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[CENETETIES
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Symmetry Energy in Nuclear Mass Formula
Textbook Bethe-Weizsacker form2ula:

Z N — Z)?
E:—avA+asA2/3+30A1/3+aa(A)+Emic

Symmetry energy: charge n «» p symmetry of interactions

independent capacitors
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Symmetry Energy in Nuclear Mass Formula
Textbook Bethe-Weizsacker form2ula:

Z N — Z)?
E= —aVA+asA2/3+aCW —l-aa% + Emic
Symmetry energy: charge n «» p symmetry of interactions

Analogy with capacitor:

N2 (N-2ZP @
E,=a, A = y: @E72C

aa

independent capacitors
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Symmetry Energy in Nuclear Mass Formula
Textbook Bethe-Weizsacker form2ula:

Z N — Z)?
E:—avA+asA2/3+30A1/3+aa(A)+Emic

Symmetry energy: charge n «» p symmetry of interactions
Analogy with capacitor:

L N-ZP (N2 @
Fa=aa—7— = A “E=3¢c
, N-2Z2)? N — Z)?
?Volume Capacitance? Ea:( ) ) (A Az)/a
aa ay + as

independent capacitors
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Symmetry Energy in Nuclear Mass Formula
Textbook Bethe-Weizsacker form2ula:

Z N — Z)?
E:—avA+asA2/3+30A1/3+aa(A)+Emic

Symmetry energy: charge n «» p symmetry of interactions
Analogy with capacitor:

Q
N2 (N-2ZP @
E,=a, A = aA < E = 5C
. N —2)? N —Z)?
?Volume Capacitance? E, = ( y ) — (A Az)/a
2 al e
independent capacitors
Thomas-Fermi (local density) approximation:
A " pdr A
'C'= = =, for S(p)=aY
a(A) ] S(p) &y’ “[©
, o

TF breaks in nuclear surface at p < po/4 PD&Lee NPA818(2009)36
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Mass and Skin Fits

L RAARE RAARE RRARE RER
+0404leV Symmetry Energy:
L _al (N-2p
an A 1 ay
g + as Al/3
>\< a
Skin:
2 Ims @ (N-Z
PD NPA723(2003)233 aso L €
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Fits in L—a) Plane

Ar_of “®Pb (fm)
np

26 28 30 32 3 26 28 30 32 34
E,,m(py) (MeV)

%

Lie-Wen Chen et al PRC82(10)024321
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IAS Analysis
@00

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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IAS Analysis
@00

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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IAS Analysis
@00

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:

_7)2 2
sym energy E, = as(A) (NAZ) =4 a,(A) %
©
T? T(T+1
5 Ea=4a,(A) 5 =4a,(4) (AH On
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as(A) Nucleus-by-Nucleus

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).

?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

:7410a/7.37 754 2y

16.1796.26 2~ o)
A7 2o 0
5958 B

6.58

ERLEELEE

3368 2t 570 |33 2 %ZL
e 13 X .
T reo2S S8 T i PD&Lee arXiv:1307.4130 @)‘
0ge = 07184 0] T/—Bé 10¢ o NSCL
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Queries in the Context of Data

Are expansions valid? Coefficient values??
7 4ay(A)
A

Is the excitation energy linear in the isospin squared??

Eins = Eias — Egs

A[T(T +1)] + AEmic

A A A8

=+
aa(A) ay ag

or
12 _ 14
a;' = (ag) "+ (a3 AT

Is the volume-surface separation valid?

= From an aY-ag fit can one learn about aY and L for uniform ©

matter? @‘
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IAS Analysis
[ JeJele]

Insight into IAS Analysis
IAS data: Antony et al. ADNDT66(97)1

Shell corrections: Koura et al. ProTheoPhys113(05)305

Excitation energies to IAS, E\s, for different A, lumped together
Is Eqox T(T +1)?

n narrow regions of A.

Symmetry Energy
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IAS Analysis
[ JeJele]

Insight into IAS Analysis
IAS data: Antony et al. ADNDT66(97)1

Shell corrections: Koura eta/ ProTheoPhys113(05)305

[ ] \ ) \ \ ] T \ \ \
30* ‘ Qb/\\(o/W \/\% > 4~ 2oo; (e) _
"bé}’ » » 5 B % i
‘\v{/ v v yfﬁ 12
— r ] 1= - _
E 2077 iiﬂ 150
2 17
10— *\‘"
£ L
I ‘ ? | i 50— ]
Elis ¥ a,(A) 4(T2-|T,)) /A A=(47-68)
N A \ T R 1 < NP N I B U I
0 1 2 3 -2 0 2 4 6 8 10
A(T2-[T,))/A T+T,|
Excitation energies to IAS, E},q, for different A, Iumped together @
in narrow regions of A. Is Eqox T(T +1)? NSCL,
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IAS Analysis
[e] Tele]

as(A) with Shell Corrections

A A Ejpg — AEnic Enmic from: Koura et al.
aGa(A)=4 " 72 ProTheoPhys113(05)305
: T ‘ T LI ‘ ‘ ‘ T LI ‘ ‘ T :
25— —
20 [— —
= - .
s 151 —
< 1of -
E ® [AS+Koura
o — &, =(a)) (@) A
C | | | ay=35.0MeV aS=10.0MeV
O | |- .
5 10 20 50 100 200 50 (@
A ©n
Heavy nuclei a; ~ 22MeV, light a; ~ 10 MeV (more surface + low /AE=E
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IAS Analysis
[e]e] o]

Z-Dependence of Symmetry Coefficients?

[ T T T | T T T T | T T T T | T T T T | i
&5 :_ [AS+Koura _: surface
- AZR05 1 |ess dominant,
20 — A=97 ;* H —| higher
= [ F 1 average p
s [ A=20 ]
g | 44— ]
s 15— — a— — ]
© Tt A=16 L .
- A=11 ¢ b 4 surface
10 o= — — =2 ZZ > 1 moredominant,
i A=8 1 lower
i 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | ] average [)
-0.2 0.0 0.2 0.4 ©
(N-2)/A ©n
NoCL

Symmetry coefficients on a nucleus-by-nucleus basis
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IAS Analysis
[e]e]e] )

Sensitivity to Shell Corrections

: ‘ T 1T ‘ ‘ ‘ T LI ‘ ‘ :
25— —]
20 — —
= r .
S 15— —
s f .
“ 10 — —]
C ® [AS+Moller
5 r . ¢ JAS+von Groote
- . —a, =@+ @) A
C | ¢ ‘ ‘ ay=353MeV a=9.5MeV
o | |
5 10 20 50 100 200 500

A
Fit to raw data (A > 30) in the middle, but:
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Skyrme-Hartree-Fock
[ ele}

Comparisons to Skyrme-Hartree-Fock
Issues in data-theory comparisons (codes by P.-G. Reinhard):

50 Solution: Procedure
s SkOp a1 o oz20 that yields the same
0.15 results as the energy,
_ °t0 . inthe bulk limit, but is
K] °% % weakly affected by shell
2 %9 = effects:
= 0.20 E‘
015 = (N=2)r<r.  Crep,
oo N-Z C
_Pn . 0.05 -
ot L a [0
0 2 4 6 8 10 Aaa Jr<rs S(p)
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Skyrme-Hartree-Fock
(o] lo}

as(A) from Mean-Field Calculations
F A T ]
25 :* o IAS (raw) { - -
o akazoes0 | Skyrme-Hartree
20} E Fock theory
3 ;‘Epu.- o E (codes by
g og® B ] P.-G. Reinhard)
10 — 8 -]
b E
% g A | | | |
E (0] . T -+ T T +—t T -+ T T
s 25 o Coulomb -]
© Eoe vI:,'(i)th OCL:)ZIIZmb , PO f:;'ﬁ : ]
201~ 52 RueS-i""" 3 Similar behavior
E g% ] .
15F g s = with A as for IAS
C ngnﬂi b
10 o ska25s20
3 ay=33.8 MeV
5P L=63.8 MeV
b Looo.l Lol L @
5 10 20 50 100 200 500 £ ‘
A NSCL
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Skyrme-Hartree-Fock
ooe

_aa(A) from Different Mean Fields

25; o no Coulomb . i
I ¢ with Coulomb R Douocf:‘:fﬁ: . 7S|Ope L.In P
200 I 3 & slope in A??
g Cact ]
15? ig“ggﬂ *
; 0 ] .
10 . ska26s20 Less impact of
. a,=33.8 MeV ]
_sp LeseMey the slope L at pg
=t ] than expected!
2 o P
m" 25~ o no Coulomb E
[ with Coulomb iﬂifiﬁﬁﬁ-i 1
20~ R E ??Difficulty for
; o J ] T
15[ Sagef 3 L determination??
C 8 ]
10% ] SkM1 E
r al=25.2 MeV
5 L=-35.3MeV
Y S [ B \ ]
5 10 20 50 100 200 500 N
A NSCL
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Skyrme-Hartree-Fock
[ ]

Model-Independent Large-A Expansion??
Symbols: results of spherical no-Coulomb SHF calcs
= Lines: volume-surface decomposition - expectation vs fit

500 100 40 20 10 6 500 100 40 20 10 6
° T T T T T T T T T T T T o
o SHF ® SHF i
lines: E/A=—ay+agA™"/? lines: E/A=—ay+agA~"? HSymme’[I’IC
-5~ = expectation - — expectation -3 -5
= = = 30<A<240 SHF fit = = 30<A<240 SHF fit matter
3
ST - - -10 energy
<<
~
2 f/sample
-16 SKz3, no Coulomb | SKMP, no Coulomb ] ~16
N-z N=z Skyrmes
| | | | | | | | | |
-20 -20
T T T T T T T T T T ~
® SHF r, ® SHF r,x0.9 ® SHF r, ® SHF r,x0.9 WorkS
0.10[~ lines: a, ' =(a}) ™! +(af) a2 I~ lines: a, '=(a]) 7 +(af)tA™V? -1 o.10
—— expectation —— expectation . -
—~ == + 30<A<240 SHF fit == + 30<A<240 SHF fit ° ' d
-;> 0.08— -+ %eg 0 -7 — o0.08
]
] . —Symmetry
-, 006 P 0.08
o - ffici
Samer ~ coefticient
oo SKz3, no Coulomb 12 SKMP, no Coulomb | 0
zJ3, no Coulom| = , no Couloml N
~Not... @
0.02 ! ! ! ! ! ! ! ! ! ! 0.02 @

0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5 0.8
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Expectations from half-co matter.
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Skyrme-Hartree-Fock
@000

Can S(p) Be Constrained??!

Pearson
. (X =XNY =(YV))
correlation I'xy =
Coefficient \/<(X - <X>)2><(Y - <Y>)2>
|r| ~ 1 - strong correlation 12F | | | E
r ~ 0 -no correlation 1Lof- e
08k -
7 0.6; —]
X = aa(A) BV S \
Y = S(p) oab. -—- 60 X\
- — 120
00— —— 240 \\\\ y
Ensemble of Skyrmes T T
%00 0.05 0.10 0154 0.20 ©

-3
Nearly no information about S(p)! (fm™)  normal density \ISCL
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Skyrme-Hartree-Fock
0e00

Symmetry-Energy Correlations When Strong

uniform matter

R e B B B B
30 — —
FA =240
[ p=0.105fm™®
287*
26—
% L o |
= E— — — — — — — |
2 g Ee
—~ r ®0 | -
> Il ]
n L o ]
22— Lo imi
C B | | | h}ixtnts for i
r @ ©0 I | a. & S(p) 1
r v 1 NO S(p) ~ as!
20— | | ® SHF meeting _]
r o | a,—constraints o
r || O other SHF ]
18— © ([ 1
7\‘\\\\‘\\\\‘\\\\I‘\I\\\‘\\\\‘\\\\‘\A
16 18 20 22 24 26 28 - ©

B

a™ [Mev] <€— from IAS data
Vehicle: phenomenological mean-field theory
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Constraints on Symmetry Energy S(p)

Demand that Skyrme approximates IAS results at A > 30
produces a constraint area for S(p):

307\‘\\\\‘ ‘ \‘\\u‘ ‘ 60»\\\\‘\\\\‘\\\\ T T

L L EE 1AS constraints pa

L ] L -~

25 L 50— . extrapolation I i

L L 7 A

r r Specific Skyrme: e pad b

20— — 40— — = SKz3 R

IS r r ska25s20 R
5 2 g :
g 15 q 2l T T3
~ L ~ F ~ — 7
@ r * § - L ~ = —— 4
“ [ obo "al o 1AS+Koura r iy s >SS
10 6. %n *” Skyrme: 20— ~ e B

r 04 R r Vet 1

r . e i ] P ]

5 * ska25s20 — 107,4///’/ —

[ " Gs ] ,///,/ ]

t : - ]

[ ] 4 ]
)P S EE NN RN N N A P I BN

5 10 20 50 100 200 500 0.00 0.05 0.10 0.15 0.20
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?Slope constraint??
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Skyrme-Hartree-Fock
oooe

Correlation at pg

42 E T 7T | L | L | UL | L | UL T |E
s SHF =

F O 1.3<|Aa,|/6a,<15 ]

38— B 1<|Aa,|/6a,<1.3 . —

36 — -

—~ o * ]
= F LI
) r X _1
s 34F . -
& 32 ¢ mm —
30— Fﬂ] Argonne V18 —]

E e = X Vidana BHF E

28— - (- + Taranto BHF 4

26 - ¢ Gandolfi QMC 3

: 11 | | N T | | | N T | | 1111 | | N T | | | | | 1 I:

0 20 40 60 80 100

M
©

L (MeV)

B

?Slope constraint??
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Asymmetry Skins
[ le]

Asymmetry Skin & Energy Stiffness

12 -

Pearson coef of - n=028 3

Arn;.) = r,r;ms — r;)ms Lo g_ _g

& stiffness of S 085 €

pdS s?Oﬁ? — T T T ~3

”/’(/)) = S a 04—f - A —

g —-— 30 ]

0.2 —

f/different A 0& - 5% E

at fixed i TR TR I TR TR T
n= (N - Z)/A _0'20.0 0.2 0.4 0.8 0.8 1.0 1.2 1.4 1.6

p/Po
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Asymmetry Skins
oe

Asymmetry Skin & Energy Stiffness

12—
Pearson coef 10
of Aryp & stiffness g

A =60

0.6

- L P d S K] g \\

/(P)-‘*E§‘a?; 0.af -
f/different i E
n= N4 5 NIRRT T
atfixed A %0 02 04 06 08 10 12 14 L6

p/Po
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Asymmetry Skins
[ leJele]

Asymmetry Skins from Measurements

Nucleus

Reference

Data Source

A rnp [fmM]

A ,I,GF

np  [fm]

48Ca

Friedman [92]
Gils et al. [93]

pionic atoms

elastic « scattering

0.13 = 0.06
0.175 % 0.050

Ray [94] elastic p scattering | 0.229 = 0.050
Clark et al. [95] elastic p scattering | 0.103 = 0.040
Shlomo et al. [96] elastic p scattering 0.10 = 0.03
Gibbs et al. [97] elastic 7 scattering 0.11 = 0.04
combined results [0.129+ 0.053%|0.215+ 0.012
®
207pp  ||Starodubsky et al. [99] elastic p scattering | 0.186 + 0.041 ||0.175+ 0.023
208pp  |IStarodubsky et al. [99]| elastic p scattering | 0.197 = 0.042
Ray [94] elastic p scattering 0.16 = 0.05
Clark et al. [95] elastic p scattering | 0.119+ 0.045
Zenihiro et al. [98] elastic p scattering | 0.211 + 0.063
Friedman [92] elastic w+ scattering 0.11 = 0.06
Friedman [92] pionic atoms 0.15 = 0.08

combined results

0.159 + 0.041%

0.179+ 0.023
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Asymmetry Skins
[e] Tele]

S(p) from Combined Constraints

60 T T T T T T T T T T T T T T T T T T T
. | | | | ]
R 1as + Ar,, constraints ]
50 — —
T — — - extrapolation ]
r ska25s20 =2
40— =
= N Zhang _
[} - ———— 3
= 30— — ]
N— - —
wn C _
20 — —]
o Roca—Maza B
N _ ]
- 4 ]
L 4 i
/ | | | | ]
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -
0.00 0.05 0.10 0.15 0.20 @r)‘
D (fm—S) LNSCL
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Asymmetry Skins
[e]e] o]

Comparison to Microscopic Calculations

o ]
L —— - APR:V18+UVIX -
50— —— — BHF:V18+ UVIX —
— — —. DBHF:BonnA ]

40 — - BHEBomnBamicro3N e '_':

— --= BHF: V18 + micro 3N =

S (MeV)

%
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Asymmetry Skins
[e]e]e] ]

Symmetry Energy at pg?

T T T T T T
36f -]
34| —
= [ ]
() L -
= F ]
30— —
o r -
© - 4
28 -
26 [— ]
N Steiner ]
- NANAN/ -
palilv b b bewnn b b e 141
-20 0 20 40 60 80 100 120
L (MeV)
©
_ 3V . Lp=po
S(p)=ay + 5. ©) |
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Conclusions
[ ]

Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 23 Mev to a; ~ 9MeV for A < 8.
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Conclusions
[ ]

Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 23 Mev to a; ~ 9MeV for A < 8.

@ For A > 25, az(A) may be fitted with
az' =(aY)" +(aS)" ' A~1/3, where a/ ~ 35MeV and
as ~ 10MeV.
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Conclusions
[ ]

Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 23 Mev to a; ~ 9MeV for A < 8.

@ For A > 25, az(A) may be fitted with
ay' = (a¥)' +(ad)~' A'/3, where a¥ ~ 35MeV and
as ~ 10MeV.

@ Weakening of the symmetry term can be tied to the
weakening of S(p) in uniform matter, with the fall of p.
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Conclusions
[ ]

Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 23 Mev to a; ~ 9MeV for A < 8.

@ For A > 25, az(A) may be fitted with
ay' = (a¥)' +(ad)~' A'/3, where a¥ ~ 35MeV and
as ~ 10MeV.

@ Weakening of the symmetry term can be tied to the
weakening of S(p) in uniform matter, with the fall of p.

@ Including skin sizes, significant, < +1.0 MeV, constraints
on S(p) at densities p =(0.04-0.13) fm 3.
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Conclusions
[ ]

Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 23 Mev to a; ~ 9MeV for A < 8.

@ For A > 25, az(A) may be fitted with
ay' = (a¥)' +(ad)~' A'/3, where a¥ ~ 35MeV and
as ~ 10MeV.

@ Weakening of the symmetry term can be tied to the
weakening of S(p) in uniform matter, with the fall of p.

@ Including skin sizes, significant, < +1.0 MeV, constraints
on S(p) at densities p =(0.04-0.13) fm 3.

@ Around pq: strongly correlated a} = (30.2-33.7) MeV and
L = (35-70) MeV.
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Conclusions
[ ]

Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 23 Mev to a; ~ 9MeV for A < 8.

@ For A > 25, az(A) may be fitted with
ay' = (a¥)' +(ad)~' A'/3, where a¥ ~ 35MeV and
as ~ 10MeV.

@ Weakening of the symmetry term can be tied to the
weakening of S(p) in uniform matter, with the fall of p.

@ Including skin sizes, significant, < +1.0 MeV, constraints
on S(p) at densities p =(0.04-0.13) fm 3.

@ Around pq: strongly correlated a} = (30.2-33.7) MeV and
L = (35-70) MeV.
©

To do: Dedicated Skyrme interactions. @
PD&Lee arXiv:1307.4130 PHY-1068571 NEj«
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IAS Analysis
[ ]

as(A) without Shell Corrections

A A Ejs IAS data: Antony et al.
aa(A) = 7 172 ADNDT66(97)1
FTTTT T \ ]
RS =
20 — —]
= -
2 15 ]
& -
10 r ® e e IAS (raw)
: ° a, "' =(a)) () AT
51 v s
C — a,=34.8MeV a;=9.7MeV
o o | — = a)/=35.0MeV a’=10.0MeV
5 10 20 50 100 200 500
: . : A . EO
Lines: fits to az(A) assuming volume-surface competition ou
N

analogous to that for E;. ??Fundamental knowledge?? NeeB
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Skyrme Hartree-Fock
@00

Stiffness of the Symmetry

Energy

1.0
- \ \ | \ i
08— —— —
o . i
L > —_— A
| ~
0.6 — 1
~ i 1
04— 1
L - i
L N i
L \\ i
0.2 N m IAS + Ar,, constraints \\ 1
L o . N i
B extrapolation N
L N
OO i | | ‘ | | ‘ | | ‘ | | ‘ | ]
0.00 0.05 0.10 0.15 0.20
p (fm™°)
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Skyrme Hartree-Fock
oeo

Robustness of Macroscopic Description?

37 :I TTT | TT T | TT 1T | TT T | TT 1T | TTTT | TTTT | TTT I:
36 [ SHF: IAS + Arp, ]
35 —
34 —
% sl —
= N ]
>a 32 } {
© r .
a1 fit =
30 —
F «/2 matter ]
29— ]
28 :I 1 1 1 | 1 11 1 | 111 1 | 1111 | 111 1 | 1 1 1 1 | 111 1 | 11 1 I:

6 8 10 12 14 16 18 20 22

S
a, (MeV) NSCL
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Skyrme Hartree-Fock
ooe
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