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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. E.g. nuclear energy. Expansion in asymmetry
n=(N—Z)/A, for smooth F, yields even terms only:

F(n) = FO+F2/}2+F4//4A...
An isovector quantity G changes sign.  Example:
pp(r) = pn(r) — pp(r). Expansion with odd terms only:
G(n)=Gin+Gsn® +...
Note: G/n =Gy + Gsn? + .. ..
In nuclear practice, analyticity requires shell-effect averaging!

%

Z|
@)
(=]

S

Isovector Skin Danielewicz, Singh, 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. E.g. nuclear energy. Expansion in asymmetry
n=(N—Z)/A, for smooth F, yields even terms only:

F(n) = FO+F2/}2+F4//4A...
An isovector quantity G changes sign.  Example:
pp(r) = pn(r) — pp(r). Expansion with odd terms only:
G(n)=Gin+Gsn® +...
Note: G/n =Gy + Gsn? + .. ..
In nuclear practice, analyticity requires shell-effect averaging!

Charge invariance: invariance of nuclear interactions under
rotations in n-p space NGCL
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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
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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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Energy in Uniform Matter
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Introduction
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Importance of Slope
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60 - ~Astroph Sy AN
: In neutron matter:

pp =0 & pn = p.
Then, 5(p) ~ 2 (p) + S(p)

Pressure:
0 dE ,dS L
p—p22E 282 & 2
P dp A P dp 3,00'0

-20 ]
24 26 28 30 32 34 36
3’ (Mev) NGCL

Lattimer&Lim ApJ771(2013)51
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Introduction
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Importance of Slope

100t
A~ A
Fa //'c:/ // L _
80 Sh new,é,}::x_ﬁ\\a\ s S~ aV + Ep—po
o0 73 1o
60 - ~Astroph Sy AN
: In neutron matter:

pp =0 & pn = p.
Then, 5(p) ~ 2 (p) + S(p)

Pressure:
0 N
d E ds L
p— 22t R 2
o , TdpA T dp T 3"
24 ‘26‘ | ‘28‘ | ‘30‘ | ‘32‘ | ‘34‘ | ‘36 43 < [ < 60MeV ?? @
3’ (Mev) o NGCL

Lattimer&Lim ApJ771(2013)51

Isovector Skin

Danielewicz, Singh, Lee




Invariant Densities
[ le]

Isoscalar and Isovector Densities

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

Isovector Skin Danielewicz, Singh, Lee



Invariant Densities
[ le]

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

Danielewicz, Singh, Lee
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Invariant Densities
[ le]

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

Isoscalar formfactor for isovector density:
v

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

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

Isoscalar formfactor for isovector density:
v

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

In any nucleus:

Pn,p(r) = % [/)(I’) + 2271//)‘3(”)]

where p(r) & pa(r) have universal features!
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Invariant Densities
[ le]

Isoscalar and Isovector Densities
Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — Z) for given A. [Coulomb suppressed...]
pp(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 /114, where a¥ = S(po)

Isoscalar formfactor for isovector density:
v

palr) = 2;’ [on(F) — po(P)]

Normal matter: pz = po. Both p(r) & pa(r) weakly depend on n!

In any nucleus: 1 "
a
prp(r) = 5 [p(r) = pay el )]

9

where p(r) & pa(r) have universal features! G
No shell-effects, p’s as dynamic vbles: Hohenberg-Kohn functio
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Invariant Densities
o] ]

Isovector Density

pool) = 3[0r) £ 357 0alr)
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Invariant Densities
o] ]

Isovector Density

pool) = 3[0r) £ 357 0alr)

Related to S(p)!
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Invariant Densities
o] ]

Isovector Density

pnp(r) =

%[/)(f)

2/;av /)a( )]

In uniform matter

Related to S(p)!

OE d1S(p) pap/P)  28(p)
fia = - S — = Prp
ON-2) " Opm /
2ay  ajp
= P L PP TS RS
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Invariant Densities
o] ]

Isovector Density

1

puplr) = 5 (1) & 5y palr)]

Related to S(p)!
In uniform matter

OE d1S(p) pap/P)  28(p)
fa = = — = Prp
I(N - 2) Opnp P
B Zag B ag P
> e o= g S
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— Hartree-Fock study of surface
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Invariant Densities
0000

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

. Wavefunctions: ®(r) = ¢(z)ek+ 7+

p (im) kL/y
v A Oy

04
0.35
03
025 | matter interior/exterior:
02 .

015 * $(2) oc sin (kz z + d(K))
0.1

0.05

0

3(2) x (k)2

2m) ° 75
Discretization in k- space Set of 1D HF eqgs solved using
Numerov’s method until self-consistency:

2 2 1.2
ddZZHf*( )ddz ¢(z)+(2’jn *lzzﬁ“( )) o) = kol [ 13
NSCL

PD&Lee, NPA818(09)36. Before: Farine et al, NPA338(80)86

Isovector Skin Danielewicz, Singh, Lee



Invariant Densities
0e000

. Asymmetry Dependence of Net Density
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Invariant Densities
00e00

Asymmetry Dependence of Isovector Density

0.20 F
0.15 5‘*"‘"“'“"‘""‘*\.~\ — — n=0.1
£ —-—-7n=02
0.10 \\ _____ n=0.5
0.05 | Z L=—-50 MeV NG
\\r
0.00 | J ‘
0.20 F
0.16 frm———rrr—
0.10 |- \\
o~ N
$° 0.05 MSK9 L=10 MeV -
@ 0.00 | J P
< 0.20F
0.15 P T To s S e e T L
0.10 |- N .
0.05 F SkMP L=70 MeV O
0.00 . } = 2
0.20 F
0.15 L—._r_=-—__~_—._r=;'c-\\\\
0.10 F \.
AN
0.05 F SkI5 L=129 MeV A~
<
0.00 | ! it
0 2 4 6

2aY
Pa = a

Lia (pn — Pp)

Half-oo matter
results for different
Skyrme interactions
and asymmetries

PD&Lee
NP818(09)36

Isovector Skin

Danielewicz, Si



Invariant Densities
00080
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Invariant Densities
0000e

Sensmwty to S(p
020F Results f/different Skyrme

T e — ‘ ! 4 ints in half-co matter.
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Data Analysis
[ Jele]

Strategies for Independent Densities

PD

elastic: ~p+n

charge exchange: ~n—p

Jefferson Lab
Direct: ~ p
Interference: ~ n

T~ e
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Why Isovector Rather than Neutron Skins

Isovector skin: in no-curvature, no-shell-effect, no-Coulomb
limit, the same for every nucleus!
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Why Isovector Rather than Neutron Skins

Isovector skin: in no-curvature, no-shell-effect, no-Coulomb
limit, the same for every nucleus!
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Why Isovector Rather than Neutron Skins

Isovector skin: in no-curvature, no-shell-effect, no-Coulomb
limit, the same for every nucleus!

Nucleon (Lane) optical potential in isospin space:

47T
U—U0+TU1

isoscalar potential Uy o p, isovector potential U; o (pn — pp)
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Why Isovector Rather than Neutron Skins

Isovector skin: in no-curvature, no-shell-effect, no-Coulomb
limit, the same for every nucleus!

Nucleon (Lane) optical potential in isospin space:

47T
U—U0+TU1

isoscalar potential Uy o p, isovector potential U; o (pn — pp)
In elastic scattering U = Uy + Y3£ U
4r_

In quasielastic charge-exchange (p,n) to IAS: U = AT* Ui
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Why Isovector Rather than Neutron Skins

Isovector skin: in no-curvature, no-shell-effect, no-Coulomb
limit, the same for every nucleus!

Nucleon (Lane) optical potential in isospin space:

47T
U—U0+TU1

isoscalar potential Uy o p, isovector potential U; o (pn — pp)
In elastic scattering U = Uy + Y3£ U

In quasielastic charge-exchange (p,n) to IAS: U = 4T*AT+ Ui
Elastic scattering dominated by U

Quasielastic governed by U,
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Data Analysis
o] o]

Why Isovector Rather than Neutron Skins

Isovector skin: in no-curvature, no-shell-effect, no-Coulomb
limit, the same for every nucleus!

Nucleon (Lane) optical potential in isospin space:

47T
U—U0+TU1

isoscalar potential Uy o p, isovector potential U; o (pn — pp)
In elastic scattering U = Uy + Y3£ U

In quasielastic charge-exchange (p,n) to IAS: U = 4T*AT+ Ui
Elastic scattering dominated by U

Quasielastic governed by U,

Geometry usually assumed the same for Uy and U;

e.g. Koning & Delaroche NPA713(03)231
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Why Isovector Rather than Neutron Skins

Isovector skin: in no-curvature, no-shell-effect, no-Coulomb
limit, the same for every nucleus!

Nucleon (Lane) optical potential in isospin space:

47T
U—U0+TU1

isoscalar potential Uy o p, isovector potential U; o (pn — pp)

In elastic scattering U = Uy + Y3£ U

In quasielastic charge-exchange (p,n) to IAS: U = 4T*AT+ Ui
Elastic scattering dominated by U

Quasielastic governed by U,

Geometry usually assumed the same for Uy and U;

e.g. Koning & Delaroche NPA713(03)231

?Isovector skin AR from comparison of elastic and quasielastic
(p,n)-to-1AS scattering?
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Data Analysis
ooe

Expectations on Isovector Skin?

Pn—Pp

Px (fm—s)

AR

[ Pn—Pp, COIT

*8Ca
s10hs20

r (fm)

Estimated AR ~ 3(<r2>;£2
Even before consideration of Coulomb effects that further
enhances difference!

Much Larger Than Neutron!
Surface radius R ~ \@(r2>1/2

rms neutron skin

(P2 = ()2
N—-Z7, 217 2,1/2
~2 T [< >Pn*ﬂp - <r >Pn+Pp]

rms isovector skin

(r?)34) for 48Ca/2%8PD!
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Data Analysis

do/dQ (mb/sr)

10!

-
o
=)

10-1

®0000000000

Direct Reaction Primer

Doering et al

Phys Rev C 12, 378 (1975)

0

DWBA:

2
ggoc‘/dr\ll’fw\ll,-

@ Oscillations: 2-side
interference/source
size

@ Fall-off: softness of
source

@ Filling of minimae:
imaginary/real

contributions,
spin-orbit E’)‘
NSCL
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Potentials Fit to Elastic in Quasielastic

E.g. Koning-Delaroche NPA713(03)231 same radii for
neutrons/protons, isoscalar/isovector, focus on p elastic

lC.CD: T T T ‘ T T T ‘ T T T ‘ T 3 ; ‘ ——— ‘ —
5.00 — BCa — 10! - ® Doering et al —
Elastic scattering ee — Koning Delaroche
2.00 — — .
.
7] 0
& 1.00 4 > 10
< 1 E
5 050 — =
7 o 1ot
0.20 — °
® McCamis et al
o0 E,=35 MeV — Koning Delaroche 1 oz | Ea=35 MeV
005 P I P B
0 50 100 150 0] 50 100 150
e (deg) Ocm (deg)
p Elastic Scattering QuasiElastic (p,n)
Uo + == U Us only” 9 |
NSCL

Danielewicz, Si
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Data Analysis
[e]e] lelelelelelele]e]

Effect of Changing Isovector Radius

Koning-Delaroche

NPA713(03)231
same radii R for Uy & U;!
U

U
14+exp=f

R%R%*AF)H

charge-exchange cs
oscillations grow

da/dQ (mb/sr)

104

1072 b

Elastic
R

E,=35 MeV  *°Ca

effect of U, radii
growing in increments
of 0.25fm

[

T

LA A A B B

Charge Exchange

QE (p.n) -.

j m IR | B (S
0 50 100 150 @‘
Oem (deg) NSCL

Isovector Skin

Danielewicz, Singh, Lee



Data Analysis
[ee]e] lelelelelele]e]

Effect of Changing Isoscalar Radius

) 10t [ T I B
Koning-Delaroche ; B,=85Mev  *Ca |
NPA713(03)231 103 | .
same radii R for Uy & U;y! 2 | effoct of Uo radii |

E growing in increments
U 1 & of 0.25fm
10+
Golr) o 1 +e>?|c(>) A F el
a g (pp)  Elastic
= | | |
R— R+ AR, A ' i =]
2 Charge Exchange
kel
100
-
10
-
QE (p.n) 1
72 |- —
charge-exchange cs N S T B B | B ©
oscillations shrink ° °0 199 G
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Data Analysis

Impact of U-Radi

A
QE (p.n) E,=45 MeV ]

[U,]

/\/\\:

[Uy] (MeV)

U,

0O000@000000

i on (p,n) Cross Section

— 2.0

0.5

0.0

0.5

21 (-08)4

DWBA
gg ~ |/drw;;(r) U (r) W)

Isoscalar radius responsible for
holes in wavefunctions ¥

Isovector radius responsible for
region where (p,n) conversion
can occur

Isovector Skin
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Modified Koning-Delaroche Fits: “8Ca
In Koning-Delaroche: Ry1 = R+ AR 1 ap1 = a+ Aap 1

l04'§""|""| T T T T ]
08 b I (P.p) {103
(nn) § 21Mev x10% E
Q 410!
Q ] Q
g o 2
= 10 S
[ Q
] ] o
} 31071
lv 7
10—°
N 1 - data 10-3
f—KD - -KD*® E
L T I I I ] @
0 50 100 150 0 50 100 150 N ‘
NSCL
Oem (deg)
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Modified Koning-Delaroche Fits: %0Zr

In Koning-Delaroche:

F)’071 =R+ AROJ

108 ¢

do/dQ (mb/sr)

26.1MeV

ap1 = a+ Aap 1
(P.p) {103
x10%

E ¢ data . 7107°
o KI? ] -I ©w L3 10
0 50 100 150 O 50 100 150
Oem (deg)

Isovector Skin

Data Analysis
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Modified Koning-Delaroche Fits: 2°Sn
In Koning-Delaroche: Ry1 = R+ AR 1 ap1 = a+ Aap 1

108

105 30.3MeV
E . X10 (PYP) to!

£

104

3 i
10 ] 100
— 5 E
Sr/-)‘ 10
TS| 11 &
g 107t §
Na2 ~
a
c ] Q
g 510—2 o
b ]
kol
1073
T 104
_ KDAR E
0 50 100 150 0 50 100 150 [\ ‘

Oem (deg)

Danielewicz,
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Data Analysis
00000000800

Modified Koning-Delaroche Fits: 2°8Pb

In Koning-Delaroche:

109
108
107
108
105
104
103
102
10!
100
10~1
1072
1073
1
105
10-6
107
108

do/dQ (mb/sr)

9
S

Ro,1 = R+ ARy 1

= LI B B L AL B
3 24.1MeV E
a BV x10*  (n,n) ¥10° (P'P)/j
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Constraints on Symmetry-Energy Parameters
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@ Symmetry-energy polarizes nuclear densities, pushing isovector
density out to region of low isoscalar density
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surface is expected to be roughly independent of nucleus and
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Conclusions

@ Symmetry-energy polarizes nuclear densities, pushing isovector
density out to region of low isoscalar density

@ For large A, displacement of isovector relative to isoscalar
surface is expected to be roughly independent of nucleus and
depend on slope of symmetry energy

@ Surface displacement can be studied in comparative analysis of
data on elastic scattering and quasielastic charge-exchange
reactions
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@ Symmetry-energy polarizes nuclear densities, pushing isovector
density out to region of low isoscalar density

@ For large A, displacement of isovector relative to isoscalar
surface is expected to be roughly independent of nucleus and
depend on slope of symmetry energy

@ Surface displacement can be studied in comparative analysis of
data on elastic scattering and quasielastic charge-exchange
reactions

@ Such an analysis produces large isovector skins
AR ~ 0.9fm!
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Conclusions

@ Symmetry-energy polarizes nuclear densities, pushing isovector
density out to region of low isoscalar density

@ For large A, displacement of isovector relative to isoscalar
surface is expected to be roughly independent of nucleus and
depend on slope of symmetry energy

@ Surface displacement can be studied in comparative analysis of
data on elastic scattering and quasielastic charge-exchange
reactions

@ Such an analysis produces large isovector skins
AR ~ 0.9fm!

e Symmetry energy is stiff! L=(65—90)MeV, a) =(33—36) MeV
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Conclusions

@ Symmetry-energy polarizes nuclear densities, pushing isovector
density out to region of low isoscalar density

@ For large A, displacement of isovector relative to isoscalar
surface is expected to be roughly independent of nucleus and
depend on slope of symmetry energy

@ Surface displacement can be studied in comparative analysis of
data on elastic scattering and quasielastic charge-exchange
reactions

@ Such an analysis produces large isovector skins

AR ~ 0.9fm!

e Symmetry energy is stiff! L=(65—90)MeV, a) =(33—36) MeV
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