Symmetry Energy in Nuclear Ground State

Pawel Danielewicz and Jenny Lee

Natl Superconducting Cyclotron Lab, Michigan State U

ESF Workshop on How to Constrain
High-Density Symmetry-Energy
Zagreb, October 16-18, 2009

%

Z|
9
@)
(=]

Symmetry Energy Danielewicz & Lee



Outline
0 Introduction

e n & p in Nuclei
@ Capacitor for Asymmetry
@ Nucleonic Densities

e Half-oo Matter
@ Solution of Skyrme-Hartree-Fock Egs
@ Further Analysis

0 as(A) from IAS
@ Use of Charge Invariance
@ Data Analysis & Interpretation
@ Look Back at Densities

e Consistency?
e Conclusions

%

Z|
9
@)
(=]

Symmetry Energy Danielewicz & Lee



Charge Symmetry & Charge Invariance

Charge symmetry: invariance of nuclear interactions under
n < p interchange

An isoscalar quantity F does not change under n < p
interchange.
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Charge Symmetry & Charge Invariance

Charge symmetry: invariance of nuclear interactions under
n < p interchange

An isoscalar quantity F does not change under n < p
interchange.

An isovector quantity G changes sign.
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Charge Symmetry & Charge Invariance

Charge symmetry: invariance of nuclear interactions under
n < p interchange

An isoscalar quantity F does not change under n < p
interchange. E.g. nuclear energy. Expansion in asymmetry
n= (N —2)/A, for smooth F, yields even terms only:

F(n)=Fo+ Fon® + Fan* + ...
An isovector quantity G changes sign.  Example:
pnp(r) = pn(r) — pp(r). Expansion with odd terms only:
G(n)=Gin+Gsn®+...
Note: G/n = Gy + Gzn® + .. ..

Charge invariance: invariance of nuclear interactions under
rotations in n-p space
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Charge Symmetry & Charge Invariance
Charge symmetry:

n « p invariance Isobars: Nuclei with the same A
A=7
H 1
(o] e | |
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6,68, sawe ==~ 721 v} | s
. iz Invariance
4630 Lo R 4. 7 Nl"lll‘
04776 vl loazel e
"-’v%t' € [oaq] :'-:/r.
ok it
Li TRe

z=2 3% 74 z=5
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Charge Symmetry & Charge Invariance
Charge symmetry:

n < p invariance Isobars: Nuclei with the same A
A=7
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Charge Symmetry & Charge Invariance
Charge symmetry:

n < p invariance Isobars: Nuclei with the same A
A=7
Y i i
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Net isospin 1 o
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Symmetry Energy: From Finite to co System

. n = (pn — pp)/p-€xpansion
Skyrme Interactions

e ey UNEr 1~ p symmetry »
50— rme e "' = pn — ’Op
F Skyrme L{MeV) 1 E(pmpp) = Eo(p)+8(/)) <>
40: — — MSk9 10 _ ! 1%
f-—-:-— SkMP 70 P ) — 0
- i SkI5 129 . ’/‘, ] S(/)) _ a;/ + 3/ Po +
3 0~ Kt . Po
= C == - T =<
o I s 1 In neutron matter: E ~ Ey + S
20 — . -
: //i,/'/ 1 & P~ p?dS/dp~Lp?/(3pog)
E g ]
10j/4;r = i . . - . . . .
i‘/" 1 10 . N ¢ W4M® E
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Empirical correlation for 7B T T ST T T 5o Te® 0T —
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neutron stars T - ©
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Introduction
[e]e]e] }

Finite System

0.20 — T

Interrelation between
nucleonic densities. . .

Net density: p(r) < 4 pp(r)

Bethe-Weizsécker formula: V r (fm)
Z2 N — Z)2
E=—-ayA+asA?®+ac A1/3+aa( y -
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Introduction
[e]e]e] }

Finite System

0.20 — T

Interrelation between
nucleonic densities. . .

Net density: p(r) < 4 pp(r)

Bethe-Weizsécker formula: V r (fm)
Z2 (N — Z)2
A3 +as A

ay=16MeV as=18MeV a;=21MeV ac=0.7MeV

E = —aVA+aSA2/3+aC +Emic
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Introduction
[e]e]e] }

Finite System

0.20

Interrelation between
nucleonic densities. . .

Net density: p(r) < 4 pp(r)

Bethe-Weizsé&cker formula: ‘ v (fm)
Z2 (N — 2)?
A3 +as A
ay=16MeV as=18MeV a;=21MeV ac=0.7MeV
symmetry term of volume character a) = a, = 21 MeV??

E = —aVA+aSA2/3+aC +Emic
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Introduction
[e]e]e] }

Finite System

0.20

Interrelation between
nucleonic densities. . .

Net density: p(r) < 4 pp(r)

Bethe-Weizsé&cker formula: ‘ v (fm)
Z2 (N — 2)?
A3 +as A

ay=16MeV as=18MeV a;=21MeV ac=0.7MeV

symmetry term of volume character a) = a, = 21 MeV??
mass-dependent  as(A)??

E = —aVA+aSA2/3+aC +Emic
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Introduction
[e]e]e] }

Finite System

0.20

Interrelation between
nucleonic densities. . .

Net density: p(r) < 4 pp(r)

Bethe-Weizsé&cker formula: ‘ v (fm)
Z2 (N — 2)?
A3 +as A

ay=16MeV as=18MeV a;=21MeV ac=0.7MeV

symmetry term of volume character a) = a, = 21 MeV??
mass-dependent  as(A)??

E = —aVA+aSA2/3+aC +Emic
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minimally finite system = half-infinite matter
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Nucleus as Capacitor for Asymmetry
E——a,A+asA?® 4 % (N = 2)?

— 5+ 2 (- 2
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Nucleus as Capacitor for Asymmetry
E——a,A+asA?® 4 % (N —2)?
— Eo(A) + aaﬁ\A) (N — 2y
Capacitor analogy

2 Q=N-Z
E:EO+7:> A

2C = _——
© 2a4(A)
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n & pin Nuclei
[ ]

Nucleus as Capacitor for Asymmetry

a
E:—aVA+aSA2/3+f(N—Z)2 Q
— 5+ 2 (- 2
Capacitor analogy - Q=N_2Z
2a,(A)
Asymmetry chemical potential
~0E 1 _ 2ay(A)
Ma_a(N*Z) é(/’ﬂ*/[lo)_ A (N*Z)

Analogy
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n & pin Nuclei
[ ]

Nucleus as Capacitor for Asymmetry

a
E:—aVA+aSA2/3+f(N—Z)2 Q
— 5+ 2 (- 2
Capacitor analogy - Q=N_2Z
2a,(A)
Asymmetry chemical potential
~0E 1 _ 2ay(A)
Ma_a(N*Z) é(/’n*/[lo)_ A (N*Z)

Analogy

1
VZEQ :/\)VE/IQ

Note: for connected capacitors, charge (asymmetry)
distributes itself in proportion to capacitance
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Invariant Densities

Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — Z) for given A.
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Invariant Densities

Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — Z) for given A.

pnp(r) = pn(r) — pp(r) isovector but A ppp(r)/(N — Z) isoscalar!

%

2l
(%)
@)
(=i

Symmetry Energy Danielewicz & Lee



Invariant Densities
Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — Z) for given A.
pnp(r) = pn(r) — pp(r) isovector but A ppp(r)/(N — Z) isoscalar!
A/(N — Z) normalizing factor global. .. Similar local normalizing
factor, in terms of intense quantities, 2a§{/ua, where ag = S(po)
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Invariant Densities

Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — Z) for given A. [Coulomb suppressed. . .]

pnp(r) = pn(r) — pp(r) isovector but A ppp(r)/(N — Z) isoscalar!
A/(N — Z) normalizing factor global. .. Similar local normalizing
factor, in terms of intense quantities, 2aY /.2, where a = S(po)

Asymmetric density (formfactor for isovector density) defined:
%

2a
pa(r) = /T: [pn(r) = pp(r)]
Normal matter: pz = po. Both p(r) & pa(r) weakly depend on n!
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Invariant Densities

Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — Z) for given A. [Coulomb suppressed. . .]

pnp(r) = pn(r) — pp(r) isovector but A ppp(r)/(N — Z) isoscalar!
A/(N — Z) normalizing factor global. .. Similar local normalizing
factor, in terms of intense quantities, 2aY /1a, where a¥ = S(po)

Asymmetric density (formfactor for isovector density) defined:
%

2a
pa(r) = /T: [pn(r) = pp(r)]
Normal matter: pz = po. Both p(r) & pa(r) weakly depend on n!

In any nucleus:

pnp(r) = %[P(r) ;;vpa( )]

M
©

©,

where p(r) & pa(r) have universal features!
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n & pin Nuclei
oe

Nuclear Densities

_ 1 Ha
pnp(r) = 5 [p(r) + @Pa(r)]
Net isoscalar density p usually parameterized w/Fermi function
_ PO ; _ 1/3
rN=——"———+— with R=nA
Pa
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n & pin Nuclei
oe

Nuclear Densities

_ 1 Ha
pnp(r) = 5 [P(r) + Zagﬂa(r)]
Net isoscalar density p usually parameterized w/Fermi function
) : N 1/3
rN=——"———+— with R=nA
Pa Related to as(A) & to S(p)!
A 2(N- Z) Pnp /
= dr — [ dr
(A~ pa . et
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n & pin Nuclei
oe

Nuclear Densities

1 I
pnp(r) = > [p(r) £ ﬁﬂa(r)]
Net isoscalar density p usually parameterized w/Fermi function
) : N 1/3
rN=-—"—"——= with R=rA
Pa Related to aa(A) & to S(p)!
= dr — [ dr
(A~ pa . et
In uniform matter
0E  285(p) _ Prp
eTON=2) " o PP T o)
230 A’y ©
= pa= E Pnp = % x ¢(p) @
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n & pin Nuclei
oe

Nuclear Densities

_ 1 Ha
pnp(r) = 5 [p(r) + @ﬂa(r)]
Net isoscalar density p usually parameterized w/Fermi function
) : N 1/3
rN=——"———+— with R=nA
Pa Related to aa(A) & to S(p)!
= dr — [ dr
(A~ pa . et
In uniform matter
OE 2 S(/)) _ Pnp c(p) = p/2S(p)
Ha = (N — Z) P Prp = c(p) density of capacitance
% %
= pPa= 2& Pnp = M X C(/)) asymmetry oc capacitance @
Ha S(p) NoCL

n&p densities carry record of S(p)!
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n & pin Nuclei
oe

Nuclear Densities

1

pnp(r) = 300+ 5 5 palr)]

Net isoscalar density p usually parameterized w/Fermi function
) : N 1/3
rN=——"———+— with R=nA
Pa Related to aa(A) & to S(p)!

In uniform matter
OE 2 S(/)) Pnp c(p) = p/2S(p)
Ha = I(N — Z) p Prp c(p) density of capacitance

2a) alp

=  Pa— — Pnp = m x ¢(p) asymmetry o capacitance @
Ha F NSCL

n&p densities carry record of S(p)! = Hartree-Fock study-=of surface
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Half-co Matter
[ leJele]e]

Half-Infinite Matter in Skyrme-Hartree-Fock
To one side infinite uniform matter & vacuum to the other

. Wavefunctions: ®(r) = ¢(z) e+ "+

p () kL/y
y A9y

0.4
0.35
03
0.25
0.2

matter interior/exterior:
o5 x ¢(2) x sin(kz z + d(k))
0.1
0.05

0

LI B FAN T T 1

¢(2) oc e

45
z (fm)

8 9
Discretization in k-space. Set of 1D HF eqgs solved until
self-consistency for different Skyrme interactions:

d n d h2 k2
e T i2) + (el U2)) 012) = (k) 02 ES
NSCL

PD&Lee NP818(09)36
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Half-co Matter
(o] Jelele]

Isoscalar (Net) & Isovector Densities from SHF
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Results for different
Skyrme interactions
in half-oo matter.

F LB R e R
S0 Skyrme L(MeV) =
[ — — MsKk9 10 L ]
40— —-— skMP 70 s .~
..... e - —
E SKI5 129 - >
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T 3o s —
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w0 j7 =
[/#*
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-3
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Net & isovector
densities displaced
relative to each other

As S(p) changes ©

gradually, so does  [@) |
the displacement. e
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Half-co Matter
[e]e] le]e]

. Asymmetry Dependence of Net Density

0.20 3
0.15 CF A e — — =01 ]
b \\ —-—n=02 ]
0.10 _ s
0.05 F L=—50 MeV 4 .
ooy B MM TS Results for different
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£ o0.00 | | =SS =
o 0.20F 4 - N_Z
0.15 Errrm e i N=—Fx
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0.10 [ 3
0.05F SkMP L=70 MeV \.%\ 3
0.00 } } \"-za‘.-- ]
0.20 |
0.15 == r— e 3
ose| W | ©
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Half-co Matter
[e]e]e] Jo]

Asymmetry Dependence of Isovector Density

0.20 | E
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@ 0.00 | J e =S PO
& 0.20F E
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2ay
Pa = a
Ka

(pn — PP)

Results for different
asymmetries
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Half-co Matter
[e]e]ele] ]

-3

density (fm™)
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0.15
0.10
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0.15
0.10
0.05
0.00
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0.05

0.00
(9]

Sensitivity to S
e

— >

F SkI5 L=129 MeV

2

N
5
2]

(r)

For weakly nonuniform
matter, expected
asymmetric density
pa=pay/S(p)

Isovector density pa
oscillates around the
expectation down to

p = po/4
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z (fm) pPy/4  farthest return pt
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Half-co Matter
000

WKB Analysis

2o
H / /
Semiclassical sm(/z k.(z')dz') allowed z < 2
wavefunction 9 (2) o i
exp(/ rkz(2')dz') forbidden z > z
Z

0

Density from  pq(z /dkOo |pk=a(2)]?, classical return pt zj
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WKB Analysis

2o
H / /
Semiclassical sin (/z k.(z')dz') allowed z < 2

wavefunction 9 (2) o i
exp(/ rkz(2')dz') forbidden z > z
20

Density from  pq(z /dkOo |k o , classical return pt z
Findings:
alp /3
At z < z D~ 214+ F
o =g s 7
where F(z) o sin (2kg(z — 2)), E©

B

b
(72
@)
=]

describing Friedel oscillations around p/S.
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n & pin Nuclei

Half-co Matter

ag(A) from IAS

Skyrme Parameters

Name | ay |m*/m| K | &Y L as | a5 | AR
SKT -15.40 | 0.602 | 333 | 24.8 | 28.2 | 14.2 | 17.5 | 0.477
SkT1 | -15.98 | 1.000 | 236 | 32.0 | 56.2 | 18.2 | 14.6 | 0.799
SkT2 | -15.94 | 1.000 | 235 | 32.0 | 56.2 | 18.0 | 14.7 | 0.794
SkT3 | -15.94 | 1.000 | 235 | 31.5 | 55.3 | 17.7 | 15.3 | 0.776
SkT4 | -15.95| 1.000 | 235 | 354 | 941 | 18.1 | 11.5 | 0.986
SkT5 | -16.00 | 1.000 | 201 | 37.0 | 98.5 | 18.1 | 10.9 | 1.084
SkM1 | -15.77 | 0.789 | 216 | 25.1 | -35.3 | 17.4 | 59.6 | 0.180
Skl -15.95 | 0.693 | 242 | 37.5 | 161.0 | 174 | 11.4 | 1.126
Go -15.59 | 0.784 | 237 | 31.3 | 94.0 | 16.0 | 10.1 | 0.929
Ro -15.59 | 0.783 | 237 | 30.5 | 85.7 | 16.0 | 10.5 | 0.888
T -15.93 | 1.000 | 235 | 28.3 | 27.2 | 17.7 | 22.6 | 0.587
Z -15.97 | 0.842 | 330 | 26.8 | -49.7 | 17.7 | 51.5 | 0.213
Zo -15.88 | 0.783 | 233 | 26.6 | -29.3 | 17.0 | 46.6 | 0.233| (€
Zoo -15.96 | 0.775 | 234 | 288 | -4.5 | 17.3 | 29.3 | 0.406 @é

Symmetry Energy
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Half-co Matter
ooe

Symmetry Coefficient

:1\//d3r/)a /d3l’p Jr/dl’/)ap r)
ay .

A2 /3
aa a3

a)/al

w0

I

X

%

X x
X

|
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Half-co Matter
ooe

Symmetry Coefficient

:1/d3r/)a /d3l’p +/d3 a—p)(r)
ay .

A2/3
where 3a a3
ay aS — L Correlation f/SHF
2 = 4§ dr (pa—p)(r) ,_“a
aa [T~ T 771" T
3AR i x X
~ 3 >e<x>< _|
rO [ xx xx
and AR is displacement ., [ o
. . ~ — X —
of isovector and isoscalar =& ° ek ]
surfaces. i X XX X ]
£ o —,
1 1 A—1/3 [ X §X ]
= —
aa(A) ay a3 N ; “‘ 6’)
L/a) NoCL

L « slope ofS(p)-at pp
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ag(A) from IAS
[ Je]

Charge Invariance
Conclusions on sym-energy details, following
E-formula fits, interrelated with conclusions on other terms in
the formula: asymmetry-dependent Coulomb, Wigner & pairing
+ asymmetry-independent, due to (N — Z)/A - A correlations
along stability line [PD NPA727(03)233]!
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ag(A) from IAS
[ Je]

Charge Invariance
Conclusions on sym-energy details, following
E-formula fits, interrelated with conclusions on other terms in
the formula: asymmetry-dependent Coulomb, Wigner & pairing
+ asymmetry-independent, due to (N — Z)/A - A correlations
along stability line [PD NPA727(03)233]!

Best would be to study the symmetry energy in isolation from
the rest of E-formula! Absurd?!
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ag(A) from IAS
[ Je]

Charge Invariance
Conclusions on sym-energy details, following
E-formula fits, interrelated with conclusions on other terms in
the formula: asymmetry-dependent Coulomb, Wigner & pairing
+ asymmetry-independent, due to (N — Z)/A - A correlations
along stability line [PD NPA727(03)233]!

Best would be to study the symmetry energy in isolation from
the rest of E-formula! Absurd?!

Charge invariance to rescue: lowest nuclear states
characterized by different isospin values (T, T),

T, = (Z — N)/2. Nuclear energy scalar in isospin space:

_ 2 T2
sym energy E, = as(A) (NAZ) =4 a,4(A) 72
- ©
T2 T(T +1
— Ea=4ay(A) 5 = 4as(A) 1T+ 1) N ) On

Symmetry Energy Danielewicz & Lee



ag(A) from IAS
oe

as(A) Nucleus-by-Nucleus

T(T+1

In the ground state T takes on the lowest possible value
T =|T;| = |N — Z|/2. Through '+1" most of the Wigner term absorbed.

Formula generalized to the lowest state of a given T (e.g.
Janecke et al., NPA728(03)23). Pairing depends on evenness of T.
?Lowest state of a given T: isobaric analogue state (IAS) of
some neighboring nucleus ground-state.

T,=-1 T,=0 T,=1
1176 14.4
1349
1057 21 12.56
9.27.98 @l @* 1152

e+ 2084774 10.84

:741081737.7.54 2%5:

16179 6.26 2 o)
A7 2o O
5958 2%

6.58

522538 5100 :%6era
+ L% .
e Sve laam el
©
[2.01] L 2154 ol
T —— prao=w i T—1 |ies] ‘
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ag(A) from IAS
®0000

IAS Data Analysis

In the same nucleus:

Eo(Tp) — Eo(Th) 4ja{T2(T2+1)— Ti(Ty +1)}

TLEmic(TZ- Tz) - Emic(TZ: Tz)

» 4AT?

— vV

= (&g

)71 _'_(32)71 Af1/3

Data: Antony et al. ADNDT66(97)1
Emic: Koura et al., ProTheoPhys113(05)305

v Groote et al., AtDatNucDatTab17(76)418
Moller et al., AtDatNucDatTab59(95)185
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ag(A) from IAS

00000
ag(A) from IAS
500 100 40 20 10 6
0.12
. ‘ ‘ ‘ ‘ [ e
C o . ]
0.10 - *
. - @ IAS W/Koura corrections ) -
n [ O IAS same T—evenness o Lo ]
> 0.08— e -]
) + o R
5 - s © .‘3_00 i
L A - ]
- r > odp0 % ° ]
s 008[ ) L ]
¥ “ °° 1
0.04 — : —
C 11 1 | ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 11 1 | ‘ 1 1 1 1 ‘ 11 1 | ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6
A1/3

Symbol size proportional to relative significance.
~Linear dependance from A > 20 on.

©

B

Z|
9
@)
(=]

Symmetry Energy Danielewicz & Lee



ag(A) from IAS

00800
a; Vs A
: T | T TT | | T T | T 1TTT | | T T :
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C » N
C P .M'. ]
20 — s o @00 ° —
~ - 3 ]
% C .'-l . Bl
5 15 - .,.-.- . ]
C o N
o C °® ]
© 10 — . @ —]
- g ® [AS+Koura .
51— —
O : 1 | L1 11 | | 1 1 | L1 11 | | 1 1 :
5 10 20 50 100 200 500
A

©

Line: best fit at A > 20.
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Symmetry Energy
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ag(A) from IAS
00000

Best a(A)-Descriptions

0.0

A—1/3

A

500 100 40 20 10 6
: T T 1 ]
N linear fit: (a;’)flJr(aaS)flAfl/a °
—  a/=32.9MeV aS=11.3MeV e — 10
C Thomas—Fermi e .
C ay=30.2MeV aS=11.6MeV o .
— @ IAS/Koura >
C . =
¥ 15
. ©
C 20
— 25

30
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a,/a

ag(A) from IAS
[e]e]ele] ]

Symmetry-Energy Parameters

T T T T ‘ T T T T ‘ T T T T ‘ T T T T

Thomas—Fermi

*

Weizsacker

'/ mass fit
ml 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1

TTTT‘TTTT‘TTTT‘TTTT‘TTT

lllllllllllllllllllllll

o

20 25 30 35
ay (MeV)

al = (31.5 — 33.5)MeV, a = (9.5 — 12) MeV, L ~ 95MeV
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ag(A) from IAS
(]

Displacement of Isovector Surface

EE = A A A g
() — () : VoS
n P 20 x <\ —_ - ;f:reomeltric -
r ormula ]
A(N = 2) (r?)a— (r?) g 5 ]
— ° L bt .
ANZ  (r3)1)2 s % :
5 I x 1
F \ \ I Lo ’\1»& B
12— — [ A”S} ]
L ] 0.5 — > .
Lo — [ N ]
[ ] [ N ]
L ] Py SN S B SR
/é\ 08— — 0.0 0.2 0.4 0.6 0.8
£ ] S(po/4) /a7
?ﬁ 0.6 — —]
4 r ]
L ] Po
04 B 3§P0/4
E 4% X Skyrme E S(po/4)
02— linear fit pol2
oob L L L N pol4
-2 0 2 4

L/a:
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Consistency?
@00

Spherical SHF: Do you get out what you put in?
Coefficient-extraction from spherical SHF results for

realistic (blue) and humongous (green) (up to A ~ 10°) nuclei,
using P.-G. Reinhard’s codes

0.100 T T 0.100 — T ¥ T

- fit20<A<240  skmpP | fit 20<A<240

T amvz 32.22 |:> ag = 40.84 g2

> s ) fit — G

§ 0.075F agy’= 10.36 = 0.075 o S_ 1174 4

] A

g 0.050 < 0.050

- ath:: 2989 | @ ay,'= 37.40
e @ aw’s 1348
02 0.4 0.2 0.4

A—1/3 A—1/3

Nuclei in Nature too small for clean surface/volume separation! | (&)
Consequence: a¥ a bit smaller, a3 a bit larger and L a bit lower |as

than from the simple analysis.
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Consistency?
@00

Spherical SHF: Do you get out what you put in?
Coefficient-extraction from spherical SHF results for

realistic (blue) and humongous (green) (up to A ~ 10°) nuclei,
using P.-G. Reinhard’s codes

0.100 T T 0.100 — T ¥ T

- fit20<A<240  skmpP | fit 20<A<240

T amvz 32.22 |:> ag = 40.84 g2

> s ) fit — G

§ 0.075F agy’= 10.36 = 0.075 o S_ 1174 4

] A

g 0.050 < 0.050

- ath:: 2989 | @ ay,'= 37.40
e @ aw’s 1348
02 0.4 0.2 0.4

A—1/3 A—1/3

Nuclei in Nature too small for clean surface/volume separation! | (&)
Consequence: a¥ a bit smaller, a3 a bit larger and L a bit lower |as

than from the simple analysis. Outlier issue. z.
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Consistency?
(o] le}

Outlier Skyrme Interactions

For some Skyrme interactions, the deviations between the
known symmetry coefficients, ag and ag, and those deduced

from az(A), for 20 < A < 240, are dramatic:

0.100 ————— T
- L fit 20<A<240 Skl4
% 0075 L ag ' = 35.55
= ap "= 9.34
T I
= 0.050
[
©
1 | L
0.4
A—l 3
The large deviations appear to be related to instabilities of the
interactions and/or excessive nonlocalities.
Danielewicz & Lee
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Consistency?
[ele] ]

Deviations vs Skyrme Characteristics
Long-wavelength stability for the Skyrme interactions:
Dimensionless Landau parameters must satisfy Ly > —1.

Nonlocality in symmetry energy: H=...+( (V/)np)Z.
¢ 0.3 0.35 ¢
. 03 03
H 0.25 H 025
2 ' 4 ' Skl4
: \ 0.15* F 0ds \
: L S 8 ' .
0.1 0 C
¢ % RS
% 002, 40
KA
10 -8 6 -4 2 0 2 -100 0 100 200 300 400
Minimal |=0 Landau Parameter Zee
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4
[
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Conclusions
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Conclusions
@ Symmetry-energy term weakens as nuclear mass number

decreases: for A > 20, a,(A) ~ a¥/(1 + aY /a5 A'/?),
where a¥ = (31. 5 33. 5)MeV, a5 = (9.5 — 12) MeV.
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Conclusions
@ Symmetry-energy term weakens as nuclear mass number

decreases: for A > 20, a,(A) ~ a¥/(1 + aY /a5 A'/?),
where a¥ = (31. 5 33. 5)MeV, a5 = (9.5 — 12) MeV.

@ Weakening of the symmetry term is tied to the asymmetry
skins and to the shape of S(p).

%

Z|
9
@)
(=]

Symmetry Energy Danielewicz & Lee



Conclusions
[ ]

Conclusions
@ Symmetry-energy term weakens as nuclear mass number

decreases: for A > 20, a,(A) ~ a¥/(1 + aY /a5 A'/?),
where a¥ = (31. 5 33. 5)MeV, a5 = (9.5 — 12) MeV.

@ Weakening of the symmetry term is tied to the asymmetry
skins and to the shape of S(p).
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Conclusions
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Conclusions
@ Symmetry-energy term weakens as nuclear mass number

decreases: for A > 20, a,(A) ~ a¥/(1 + aY /a5 A'/?),
where a¥ = (31. 5 33. 5)MeV, a5 = (9.5 — 12) MeV.

@ Weakening of the symmetry term is tied to the asymmetry
skins and to the shape of S(p).

°

@ Systematic of proton densities for one A should principally
contain as much info as the skins and even more.
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Conclusions
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Conclusions
@ Symmetry-energy term weakens as nuclear mass number
decreases: for A > 20, a,(A) ~ a¥/(1 + aY /a5 A'/?),
where a¥ = (31. 5 33. 5)MeV, a5 = (9.5 — 12) MeV.

@ Weakening of the symmetry term is tied to the asymmetry
skins and to the shape of S(p).

@ Systematic of proton densities for one A should principally
contain as much info as the skins and even more.

@ 2 fundamental densities characterize nucleon distributions:
isoscalar & isovector. Density surfaces are displaced from
each other by AR < 0.95fm and have different
diffusenesses, d ~ 0.54fm and d; ~ 0.40 fm.
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Conclusions
[ ]

Conclusions
@ Symmetry-energy term weakens as nuclear mass number

decreases: for A > 20, a,(A) ~ a¥/(1 + aY /a5 A'/?),
where a/ = (31. 5_ 33. 5)MeV, a5 = (9.5 — 12) MeV.

@ Weakening of the symmetry term is tied to the asymmetry
skins and to the shape of S(p).

@ Systematic of proton densities for one A should principally
contain as much info as the skins and even more.

@ 2 fundamental densities characterize nucleon distributions:
isoscalar & isovector. Density surfaces are displaced from
each other by AR < 0.95fm and have different
diffusenesses, d ~ 0.54fm and d; ~ 0.40 fm.

@ Outlook: interaction stability, Coulomb, shell & deformation
effects, learning on finer S(p)-details from pp(r) NSCL
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Density Tails
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10—° |
Two Skyrme
T o8 4 interactions +
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Modified Binding Formula

N ay (N—2)?
Al 14 ABaY/af A

E = —aVA+asA2/3+aC

T ‘ T T T T ‘ T TYT‘TTYTVYHVTHVYHVTHVH

Energy Formula i
Performance: 5
Fit residuals f/light -

. . 50

asymmetric nuclei, 2

either follqwirlg the ‘; 5 Sog8 oot o2 %o E

Bethe-Weizséacker i 0% 0 g0 ©0 O ]

formula (open 10 0% 0% 0 =

symbols) or the modified ™ 0 © E

formula with aY /aS = 2.8 F o 007 IN-7|/A>0.2 ;

Imposed (Closed)’ Ie the 720;1 | ‘ L1 ‘ L1l 1‘11H‘HH‘HH‘HH‘HH‘Hi

same parameter No. 20 30 50 70
A NS
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Binding Formula
o] le}

Droplet Model
Droplet model (Myers & Swiatecki '69)

_ 1
E — (—a1+J52—;K62+2M54) A

+<a +Q7%+a A‘1/3> A2B 4 ¢ z 14 a1
2 3 1A1/3 2

72 74/3

2 A1/3

—CZZ A/ _037_C4W

where

A s 2 z2 3J - -

E—K(—232A /+L(5 +C1W 5 7255((5+53)
- 1+3%-Z; o Z N-Z
14+ 24A18 ST 12d A3 TN+ Z

| ©

Q=H/(1- % P/J). Expansion in asymmetry yields results @é
consistent with current, but approach more complex. ..
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Liquid Drop Model

The current formula:
v (N— Z) 1
A a5 p-1/3
1+ ?%A /

2
E= —aVA+aSA2/3+aC Z

Vi +aA

Liquid drop model [LDM] (Myers & Swiatecki '66)

E = -—ay (1 —mvlz) A+ as (1 _HSF) A2/3
z2 z?
B VR Y

with I = (N — Z)/A. LDM corresponds to the expansion in the

current formula: ]
ay aA —1/3)
-~ A 1= A
2/3
aV + A A ( aA

%

Z|
@)
=

But that expansion onIy accurate for A = 1000, i.e. never! =
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Skin Size
000

Analytic Expression for Skin Size

symmetry energy only Coulomb correction
(PP A N-Z ag A% R+ AR a3 a)
(r2y1/2 - BNZ 14+ A1/3a5/aY 168ay N 1 + A1/3 a5 /a¥
A I I A
Eoo 71°  Formula (lines)
03 3° vs Typel & Brown
% 44 results (symbols)
S Ll 4, ¥F from
S 1 ¢ nonrelativistic &
N\T/ i 2 relativistic
S, 0 1 mean-field
O 1, calculations,
VA T P PRC64(01)027302 ©

0.0 0.1 0.2 0.3 0.4 @

<r2>r1]/27<1"2>;/2 (fm) for '*?Sn and '**Ba SCL

ZV
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Skin Sizes for Sn & Pb Isotopes

Lines - formula predictions, PD NPA727(03)233

0.6V‘VVVV‘VVVV‘VVVV‘VVVV‘VV L AL B B B

[ a 7] r 7

[ Sn i 04 2pp _

~ 04 — R r 4

E i 1 £ I ]

g i 1 & I 1

& , s | £ i , ]
. .

2 i 1 3a 02 —

& 02 -1 & L j

b i 1 % I 1

o r ] o L J

% 00F — % ool =

i v s o i ]

i ea/8=0 [ el/ai=0 ]

it Sl I IV I PP oplol i b b L |

100 110 120 130 140 180 190 200 210 220

A A

Favored ratio aY/ /a5 ~ 32.5/10.8 ~ 3.0 @
NSCL
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Skin Size
ooe

Comparison with Droplet-Model Values

L T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T i
L DM '69 i
4r- O —]
L linear fit: i
3l «— raw data ]
" C Q<\ w/Koura ]
\ | - -
> o - -
© ol L 2 _
L DM '00 ]
1= Weizsacker ]
C '/ mass fit ]
O C 1 m 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 i

20 25 30 35 40
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