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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.
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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. Example: nuclear energy. Expansion in
n = (N —Z)/Afor smooth F, has 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 + Gz + .. ..

Charge invariance: invariance of nuclear interactions under
rotations in n-p space
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Introduction
[e] lele}

Tools

Qualitative Considerations/Semiempirical Energy Formula
Half-Infinite Matter Skyrme-HF

°
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@ Energies of Isobaric Analog States
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Symmetry Energy: From Finite to co System

. n = (pn — pp)/p-€xpansion
Skyrme Interactions under n <> p symmetry
SRR SR
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o J = . ‘ ‘ . ‘ ‘ ‘ .
L7 10, L e, o TLAMg
PN S SIS BRI A B === T T T T T e T S
0.00 0.05 0.10 0.15 0.20 9 4 o o o =
3 E ¢ %
fm~ E- a9 DN Y% 90 o oy =
) sosE PRELINEGEE GE W 1 oo
.. . EOEs, Y oo e o 0:
Empirical correlation for T T T 0T ST Gog T T om —
neutron stars T e et @
B — v o - ™ a0 e — —
R P~1/% ~ const SRS DA @é
Lattimer&Prakash ApJ550(01) ' "'z e e 0o

Symmetry Energy Pawel Danielewicz



Introduction
[e]e]e] }

Finite System

0207 T
0.16\:7
Interrelation between N
nucleonic densities. .. g o
Net density: p(r) < 4pp(r)  §
Bethe-Weizséacker formula:
zZ? N - 2Z)?
E=-ayA+asA?®+ac A1/3+aa(/4) (A)+Emic
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Introduction
[e]e]e] }

Finite System

0.20 T

0.16

Interrelation between
nucleonic densities. . .

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

(A/Z) p (fm™%)

Bethe-Weizsacker formula:

72 N - Z)?
E = —avA + as A2/3 +ac 5 AT/3 +aa(A) (/\)—{—Emic
;
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Introduction
[e]e]e] }

Finite System

0207 T
0.16\:7
Interrelation between N
nucleonic densities. .. g o
Net density: p(r) < 4pp(r)  §
Bethe-Weizséacker formula:
zZ? N - 2Z)?
E=-ayA+asA?®+ac A1/3+aa(A) (A)+Emic
a, = ay A AL AT (A=

%

Z|
9
@)
(=]

= half-infinite matter

Pawel Danielewicz

Symmetry Energy



Nucleus as Capacitor for Asymmetry
E=_a/A+tas A+ % (N— Z)?

as(A)
A

~ Ey(A) + 22 (N - zp?
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Nucleus as Capacitor for Asymmetry
E=_a/A+tas A+ % (N— Z)?

az(A
= Eo(A) + a/(q )
Capacitor analogy

02 QEN*Z
E:E0+7:> A

2C =
© 2ay(A)

(N - Z)?
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Nucleus as Capacitor for Asymmetry
E—_—a,AtasA?3 % (N — 2)?

= Eo(A) + a( )
Capacitor analogy

02 QEN*Z
E:E0+7:> A

2C =
© 2ay(A)

(N - Z)?

Asymmetry chemical potential
oE 2a,(A)

Analogy
V= (CD =V =g
©
Sn
NSCL
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Nucleus as Capacitor for Asymmetry
E=-aA+a i+ 2 (N-2)

az(A
= Eo(A) + a/(q )
Capacitor analogy

02 QEN*Z
E:E0+7:> A

2C =
© 2ay(A)

(N - Z)?

Asymmetry chemical potential

O 9E 2a4(A)
Ha=aN—2)" A (N—2)

Analogy

Q
V:6$VE/1,3

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!
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 p; = po. Both p(r) & pa(r) weakly depend on 7!
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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 /14, where a¥ = S(po)

Asymmetric density (formfactor for isovector density) defined:
%

2a
pa(r) = /T: [pn(r) = pp(r)]
Normal matter p; = po. Both p(r) & pa(r) weakly depend on 7!

In any nucleus:

pnp(r) = %[/’(r) ;;vpa( )]

M
©

©,

where p(r) & pa(r) have universal features!
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Nuclear Densities
1

pnp(r) = > [P(r) + %P«H(r)]
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Nuclear Densities
1

pnp(r) = > [P(r) + %Pa(r)]

Related to az(A) & to S(p

AN gy
= =2 [ dr dr
as(A) Ha Ha palr
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Nuclear Densities
1

pnp(r) = > [p(r) + %Pa(r)]

Related to az(A) & to S(p
A 72(N Z) /d prp _ /dl’pa

aa(A) Ha Ha
In uniform matter
~0E 28(/))
Ha=oN=2)~“p '™
2ay ayp
= pa= — 2 ppp =
? Ha e ( ) E’)‘
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Nuclear Densities
1

pnp(r) = > [p(r) + %Pa(r)]

Related to az(A) & to S(p
A 2(N Z) / Pnp /
= dr dr
aa(A) Ka Ha Pa
In uniform matter p

1 f— f— 28(/)) )
Ha= (N =2) p PP
2ay ayp
= p=2a, = ©
Pa= 1 P78 (p) Q) |
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n&p densities carry record of S(p)!
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Nuclear Densities
1

pnp(r) = > [p(r) + %Pa(r)]

Related to az(A) & to S(p
A 2(N Z) / Pnp /
= dr dr
aa(A) Ka Ha Pa
In uniform matter p

lg = = 28(/)) )
Ha= 5N —2) p e
2ay ay p
= pa: R —— I()np = — -
! S
Ha (p) @é

n&p densities carry record of S(p)! = HF calcs of half-co matte
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Half-co Matter
0000000

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

0.4

< Wavefunctions: &(r) = ¢(z) ekt
L

p (i) L
v A Oy

0.35
03
0.25
0.2

matter interior/exterior:
X ¢(2) x sin (kz z + (k))

0.15

T TN T T L

0.1
0.05
0

0(2) oc @07

4 5
z(im) ° 7
Discretization in k-space. Set of 1D HF egs solved using
Numerov’s method until self-consistency:

- T B(2) S o(z) + (B) K2 + U(2)) 6(2) = (k) 6(2)
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Before: Farine ef al, NPA338(80)86
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Half-co Matter
0Oe000000

0.20
0.15
0.10
0.05
0.00
0.20
0.15
0.10
0.05
0.00

p (fm™)

0.20
0.15
0.10
0.05
0.00
0.20
0.15
0.10
0.05
0.00

:——\\

E Z L=-50 MeV

Po
T

—

F MSk9 L=10 MeV

F SkMP L=70 MeV

E SkmL
1 1

0] 2

Symmetry Energy

6

4
z (fm

Isoscalar (Net) & Isovector Densities from SHF

Results for different
Skyrme interactions
in half-infinite
matter.

Net & isovector
densities displaced
relative to each
other.

As symmetry energy
changes gradually,
so does

the displacement.
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Half-co Matter
[e]e] le]ele]le]e]

. Asymmetry Dependence of Net Density

0.20 F E
0.15 e e — — 7n=0.1 4
3 \\ —-—n=02 ]
2'22 7Z L=—50 MeV ~No e
N = =— e E H
o } S~y Results for different
020f 4 asymmetries
0.15 " ——— E
T,
0.10 F ™S 3
&> 0.05F MSk9 L=10 MeV \\. E
£ 0.0 1 1 B =
o 0.20F E
0.15 FErerms = = E
TR
0.10 F TN E
0.05F SkMP L=70 MeV \‘«:. E
0.00 | 1 e
0.20 F E
0.15 == — |
0.10 RN 3
0.05F SkI5 L=129 MeV N = @)‘
0.00 ‘ , S N
. - " 6 NSCL
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Asymmetry Dependence of Isovector Density

0.20 F -
0.15 e — — n=0.1 4

—-—-7n=02
0.10 \\ _____ n—os 1
0.05 | 7Z L=-50 MeV NS E Vv
0.00 | | = -1 2a,
0.20 - 1 Pa= (/)n - Pp)
Ha

0.15 """ _____ E

0.10 |- . E
0.05F MSKk9 L=10 MeV o ! .
0.00 ; : e Results for different
0201 7 asymmetries

0.15 Poomr T Lo e T T
0.10 |- N E
0.05 F SkMP L=70 MeV \\ E

0.00 f f f

po (fIm™®)

0.20 E
0.15 prmm=m == C o S aer ;_f—-\}\\ ]
0.10 - . E
0.05 - SkI5 L=129 MeV A E
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Half-co Matter
[ee]e]e] Telele]

0.20
0.15 For weakly
0.10 H
005 nonuniform matter,
0.00 expected
0.20 asymmetric density
0.15 Y4
o1 pa=pas/S(p)
®° 005
\E/ 0.00
_? 0.20
g oi1s Isovector density pa,
< o010

oscillates around the
expectation down to

p = po/4

0.05
0.00

0.20
0.15
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z (fm) pPy/4  farthest return pt
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Half-co Matter
0O0000e00

WKB Analysis

20
H / /
Semiclassical sin (/ k:(z')dz’) allowed z < z
Pi=(2) o

. z
wavefunction exp( — / 2(Z')dz') forbidden z >z

Density from  pa(z /dk |bk0(2) [P
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Half-co Matter
0O0000e00

WKB Analysis

20
H / /
Semiclassical Sin (/z ke(#)0Z) Alowed 2z <2

wavefunction 92 (2) o i
exp( — / 2(Z')dz') forbidden z >z

Density from  pa(z /dk |bk0(2) [P

Findings:
av 2/3
At z < z pa(z) ~ S?p’; (1+ % F)

where F(z) o sin (2ke (2o — z)), describing Friedel oscillations
around p/S, up to the classical return point z.
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Densities

Half-co Matter

00000080

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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Symmetry Coefficient

surface region

/o|3rpa /d3rp —|—/drpa (r)

A2/3
where ~ay a3
S .
ac — L Correlation f/SHF
% —471'/’0 /df 47\ ‘a‘ L e B B
a r «
- 3AR L % * 1
I i e ]
and AR is displacement ¢ | g E
of isovector and isoscalar L f’#‘i 1
surfaces. L I 1
1 1 A-1/3 b x B ©
= :7V+7S O"\HH\HH\HH\H’
as(A)  al a; 2 B 2 4 NSCL
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as(A) from Data
00000000

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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as(A) from Data
00000000

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?!

©

B

Z|
9
@)
(=]

Pawel Danielewicz

Symmetry Energy



as(A) from Data
00000000

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
— Ea=4ay(A) 5 = 4as(A) 1T+ 1) N ) On
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as(A) from Data
0@000000

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
11.76 144
1349
10.57 2 12.56
92798 @ 1152

e+ 2084774 10.84

:7410a/7.37 754 2%y

16.1796.26 2~ o*)
A7 2o O
5958 B

6.58

ERLEELEE
+ L% .
2 s N Y
©
[201] [ 0po2154 soo—
T —— 1740225 T=1  |ies) ‘
: ~ 07184 rol . —5 S
10, + 10,
Be  # =2 720 c NSCL
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as(A) from Data
[o]e] Je]ele]ele]

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

%

2l
(%)
@)
(=i

Symmetry Energy

Pawel Danielewicz



as(A) from Data

00080000
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
= - e O eg8.%0 ]
L cop ®n ]
- 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.
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as(A) from Data

0000e000
Different Shell Corrections
A
500 100 40 20 10 6
0.12
: T T T T ol ]
0.10 e —
. O Koura ] B
n [ ® v Groote . . 8° ]
> 0.08— @ Moller 0 ]
[N = " . i
2 C o, e ]
L o By o ]
- r - ‘e ]
‘ﬂ? 0.06: fﬂ. " ]
i M 1
0.04 — ]
C 111 1 ‘ 111 1 ‘ 111 1 ‘ 111 1 ‘ 111 1 ‘ 111 1 ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6
A1/3

©

Line: best fit to Koura at A > 20.
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as(A) from Data

00000800
a; Vs A
: T | T TT | | T T | T 1TTT | | T T :
25— —]
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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as(A) from Data
[o]e]ee]ele] Je]

Best a(A)-Descriptions

A
012 500 100 40 20 10 6
12 | 1 1 I
0.10 — ° — 10
[ 0O Thomas—Fermi °
— L ay=30.2MeV aS=11.6MeV o o
I r —~
> 0.08— X Skyrme—HF SV o X =
% : a’=32.8MeV aS=10.3MeV o ..ﬂ X . %
- [ @ JAS/Koura e o O X — -
< 0.06— L2 ® * o
© C v ™ .
C W - 20
0.04 — — 25
lg — 30
11 1 | | 11 1 | | 11 1 1 | ) I | ) I | L1 1 |
.0

0.1 0.2 0.3 0.4 0.5 0.6
A—l/3

©
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...some problems w/extracting as(A) from SHF for finite nuclei
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al = (31.5 — 33.5)MeV, a = (9.5 — 12) MeV, L ~ 95MeV

\%
2,

as(A) from Data
0000000e

Symmetry-Energy Parameters

T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T

4 — p—

- linear fit: B
3l «— raw data

3 ¢ q“ w/Koura 5

- Thomas—Fermi -
2 — p—
1= Weizsacker -

C '/ mass fit ]
O C 1 m 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 ]
20 25 30 35 40

ay (MeV)
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Skin Size
[ o]

Analytic Expression for Skin Size

symmetry energy only Coulomb correction
(P2 — ()2 A N-Z ac AP Q24+ AVRa/ay
(reyi/z - BNZ 14+ A1/3a5/aY 168ay N 1 + A1/3 a5 /a¥
A I I A
o EP :
£ I g Formula (lines)
03 3° vs Typel & Brown
% 44 results (symbols)
= o2l s m{f from
S 1 ¢ nonrelativistic &
N\T/ i 2 relativistic
S, 0 1 mean-field
Lo 14 calculations,
0'%.70 ‘ ‘0.‘1‘ - ‘o.‘z‘ - ‘oys‘ - ‘0:.4 PR064(01)027302 @

©
)|

SCL

ZV

<r2>r11/27<r'2>;/2 (fm) for '*?Sn and '**Ba
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Skin Size
oe

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 |
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Conclusions

@ Symmetry energy weakens as nuclear mass number
decreases; for A > 20, a,(A) ~ a¥ /(1 + a¥ /a5 A'/?),
where a = (31.5 — 33.5)MeV, a5 = (9.5 — 12) MeV.

@ Skin sizes in all nuclei quantifiable in terms of single ratio,
already known, a¥ /a5 ~ 3.0. Corresponding L ~ 95MeV.

°

@ Two fundamental densities characterize nucleon
distributions in nuclei: isoscalar & isovector. Their surfaces
are displaced from each other by AR ~ 0.95fm and
different diffusenesses, d ~ 0.54fm and d; ~ 0.40 fm.
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@ Symmetry energy weakens as nuclear mass number
decreases; for A > 20, a,(A) ~ a¥ /(1 + a¥ /a5 A'/?),
where 2/ = (31.5 — 33.5)MeV, a3 = (9.5 — 12) MeV.

@ Skin sizes in all nuclei quantifiable in terms of single ratio,

already known, a¥ /a5 ~ 3.0. Corresponding L ~ 95MeV.
°

Issues: shell, pairing, deformation, Coulomb effects.
@ Two fundamental densities characterize nucleon
distributions in nuclei: isoscalar & isovector. Their surfaces
are displaced from each other by AR ~ 0.95fm and
different diffusenesses, d ~ 0.54fm and d; ~ 0.40 fm.
@ Outlook: finite nuclei - Coulomb & shell effects, learning on | (&)

finer S(p)-details from pp(r) @C
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already known, a¥ /a5 ~ 3.0. Corresponding L ~ 95MeV.
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Issues: shell, pairing, deformation, Coulomb effects.
@ Two fundamental densities characterize nucleon
distributions in nuclei: isoscalar & isovector. Their surfaces
are displaced from each other by AR ~ 0.95fm and
different diffusenesses, d ~ 0.54fm and d; ~ 0.40 fm.
@ Outlook: finite nuclei - Coulomb & shell effects, learning on | (&)

finer S(p)-details from pp(r) @C
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Density Tails
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Modified Binding Formula
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