Particle number non-conservation
» Sharp phase transition

= No correlations beyond phase
transition

= BCS fails for weak pairing
= Excited states and pair vibrations



[ Pairing phase transition ]

{ = BCS solution

« BCShasasharp £ | _ ¢ ot soution
phase transition E i S
g | ) Weak pairing region '
g ]
E -
G

Pairing strength



Occupation numbers and
[ spectroscopic factors

Below critical G, weak pairing_

B Exact |
B ECS

» Occupation numbers
n; = {N|ﬂ;aj|N}
» Spectroscopic factors g
vj = (N — 1|a|N) 2o,
uj = (N + 1|a}|N) »g |
o
3

« Two-body spectroscopic
factors

P;(N) = (N — 2|Fj|N) . - i
PIN) = Py(N +2)" = (N +2|Pfjyy  Snolepariceeney &

BCS: n; = ﬂ? =1- uf, ?J(ﬁ) — \/ﬂj(l —ﬂj} = U;v;



BCS works well: 1'4Sn

Exact calculation and BCS

Separation energy:
S(N)=E(N-1)-E(N)

) Drre sz daz Sz Ny
N, 6.96 4.46 0.627 |0.356 | 1.60
N, 6.71 4.14 0.726 | 0.507 | 1.91
n, 0.870 0.744 |0.157 |0.178 |01 :ﬁ
1-u? 0872 |0.748 |0.162 |0.183 | 0.137
UEI 0.865 0.736 | 0.155 |0177 |03
n 0.839 |0690 |0.181 |0.254 |0.159
S(N+1) | 2.80 3.13 3.14 3.39 3.29
S(N+1) |28 |321 |3.11 |321 [3.26
S(N) [686 |655 [7.25 [698 [7.12
S(N) 6.89 6.64 7.20 7.03 7.06
AN+2) | 0.680 0.779 |0.617 |0514 |1.03
HN) 0.810 | 0.930 |0.524 |0.396 | 0.845
ot 0.734 0.801 0.545 | 0.435 | 0.896




Ladder-system with constant G

occupation numbers two nucleon
single nucleon transitions emission
oa 1.0/ . i
" i 0.4- 0.8-
0.6-
0.4-
—— <N-2|P N>
0.2 -
—— <NIPN+2>
0.0 0.0 m— b
0.00 0.25 0.50 0.75 1.00 125 0.0 0.5 1.0 15
G G

Ladder with 12 levels, N=12
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I Hartree-Fock +EP

Mean l I_Dll'lar

field (HF) interactions
Pairing Occupation

numbers



Hartree Fock +EP calculation: ]
Sn isotopes.

- I 1 L T T

We use Skyrme HF (SKX()

Pairing matrix elements from
G-matrix calculations (@)

10 -

5 {in) (MeV)

ﬂ e bsssdirsadorsbistdrdedirarsntd o iimdna
100 104 108 112 116 120 124 128 132 136 %40
A

(1) B.A. Brown, Phys Rev. C 58 (1998) 220.
(2) A.Holé et.al., Nucl. Phys. A634 (1998) 41.



[ Pair vibrations in realistic cases ]

»J=0 pair-vibration states - . — J. ﬂm“ o .s'.” .I —e
"worsened” copies of the g.s.
»Less affected by other
interactions

» Energy above 2 A\

100 104 108 112 116 120 124 %@m

1% A 1%




1165 example

Yrast line and moment of inertia

=60 -

e Neutron system on

hy2, d3/2, 81/2; 9772, d5/2
e Realistic interactions Nijm-I

b e ey

G-matrix! (pairing part J=0, % 80 | !
T=1) i
e Exact solution determines | Hb o
all 601080390 m.b. states 228 6y
found in 420 representa-
tions, seniority=0 has 110 %, 10 20 20

spin O states
Moment of inertia EF = ":—‘”:1;;7"'—11
EP I=32 MeV-!, Rigid body =35 MeV~!, Experiment [=22 MeV~!
' G.N. White et al. Nucl. Phys. A 644, 277 (1998)

Alexander Volya NSCL/MSU



NEW ENTROPY

Response to noise - random parameter(s) A:
o A) = ) CR(N)|k)
k
Density matrix of an individual state

(pﬂ)kk‘ = (C}?(A) Cj?f* (f)‘t))&v over A
Invariant correlational entropy (ICE)

Sa = —Trace(pq In pa)

Sensitive to structural changes of wave functions

= gl



{in this case the sign of ¢ does not maner). With the effective
inbcraction parsmeters by g™ g0, 54, the set of the BLS gap
equatica [17) wkes the form

K &
ﬁ|-'r']£ﬂ||. ﬂ;-::"llp {in
which leads io the oxact selutions
e
A+ af s T
The comesponding quasiparticle energics are given by
Abea? Ny
firh}ﬁ. -l'i -l;l!l-tll.
with the eeful idestity
ll'|l1-jn.;l| I:H:I
being valid. The BCS sohution collapses, &0, & the

L
critical coupling strength determined by h]= ¢ )%, o ui

it epegl

£ an, )

¥

wecular eqpesticn [see Bga. (21) and (23)]. with the
mmwh-ﬂuwm
0, the plyyshosl root

wtmdied+el e 2 e = Al + 31 +AT+AT)

., Fxact soluiien verms BCS+EFA
The hebavior of energies and entropy in the BCS phass
\ranaition reghon is iBeorsied in Fig. 3 for o teo-level model,
and i Fig. 4 for the reslistic case. Firmt we consider the

w2,

twep-Bevel e, dofined in Sec 1V B sec Fig 3. ln the i
of hall soospancy and iwa kevels ol egmal capasity, &= {1,

= [y, wilh ta wymmnolr with e o the
il o O, the B puodicns o’ = 847, soe g
(2E). Mube thal in the cisc of many wsrscting leveli with
Wiy o tup*-nl ptnial modes sartn with the
fower value o’ = 44" (the theoabold of s breaking).
Panel (b) in the middle shows the casigees of the lowes
i wibtion sasic Mk sobid line ) and the korees state with
onse biokea pair (thick dasbed Vine) a5 o Function of the pair-
u“;.‘rhﬂlwdhpumh
compared with the RIPA prodiction shon by the thin dotied
fime. The BCS phase wmmsithon ocours, in the uniti come
sponding 10 [ed=1, o g=g, =025, where we soc the

|
|
|

0 025 05 07 1
]

FUGL 1. Thro-bewel pairing maodd 8 = 01, = ;= 16 oaby e off-
Saponal pair irasafey smpliede V=14 =g s inkonn ki SOEEnl
m“wmﬁmhmmhﬂﬂ.ﬂ
the prossd steie for &g =001, 000 and 0.0% wrerigging inbavaly
The middle part (b) shows e excitation cacrgy of the krwest pir

pair vibration excited sate § =0 (donod ). and the lowesl 1 = 1
piate {dasbend e}
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sd-SHELL MODEL “‘Mg

(a) degenerate €5, , 63 random m. e.
Jo=0,Tp =0 59.1%; overlap 2%

(b) realistic €, 5, , 63 random m.e.
Jo=0,Ty =0 49.3%; overlap 5.3%

(c) realistic €, and 6 pairing m.e., 57 random m.e.
Jo=0,Tp =0 67.8%; overlap 10.6%

(d) degenerate €, , 6 random pairing m. e.
Jo=0,To =0 92.2%; overlap 5.2%

Many spins 1/2: Jy=0,175=0 99%
Quantum glass Jy ~ VN, H= > 19 J12(81 - 82)

o= i



- Sngee-) v i weaf TR EIOURG-SUE WY ilasUuwE
carries very lttle offect of pairing correlations. However,
this overlap bs still greater than one would expect in the
case of extreme chacticity when the components Cy of
the wave function are distributed over the unit
in space of the dimensicn N and
= 1/N which gives rise to the so-called N-scaling
[17,18]. In cur case the dimension for the J = 0,T = 0
states is N = 325 which would give the average chaotic
everlap factor 0.3%.

1ul L] L] L] ¥ L] L] L] T L]

&

&

1 00 0.1 02 03 04 05 08 O 08 Q9
BIEZ) Raio

FI1G. 2. Dastribution of B(EY)e/B(E2)w values fram the
first 2*0 state to the 00 gs. for models (a-d), where B(E2)x
are the valuss obtained from the rasdem Entersctions and
B{E2)w B the valoe from the T interaction.

The overlap is even greater in other models. The max-
imum of 11% is reached in mode! (c) becaase of the com-
bined action of two effects. First, the presence of realistic
pairing lowers the energy of a state with paired parti-
cles. On the other hand, basis states with large senbority
(the number of unpaired particles) are now effectively
removed from contributing considerably to the ground-
state wove functions. This makes the effective dimension
N smaller than the nominal one. This phenomenon was
clearly seen for & simple N = 3 single-j case in Ref. [11].
The stabilizing presence of the mean-Beld arbitals, model
(b), also increases the overlap with the realistic ground-
wtaks wave function.

The predominantly chaotic nature of the low-lying
states is confirmed by the weakness of multipole.
maltipole correlations produced by the random Interac.

tions. As an illustration, results for the quadrupole tran-
sition probabilities from the lowest 2* state to the ground
0 state are shown at the end of Table I and in Fig. 2.
Typically, the B{EZ) valoe is by more than an order of
actions. The distribution of the B{EZ) values for model
(8) is close to the Porter-Thomas as ose expected for
matrix elements of one-body operators between two com-
plicated states [17,19); the 27 state is even less ordersd
than the ground state. A trace of collective sirength ap-
pears in the moded (c). In this respect one can recall that
low-lying collective vibrations, in confrast to high-lying
plant resanances that are bess sensitive to the residual
interactions, emerge only in a superfluid Fermi-system.
In & pormal Fermi-gystem, the lowlying vibrations are
not shifted outside the particle-hale continoum and have
oely a single-particle strength [20]. It means that again
we soe the pronounced pairing effects only if the residual
interaction explicitly contains the pairing part.

In conclusion, with the ald of random rotationally- and
bscspin-imariant two-body interactions in the sd shell
mode] we have studied the main features of the strocture
of the ground and low-lying eigenstates. We confirm the
sirong enhancement of the probability of the quantum
pumbers J*T = 0%0 for the ground states. However, the
mesulting ground-state wave functions have oaly a weak
overlap with the realistic ground states thay depends on
the specific model of randomness. No considerable pair-
ing effects penerated by the random interactions wers ob-
served. The quadrupole transitions betwesn the lowest
I* states and the ground states also do not reveal signif-
icant collectivity. We can claim that the apparent reg-
itlar geometric pattern of the low-lying spectra coaxists,
in the case of the random two-body Hamiltonkan, with
mainly incoberent (“chaotic”) structure of the eigenfuc-
ntions. Small hints of coherent components in the wave
functions generated presumably by the off-diagonal pair.
ing matrix elements and observed also in the earlier stid-
jes [11] require a more detail analysis.

The suthors would like to acknowledge support from
the N5F gramts PHY-0070911 and DMR-9977552.
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Is there chaotic in pairing
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TERNARY CORRELATIONS

Remmunts of three-bady forces?T

H® = § g(123;1'7%)alalalayaray

ey
Possible collective effects
« Monopole correction to pairing
" (Pair)o(ala)o(Pair)y

* Cubic quadrupole anharmonicity

[ Phonon )z{ Phonon )z Phonon )z js
» Shape fuctuntions and giant dipole resonance

[{Phionon ), (Phonon)y(Phonon ) Jo
o Renormalization of octupole mode

[(Phonon )y (Phonon ); | Phonon )5l



H=Hy+Hp+H, Hpw= -E'Guf‘qﬂ
T3

H= Y omaTlanTiom Tiom =0mbi
123m
Degenerate case:
H=eN=GP'P+gP'NP

Repormalization, G = & = g[N = 2).
Odd-even mass difference

A= B[N+ u--[s.:m+s-m+ 7)) =2 [n::u—;ﬂm-il]
Xe isotopes: 126-136
G=05MeV, g=26keV
BOS-type solution:

Al - ;“’% (ﬂu - g:m{nﬂ)
(my) = (el

4=+ Somth ok



CUBIC ANHARMONICITY A

General form:

Ay A;

For identical phonons - suppressed by Furry theorem
?lrﬁdt—l\th- l}tnut'h'; ~ (u‘-u“)
Large contribution to the width of Isovector Giant Resonances (Quadru-

pole and Dipole);
- microscopic mechanism of shape fuctuations

M=)y s 2 IVGQR
:I_l= >'l - 1‘ IVGI'IR



gf'

SOFT MODE DYNAMICS e E 3"

Adisbatic adjustment to low-lying quadrupole mode
M.P. Metiay ot al. Phys. Rev. C 52 (1995) 1801

MNew experiment W.F. Mueller et al. MSU (2005)
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PARITY and TIME-REVERSAL VIOLATION

From Schiff moment to atomic EDM
1 3
8= ﬁghlt["': = E":'i}]-

8 = (8- 7
violates P- and T-invariance.
With static quadrupode and octupole deformation

Bigar = SioarD
KM
JT+1)
_ WETI)
E,-E_
5 B
Id..
S5~ 5, < fufs
i 351
N. Auverbach, V. Flambaum, V. Spevak

(n,) = 2y ———0=

Phys. Rev. Lett. 76 (1996) 4316; Phys. Rev. C 58 (1997) 1357
Possible enhancement in spherical nucled with soft modes?? 5 {1)
V. Flambauwm, V.Z. Phys. Rev. C 68 (2003) 035502



W,, H {-'-'ﬁuf!'-'ﬂa, ﬂm?f- o S

{ — Iﬂi‘#"fﬂ-ﬂ’t rﬁrq: afor

c-li'-.} (2=c)

ZJ: {E} . z’ f(nJiF) = Efll+ ‘0
channels
{nH”

priui;_l value §- function
(virtual processes) (real processes)
ﬂnllE nF:n .r..ﬁnnu;f;

:.IH_IIJ d.lul nfﬂn Ll'lﬂhlillii
4 J

H=>H (—-Ml)
Z:ﬁ H

i'nlrwJ'

Channel variables are eliminated



EFFECTIVE HAMILTONIAN
H(E) = H — %W(E)f non-Hermitian

Wiz= ) AjAS

c;open(E)

Internal representation: H — e,

" ( £ — (Ef?).r‘l% —(1/2).{:11142 —(i/2)A|A3 )

—(i/2)A1As €3 — (i/2)A2 —(i/2)AsAs
—(i/2)A1As —(i/2)AzAs €3 — (i/2)A2

Weak coupling, k < 1 — 1solated resonances

En = En— (i/2)Tn = € — (/2) A7 s




[a
A =AY
Rﬁqf V 1 Inqid'nnrzv
V=0
Vo
L
:E; E
5 &
{ |
V#o ,' V=0
|

' /i \

|
—

“ : L ) f
Rt V u:lrl, r*li'ljlu (weak ,  passille  epgy, 5 ot Vo)
width  athmehion
Lnt';qua ”‘.' 'IH-II'H 'lth'llh:m
width rtruflr'nn

Pue Brotane . Phys. Lett. B23#(1990) 82Y¢ (/990)
Nuol- Phye, ASE® (M93)

broad resmange {‘BM*‘J



One-body decay

 Continuum channel |c; E)ny = C}(Ej)lﬂ: N-1)
— State a in N-1 nucleon daughter
— Particle in continuum state j

- Energy E=E +¢
* Transition Amplitude
s5.p. decay
% amplitude
Af(Ea + €5) = a’(¢;) (a; N l|"|’_,. 11: N)

T

shell model s.p.
transition



Single-particle scattering problem
The same non-Hermitian eigenvalue problem

2
h,u; : {—:’_2 + t{!;l; 1) + ?,‘..l. [V{T‘} + ﬂs%] } HI(T‘} = E-ut(r},

- 2#

Internal states: u;(*r) i ~{ w9
k?

External states: € = —
2p

Fy(r) = krji(kr)

G(r) = krni(kr)
Single-particle decay amplitude

4 1- 2_{.1, oG
a¥(€) = (0lej()VBlI0) = /=& [~ drFi(r) V(r) wi(r)
mk JO
Single particle decay width: (requires definition and solution for resonance energy)

7(&) = 2ol (o)




Two-body decays

Sequential process Direct process
via one-body interaction via two-body interaction
[
LLLﬂ virtual LLM P
: s : Ty
IEh

AS(E) = (¢, €1, e2|Hsp |1; N)  A(E) = {c, €1, €2|Hapoay|1: N)
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Oxygen Isotopes

Continuum Shell Model Calculation
» sd space, HBUSD interaction

* single-nucleon reactions
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