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Determination of the Symmetry Energy Term in EOS.

Core-Collapse Supernova Neutron Star Mass and Radius

K. Sumiyoshi, Astrophys. J. 629, 922 (2005)

M ] Mautrine: Trapging
(=T T | Rk ) N P U U ([

radius [km]

Mass |:|'-.-1¢:I

time [s]

i 1 , 0.0 B .
: Nucleosynthesis 8 10 12 14 16
& =hbarairg shall Radius (km)
Langanke and Martinez-Pinedo Nenlemn San Cooling Lattimer et al., Phys. Rep. 442, 109(2007)

Neutron Star Structure
Accreting neutron star/white dwarf,

X-Ray burst, Superburst

Meautran

Accration
Stream

N

Accration
Disk

http://www.astro.umd.edu/~miller/nstar.html



Nuclear Equation of State (EOS)

EOS for Energy per nucleon plr)=p,(r)+ P (r)

£ 1) _pr)=p,(r)
2('0’ 5)= Z(p,0)+ S(p)o* + ... o) p,(r)+p, ()
Symmetry energy ?8?;?;0? Density
Py
@@p P)+ (p o) +...
L%PmR

—star

(Baryonic Pressure)



Nuclear Equation of State (EOS

50 T | T | T
| B.A. Brown [PRL 85, 5296 (2000)]
“© "Neutron Matter
>, L (0=1) =
Q Q
z | S
Z o <
[ i > [
10 — —
O 1 | 1 | |
0.0 01 no 0.3

Neutron Density (fm3) |

FIG. 2. The neutron EOS for 18 Skyrme parameter sets. The
filled circles are the Friedman-Pandharipande (FP) variational
calculations and the crosses are SkX. The neutron density is in
units of neutron/fm?>.

Prediction of the neutron matter
EOS is much model dependent.

W —
L — .quR =
—— NEAPR
~— RAPR 5]
o Neutron Matter -~ -
B 8:1 ..-"""F -
=)~ _
: i Symmetry Energy
N (and Coulomb)
i ‘“\JN Fclear Matter (6=0}
. T N O T |_-|_‘_-|"'|_‘_.| L1 -
Q 0.05 0.1 015 0z 0.25

Nucleon Density (fm-)

Steiner et al., Phys. Rep. 411 325(2005)



Proton-neutron density distributions and the

density dependence of the symmetry energy
X. Roca-Maza et al., PRL106, 252501 (2011)

049 F — — - —  — T 1 -
p (fm-B) - e Non-relativistic models T
—~ ¢ Relativistic models =
0.35 B — Linear fit ]
0 1 - p aRnP=D.l'Dl+D.'D'Dl4?L L, i
. i o

Neutron density — !
0.30

Proton density  — .
0.25 |

0.20 |

0.0

0

Neutron skin thickness

1§

Density dependence of the s
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Electric Dipole (E1) Response

Particle (neutron) separation energy

oscillation between

E11- . oscillation of neutron skin
' neutrons and protons

against core?

 e-@
Low-Lying ! neutron skin

Dipole Strength (PDR) 20853,
os GDR
Do EF:'::I
1/5
y
>

0 | Yy | 12 16

S, S, Excitation Energy (MeV)



(Electric) Dipole Polarizability

Fxternal E1 Field X. Roca-Maza et al., PRC88, 024316(2013)

b =096
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= YF o DD-ME - ]

neutrons = E: A0S . :

protons A ?

s 't ]

Electric Dipole Polarizability < Of ;
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L (MeV)
Inversely energy weighted sum-rule of B(E1)

_ he jcrabs J 87 j dB(E1)
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Probing EM response of the target nucleus

O Real Photon Measurements, NRF and (y,xn)
detector

Decay y-rays or
\ / Y (OI‘ xn) neutrons are
@ measured.
@ (or A-x)

Target Nucleus Excited State

O|Missing Mass Spectroscopy with Virtual Photon Only the scattered
protons are measured.

Insensitive to the decay channel.

Total strengths are measured. detector Select low momentum transfer
®¢ (9~0) kinematical condition,

1.e. at zero degrees

Coulomb Excitation at 0 deg.
virtual photon ¢4.®

EM Interaction is
@ - @ well known
(model independent)
Target Nucleus Excited State



Research Center for Nuclear Physics,

Osaka Univ.

High-resolution Spectrometer

Grand Raiden
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Ring Cyclotron Facility II
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Spectrometers in the 0-deg. experiment setup
AT et al., NIMAG605, 326 (2009)

Large Acceptance
Spectrometer (LAS)

As a beam spot monitor
59 60 in the vertical direction

1-F.C. —

gl .
Focal Plane Detectors °
; (GR=2.5,4.5° )
Focal Plane Polarimeter
Scattering
Chamber

]2!:9

Dump-Q Focal Plane Detectors

208pPp target: 5.2 mg/cm?

Grand Raiden (GR)

Dispersion Matching
Intensity : 1-8 nA

0 deg. Beam Dump .
(GR = 0 deg.) Polarized Proton

0 1 2 $m Beam at 295 MeV




B(E1)1(e*fim*)

E1 Response of 28Pb and o

| ! 1 ] v | ! ] 4
BEL) <*——__  4B(E1)}/dEx -
04F T S >
S
2 —~
02F oS
LTl 53
il 3
0.0 =" 0 ~
5
Excitation Energy (MeV)

Ex 0 10 20 130 MeV

Op 2.7 16.2 1.2 fm?3

combined data

total 20.1+0.6 fm3

The dipole polarizability of 2%Pb has been precisely determined.

AT et al., PRL107, 062502(2011)



B(E1)1(e2fin?)

X. Roca-Maza et al., arXiv:1307.4806

0.0

L L ] L| ] I
—_ — r=1).96 Z
<~ 10F o FSU ;
. — : = | »NL3 4]
BENI<-———____ . 4B(EI){/dEx LS N - - .

- : £z = 9F o DD-ME = ;
; . r A Skyrme f
| S S g esvy .
+H I ] = B » » -
LT il e |52 o F e SAMI ;
5 10 15 20 ~ 78 @ TF .
Excitation Energy (MeV) e - i
0 10 20 130MeV i 1
2.7 162 1.2 fm? | [ < h
total 20.1+0.6 fm3 = 0 r l-c" ;
:’ : ML | —— 1 E—— e o 0 o o o 1 o a1 o s :

0 20 40 60 80 100 120 140

I (MeV)

10 2apJ = (4.94 + 0.09) + (0.031 + 0.001)L

R

apJ is a strong isovector indicator.
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L (MeV)

100

Constraints on ] and L

M.B. Tsang et al.,
PRC86, 015803 (2012).

I. Tews et al., PRL110,
032504 (2013)

DP: Dipole Polarizability

HIC: Heavy Ion Collision

PDR: Pygmy Dipole Resonance

IAS: Isobaric Analogue State

FRDM: Finite Range Droplet
Model (nuclear mass analysis)

n-star: Neutron Star Observation

yEFT: Chiral Effective Field Theory



L (MeV)

Constraints on ] and L

M.B. Tsang et al.,
PRC86, 015803 (2012).

I. Tews et al., PRL110,
032504 (2013)

DP: Dipole Polarizability

HIC: Heavy Ion Collision

PDR: Pygmy Dipole Resonance

IAS: Isobaric Analogue State

FRDM: Finite Range Droplet
Model (nuclear mass analysis)

n-star: Neutron Star Observation

yEFT: Chiral Effective Field Theory

QMC by S. Gandolfi et al



PDR strength

E1 Response of 28Pb and o

L] ! ] 4
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combined data total 20.1+0.6 fm3

AT et al., PRL107, 062502(2011)



» Theoretical dependences of pygmy EWSR on J and L are determined using
relativistic energy density functionals spanning the range of J and L values.
Available experimental data provide constraints on theoretical models.

10 11l
[ SBNj ' SN
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sl N ar e s
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.:u- ! ; ! L1 L . ! . L. c-"‘:-"“ L IR RN B | 1
28 30 a2 a4 36 Ja 0 a0 40 G BO 100 120
J [MeV] L [MeV]
Similar approach but different theory =» A. Carbone et al, PRC 81, 041301(R)
(2010)

Exp. Data: Ni : O. Wieland et al, PRL 102, 092502 (2009)
132,1305n: A. Klimkiewicz et al., PRC 76, 051603 (R) (2007)

208pp: |. Poltoratska et al., PRC 85, 041304 (R) (2012)
Courtesy of N. Paar



Determination of Symmetry Energy

M.B. Tsang et al.,
PRC86, 015803 (2012).

I. Tews et al., PRL110,
032504 (2013)

DP: Dipole Polarizability

HIC: Heavy Ion Collision

PDR: Pygmy Dipole Resonance

IAS: Isobaric Analogue State

FRDM: Finite Range Droplet
Model (nuclear mass analysis)

n-star: Neutron Star Observation

yEFT: Chiral Effective Field Theory

L (MeV)

208 :
Wifllj [I;][D)FN][E];A{)SYR 1\?%11;7:15 1] (M eV) We should take care of the model

uncertainty.
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AT RILF—DIRFNZRHSTLND,

208Pb IS DIZDNTHRIBDHARZESD . AT RILEX—IZF
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BE— ISR TETWANEINZETRARS,

=

RFBDMEEZLY LR T HERBET V- BHHEEIERAZTRD
Do



cLHESE

Qll

;5 HLTUL\S1EH]

-SnT7 AV h—T(A=112-124)
-Zr 7 b—T(A=90-96)

¢ 20138 A MRCNPERESEIIFHESI NN OT-,
20142 A DREBEHEEICHEL. 204FEE D T—2HF.
2015FEEDHFERIEHZTHIT,

o T —REVFFE A D R (DCs his tEL i ms. PTREBTE)

%Mo (DCS and PT): D. Martin

8Ca (DCS): J. Birkhan (M1 data, submitted)

NZr (DCS): C. Iwamoto (PDR-region, published in PRL108, 262501 (2012))
1205n (DCS and PT): A.M. Krumbholtz, T. Hashimoto

154Sm (DCS and PT): A. Krugmann

8Sr, 92Mo (DCS): C. Iwamoto

70Zn (DCS):
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