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E/A: binding energy per nucleon K ,: incompressibility
p : nuclear density
p, - nuclear density at saturation

208pp i K ,is obtained from excitation
energy of ISGMR
Q
K,=0.64K,,- 3.5
—. J.P. Blaizot, NPA591 (1995) 435
Knm

From GMR data on 28Pb and °'Zr,

K_=240+10 MeV
[See, e.g., G. Colo et al., Phys. Rev. C 70 (2004) 024307]
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TERDA P L VP2 A% ANTIRETT RS ET 7TV TIEEHTE 2w,

inclination:

(197 T 004)M.\ 89.17+0.02°

30
? A P.B. Demorest et al., Nature 467, 1081(2010)
10+
0
MS0
10} 25 MPA1 1
oo} PAL1
a0l MS2
-40 2.0 230
b 30 SQM3 \ MS1
sl FSU—. —
2 1o T e NN
§ 0 —— T
g - S ey "
21 T . ‘\'
E 20p \\
-30F
-40
c : T
N ] -
10} 3¢l i ¥ i : |
0 ’. ol 3 il e Lb 3! 0.0 . . : : . : :
I I0EY T § g T REET ARk 111 7 8 9 10 11 12 13 14 15
—10F i : i3 g3 1 | 1 Radius (km)
20} 4
30} 4
B T T T B T R T Blue: nucleons

Orbital phase (turns)

Green: strange quark matter
Observation of Shapiro-delay of pulsar signals of a
neutron star - white dwarf binary. 27



il
il
I}
N
rd
=

I—
p=0opk
p: BX

W€ —X >~ b
op: X

P, S 70 il 2R

| ®&xh:

% (electric dipole polarizability)
FHFEGFOBREDT VNGV ANSEL S
d XL RILF—

IxINF— BFEhEFICBEBRINEEN
R ITRILF—DIEZDH

A = [7

I

BFEFREFOIFERT VI VILDE
-
BB DNEZICKLEIEI
— BRULE

[t ¢ B
— REAER Zs<N

Z<N




XN 7 i L

dB(E1)/dw

X

IX

P

AN PR %L

JEWRIX WIS 2> & 7 hiE 2 P o %

IKDE ﬁzz{)ﬂzﬂ/&ﬂﬂ‘%ﬁ

=y
[=]
™

5-; 10° —
L 10
10°
g Ew) ‘ @
8 10 v
&)
§ 10°
= e
0
<

3
A

-
o
'S

10 nm 100 nm 1 um 10 um 100 um 1 mm 10 mm

Wavelength

208PbAZ D W LN [t [

2000

il
(Ll
X
S
£l
Al

| fmk* : 8 ;dMEU
PDR W\\\ o = 7;6'[ 0

\MWW‘ GDR A.B. Migdal: 1944
\ ‘

6 8 12 14 16 18

Eﬂi_ix L E —w(MeV) 29

500}

El
=




P - HGEL T IR 1% O B AR 2 I 5

9

RIBHFIC K BDIRFZDRE:
77 BT 8EL(0°)

o __—®
V|rtual photon
@ Detector
@/ BFRAOHERINT 2

— InclusivellE (2R E)

30



@ Coulomb Excitation by Proton Scattering

RCNP
High resolution of 20-30 keV:
dispersion matching.

o)
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Proton scattering &t\‘\%‘ ;I‘ !“vﬂ

X '\‘“\\\» Ve
at very forward angles VAN
at RCNP, Osaka Univ. ~ DSR Y,
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/

A\ /
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(GR=2.5,4.5° )

Scattering
Q
Chamber
Dump-Q A 208Pb target: 5.2 mg/cm2

Intensity : 1-8 nA

é

Focal Plane Detectors

72,”

Grand Raiden (GR)

0 deg. Beam Dump

Polarized Proton
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Beam at 295 MeV
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AT et al., NIMA605, 326 (2009) 31
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Excitation Energy (MeV)
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do /dQ (mb/ sr)
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J711: Multipole Decomposition Analysis (MDA)
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AE, = 13.0-13.5 MeV
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J71£:2: Polarization Transfer Analysis (MDA)
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208Pb D B B T BB IEB(E]) & BRADMR oy
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(E)/ E ] =X
=02 ; @ IS
- E = E
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0.0 . L 0 N—’
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Excitation Energy (MeV)
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combined data total 20.1+0.6 fm?3
208Pb ) F 5, DIREIE L < e o 72

AT et al., PRL107, 062502(2011) 38



B(E1)1(e*fm?)

do/d0dE, (mb/sr/10keV)
o
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=
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= =

X\

§:,\1r7f : 208Pp, 120Sn

2OCpb(p.p’) at EF_,=205 MeV

©
~
L

=
(N
T

S
o

T. Hashimoto et al., PRC92, 031305(R)(2015).

o (v,xn) ’
Lepretre et al., NPA’79 $

30—

80
IQOS
n 120§
70— n
o
(p, p)
— 60 ¢ e
= e (v,n)
~~ 90~ Utsunomiya et al., PRC’11 %.
N e (v, xn) 1
40 ) T +
m Fultz et al., PR’69 i T
=
~a

i

B,
20l iﬁ ﬁﬂ% %j

10— . ++ t*
Olst™™ | | | | | | |
6 8 10 12 14 16 18 20 135 MeV
Excitation energy (MeV)
1.12 £ 0.07 7.00 £0.29 0.82+0.12

Total: a, = 8.93 £ 0.36 fm?
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T. Hashimoto ef al., PRC92, 031305 (2015)
S0
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70 |-
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= o0l $i t #f‘& #, i
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X. Roca-Maza et al., PRC92, 064304(2015)
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44 T ————— -
F© EDFs :
40 - -
- 5 oo r
7 36 h
> | o ]
~ 3
32 | o From aoexp(saNi) ]
[ ¢ o % From aD"p(12°Sn) ]
28 [IFrom o, ™ (*°Pb)]
" PRI TN (T T TN TR TN WA NN TN W N T N
40 60 80 100 120
L (MeV)
68Ni@GSI: D.M. Rossi e al., PRL111, 242503 (2013).
S0ﬂ=J+—£%p—mJ+ ™ (p=p,) +
3p, 18p,
12 % VR X
Nucleus Arpny (a) Aryp (b) Arpy (c)
58Nj 0.15-0.19 0.18 + 0.01 0.16 + 0.04
12064 0.12-0.16 0.14 + 0.02 0.12 + 0.04
208pp, 0.13-0.19 0.16 + 0.02 0.16 + 0.03
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L (MeV)

120

100

Constraints on J and L

Tsang PRC2012

HIC: Heavy Ion Collision Analysis
Tsang PRL2009

IAS: Isobaric Analog State Energy
Danielewicz&Lee NPA2009

PDR: Pygmy Dipole Resonance in
132Sn, 68N1, Carbone PRC2010

FRDM: Finite Range Droplet Model
Moller PRL2012

n-star: Quiescent Low-Mass X-ray
Binaries, Stainer PRL2012

XEFT: Chiral Effective Field Theory,

Tews PRL2013

QMC: Quantum Monte-Carlo Calc.
Gandolfi, EPJA50, 10(2014).

DP: Dipole Polarizability
208Pb AT PRL2011
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IAS: Isobaric Analog State Energy
Danielewicz&Lee NPA2014

(MeV)

A
g
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quoted neutron-skin studies

— SHF —
T O 1.3<|Aa,|/da,<1.5 3
- B 1< |Aa,|/da, < 1.3 3
— ® |Aa,|<da, —
E O M/ (i) min < 1/N, P U
3 o L
- , - .
— = —
— o © -
E_ SHF w/interpolation _E
N 1] 1aS ]
— B 1aS +aAr,, —]
- 1 | | | I I | | | I | | L1 1 1 | | I | | L1 1 1 | | 1 .
0 20 40 60 80 100
L (MeV)

Nucleus Reference Data source Arpp [fm] Ar,(:;,F [fm]
48Ca Friedman [93] pionic atoms 0.13£0.06
Gils et al. [94] elastic « scattering 0.175 £ 0.050
Ray [95] elastic p scaltering 0.229 £ 0.050
Clark et al. [96] elastic p scattering 0.103 +0.040
Shlomo et al. [97] clastic p scattering 0.10+0.03
Gibbs et al. [98] elastic 7 scattering 0.11 £0.04
combined resulls 0.129 4 0.053* 0.218 £ 0.015
50Tq Gils et al. [94] clastic o scattering 0.031 + 0.040 0.133 +0.011
64N Ray [95] elastic p scattering 0.167 £ 0.050 0.102 £ 0.015
1165 Ray [95] elastic j scattering 0.146 £ 0.050 0.103 + 0.015
1245 Ray [95] elastic j scattering 0.252 4 0.050 0.184 + 0.021
201p Zenihiro et al. [99] elastic p scattering 0.178 + 0.059 0.161 + 0.024
206py, Zenihiro et al. [99] elastic p scattering 0.180 L 0.064
Starodubsky et al. [100] elastic p scattering 0.181 £ 0.045
combined results 0.181 £0.037 0.172 £ 0.024
207py, Starodubsky et al. [100] clastic p scattering 0.186 4 0.041 0.178 + 0.024
208pp Starodubsky et al. [100] elastic p scattering 0.197 4 0.042
Ray [95] elaslic p scatlering 0.16 £ 0.05
Clark et al. [96] elastic p scattering 0.119 + 0.045
Zenihiro et al. [99] clastic p scattering 0.211 £ 0.063
Friedman [93] elastic 7 ! scattering 0.11 L 0.06
Friedman [93] pionic atoms 0.15 £ 0.08
combined results 0.159 £ 0.041* 0.179 £ 0.023

any average effects of asymmetry on the reactions competing with a variety of physical effects
subject to modeling uncertainties. In this paper we attempt to learn about the average effects of
neutron—proton asymmetry on nuclear energies, exploiting excitation energies to isobaric analog
states and to reach the conclusions in as model-independent manner as possible. Our early efforts
in this direction have been reported in [1-3]. As we progress, we find that we need to reassess
our strategy.
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L (MeV)

Constraints on J and L

1 20 [ B B B B B e Tsang PRC2012
_ - " HIC: Heavy Ion Collision Analysis
- - = | .~—| Tsang PRL2009
1 AS |~ -
100

o ‘C -1 IAS: Isobaric Analog State Energy
- | H Danielewicz&Lee NPA2009—2014

PDR: Pygmy Dipole Resonance in
132Sn, 68N1, Carbone PRC2010

FRDM: Finite Range Droplet Model
Moller PRL2012

n-star: Quiescent Low-Mass X-ray
Binaries, Stainer PRL2012

XEFT: Chiral Effective Field Theory,
| Tews PRL2013

QMC: Quantum Monte-Carlo Calc.
Gandolfi, EPJA50, 10(2014).

DP: Dipole Polarizability
208Pb AT PRL2011
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L (MeV)

Constraints on J and L

120"II|II||||||||||TsangPRC2012

HIC: Heavy Ion Collision Analysis
.—| Tsang PRL2009

100 | T ’ XC -| IAS: Isobaric Analog State Energy
—~" B Danielewicz&Lee NPA2014

PDR: Pygmy Dipole Resonance in
132Sn, 68N1, Carbone PRC2010

FRDM: Finite Range Droplet Model
Moller PRL2012

n-star: Quiescent Low-Mass X-ray
Binaries, Stainer PRL2012

| xEFT: Chiral Effective Field Theory,
Tews PRL2013

QMC: Quantum Monte-Carlo Calc.
Gandolfi, EPJA50, 10(2014).

DP: Dipole Polarizability
208Pb AT PRL2011
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LA-UR-16-26401 Sagawa and Moller

The optimal values of the asymmetry variables J and L that we obtained from the mass model

FRDM (2012) study are

= 323+0.5 MeV
= 535+15 MeV

with the minimum rms deviation of oo <560 keV as shown in Fig. 2. The above optimal L value is
somewhat smaller than the value in Ref. [3], because‘ we have implemented a more accurate calcula-

tion of the zero-point fluctuation effect

FRDM: Finite Range Droplet Model
Moeller ADNTD2016

see [2] for more details.

46



L (MeV)

Constraints on J and L

120"II|II||||||||||TsangPRC2012

HIC: Heavy Ion Collision Analysis
| Tsang PRL2009

- / .
-
100 | T ’ XC -| IAS: Isobaric Analog State Energy
° “ Danielewicz&lee NPA2014

PDR: Pygmy Dipole Resonance in
13281, 68N1, Carbone PRC2010

FRDM: Finite Range Droplet Model
Moller PRL2012—ADNTD2016

n-star: Quiescent Low-Mass X-ray
Binaries, Stainer PRL.2012

| xEFT: Chiral Effective Field Theory,
Tews PRL2013
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PDR: Pygmy Dipole Resonance in
1328n, 68N1, Carbone PRC2010

Wieland: PRL2009

In summary, we have here presented the first experimen-
tal search of a pygmy resonance in the neutron-rich *Ni
nucleus using the virtual photon scattering technique.
Evidence is found for the presence of sizeable strength
energetically located below the GDR and centered at
~]11 MeV with approximately 5% of the EWSR strength.
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Quiescent Low-Mass X-Ray Binary
(qLMXB) or Transient LMXB

Low Mass X-Ray Binary (LMXB) {KE EX#iEE

is a binary star where one of the components is either a black hole or a neutron
star, and the companion star mass is relatively low.

The word Quiescent means inactive or more-specifically low-luminosity phase.
X-Ray emission during the quiescent time is 4-5 orders of magnitude fainter than

during outburst. Accretion Outbursis of the NS Transient Aql X~1
Cen X-4 and Aql X-1: van Paradijs et al . (1987) wofF — v T T T T T
Transient LMXBs
Accretion . . Xray heating
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Constraints on Symmetry Energy (J and L)

n-star Mass vs R

Tsang PRC2012

2.5 1
P L97(4) M, |
~ T : \

S 15 > 14 M,
= F 32 8 1
1 \ : e BT 4
[ % 350 ]
05 /\\\ %ﬁ;
; LE_ =305McV (NN)” o - D e

O A A i A A A A "

[+4)
o}l

Danielewicz&lLee NPA2009

Moller PRL2012

Binaries, Stainer PRL2012

| HIC: Heavy lon Collision Analysis
~| Tsang PRL2009

-1 IAS: Isobaric Analog State Energy
PDR: Pygmy Dipole Resonance in
132Sn, 68N1, Carbone PRC2010

FRDM: Finite Range Droplet Model

n-star: Quiescent Low-Mass X-ray

rr- Chiral Effactivio EQ]A Th
r 7'_|_| T T I

37 QMC Calc. M

=

Mass [M ]

any,

7

54




KEZDES)

FEFEDES (B

HEFEORE S

HEm2i YS9 5
k% 2 RRE T RS

FEFEFE  (km) 554 = —ft 55




e el A Y LN
B8 /15K 0D &5 H
= = /} VAN
SR E % BX  Lar
DIGITAL
| | zm—y ANFp— S - AR A=Ay 5
FE He BR EF-Ivx— EHE FTYIEYAIVR AR -TXLF— M8 @BFIARY

WEFHTIIIL > BN YA TUZ FH- XX DEERER

DEE, ENRTHRA RERMSKD RKRINL-—-T

HAEt, FESSE HBE 20175108 16H23K214%

A95u7 A=) B
146 list 9

REHNSKRT

¢n_=laf¢:&z,|r;;uanu IS 1 - 3EMAERNI—DD T ‘P
KR, HNAKUETE, EAE &%
TERAT ST &KLz &, KROFAR
JI—=7H1 6 8. FEEUT. ?ﬁ D

BIAEP>T B BAR EFHDD

I, BERL SO AR ESAT-OEHERT
PNHT, KRR OMIGFERE L THE
ahd. XEME "7V NL - LE2

LI =X BERRXHIEHE NS,

BAOE & TI3vIR—)L D&SRE

WA N 2 BRIC 4 U BB DR ht
HETETRDOLS ICENDEEND, 7

it 1YY HLVHM 0 0 ERIICEEAET
L. 201 5FCPHTHREZ N, R

BSED J—RIEER (RIEN T,
d BANOBEBBEFEh TV, #Bkd

@&tﬂénn Eﬁib’l HWwIhe, XER

2TWeZ2D 4’&?! (illi:&%oﬂ 25~1 - 61%) h‘—?lu%bfh%(gi

56



lml
(1L
S/
X<
St
—

pc
N

h at20 M
o

A

-6t

Simulation A. Bauswelin et al.

% 5 10 15 20 25
t [ms]
Time (seconds)
-10 -8 -6 -4 -2 0

500 6
3
_R £
<) 4 &
2 g
S 100 b
S ks
g 2%
=50 -
Z
0
GW — %
PRL119,161101(2017) s %‘
X
1 3
-6 T T \\i T T /' T T 0 =
Advanced LIGO 2125 -1 075 -05 -025 0

Time (seconds) 57



Constraints from the N-Star Merger GW
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Mass (Mg)

N-star merger GW analysis is giving constraints on the nuclear
EOS that are consistent with the study of atomic nuclei.
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