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Physics of Neutron Star Matter
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M-R Relation and EOS

# Solving TOV eq.
starting from the “initial” condition, £(r=0) = ¢, = given
until the “boundary” condition P(r)=0 is satisfied.

— M and R are the functions of &(r=0)
and functionals of EOS, P=P(¢).

M=M (¢)[P(e)] ., R=R(e])[Ple)]

— M-R curve and NS matter EOS : 1 to 1 correspondence

EOS \ Mass (M) \

Softening from h Softening

non—nucleonic

DOF TOV Eq.

E/A
"

Mass
observation

> >
: Radius (R
\\ p, 2p, Density(p W \ MR relatai()I;iS( )/
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Nuclear Mass

8 Bethe-Weizsacker mass formula
Nuclear binding energy is roughly given by Liquid drop.
Nuclear size measurement — R =r, A3

7?2 (N —Z )‘? ép

Al/3 — Qa A T ap A

B(A, Z) =ayA — a A% — ac

Volume Surface Coulomb Symmetry Paring

I 4 PcdnR D
AR TR a

# Ignore Coulomb, consider A — oo,

BlA=a,(p)—a,p)d , 8=(N—-2Z)/4
a,~16MeV , a,~30MeV

Coef. may depend on the number density p
— Nuclear Matter EOS
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Nuclear Matter EOS

# Energy per nucleon in nuclear matter
E<p’6):ESNM<p)+ESym(p)62 , 6:(N_Z)/A

s Saturation point (py, Eg) | DY

po ~ 0.15 fm-3
Ey)=—a, ~—16 MeV Pure Neutron

Matter

(nuclear radius and mass)

s Symmetry energy S(p) / - p
S(p)= Epnm(p) — Esnm(p)
- E(P, 6=1) — E(pa 6=0)
S() = S(p()) ~30 MeV
(mass formula)

Sym. Nucl.
Matter

(p() ’ EO)

Nuclear Matter EOS can be, in principle, determined
by terrestrial (laboratory) nuclear physics experiments !
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Nuclear Matter EOS

# Additional two important
parameters: K and L

# Pressure is given
by the derivative of E via p

P=p>*(0Eldp)
At p,, L determines P
P=p,L/3 (at P=py)

ElA(p,d)=¢(p)+E,,,(p)d +O(d")
Symmetric Nuclear Matter

c(p)=clp 8L

+ +0((p—p,)’
s s0l(pp))

Symmetry Energy (8=(N—-Z)/4=1-2 Yp)
L<p_p0> Ksym<p_p0>2

E =S, + +
sym(p> 0 3p0 18pg

+0((p—p,)’)

1E/A Neutron

ym.
Matter

Py

K
(p,, E/A(p))
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Neutron Star Matter EOS

# What happens in low-density uniform neutron star matter ?

@ Constituents = proton, neutron and electron

@ Charge neutrality — # of electons= # of protons (p.=p,=p(1- 0)/2)
ENSM(p):ENM(p’ 6)+Ee(pe:pp>

:ESNM(p)+S(p>62+

(electron mass neglected,

neutron-proton mass diff. incl.
k.= Fermi wave num. in Sym. N.M.) Matter

@ 0 is optimized to minimize
energy per nucleon

ENSM<p)SENM<p’6:1>:EPNM<p)

AM 3 473
—0+— 1—90

K.

Pure Neutron

Unif. NS

ytter

>~ P
Sym. Nucl.
Matter
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HHTLRILFE—DER

s Fermi Gas model TOFHT=YDEEITRILF—

Zahks, N3IRRE, 3. 17 L
e S G N B -0
sym. K 4 5 9 A5 2m & | ' :

E

“:%E].- 4 %4‘?,:5"J + O(5Y
a_ (FG)=E/3~11MeV &3Y  HEAAD a_ ~23 MeV
(surface 2EZd¢& a__ (vol) ~30 MeV) EHARTEREE,

=YIXHEEER
s BYDF 5 D>t ﬁﬁl*)lx#—’é RMF TEHEL TAHEL LD,

ImR 18, o » [ g)(p—p,) 2o0sd
2m,Aag ) .
_ Ym (43 —30M — RMF par. &Y

L=F_.+3Aa, .~ 90MeV
’ ' «— Optimal value KYDHLKELN
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Simple parametrized EOS

# SKkyrme int. motivated parameterization

3 a(p B (p )1“
Foxag = 2 Ep(p) : i

EF(po>(1+3v)) 5= HTV[

—Fy + lE’F(,Oo)] .

2
— 2 (Bo(147) -
o 7(O(Jrv) =

# Symmetry energy parameterization

() = 2Er() + S0 - LEr(o)| (2)
P—SFP 0 SFPO %
L — 2Er(po)

’ysym — 350 _ EF(p())

== \PQS
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K=220 MeV, S;=30 MeV

L

Simple parametrized EOS

220 MeV —
(180-340) ———

360 —

K=

-
o0

60 1

-’
=T -l

(AQIN) (N 12d

) d

50 MeV —

F
L=(45-70) MeV

e

0.4

!

(2

0.1

pg (fm )
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Simple parametrized EOS
Sy, L)=(30 MeV, 50 MeV)

2 - -’:':::‘1:\ i
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7 MY \)
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> L w§19h6® !
R |
K=220 MeV — Il

0 (180-260) MeV --- S
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R (km)
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Simple parametrized EOS
(K L) (220 MeV ‘30 MeV)

S 30 MeV —
80_24 -34 MeV --- i
\
11
Py
L ”“
S L
@D G"&h / I'"l‘ll |
& o r Ty
7 o AR RN
. o / AN BN
r f '\H'

2 4 6 8 10 12 14
R (km)
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Simple parametrized EOS
(S, K)=(30 MeV, 220 MeV)

2 4 6 8 10 12 14
R (km)
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Symmetry Energy affects MR Relation of NS

s Nuclear pressure at p. comes ONLY from Esym,
then Esym dominates pressure around p_ !

s 5 MeV Ditterence
in Esym results in ST L L B
(3_4) km difference error assoclated with E_“_Frn
in R prediction.

I—_'ﬁ_ ;Ilﬂﬁnml n_ﬂm l_" —
8 9 10 11 12 13 14 15 16
R (km)
Gandolfi, Carlson, Reddy, PRC 032801, 85 (2012).
Ohnishi @ Osaka U., 2014 13
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Symmetry Energy

s Summary of Nuclear Symmetry Energy workshop
NuSym11 http:/www.smith.edu/nusym11
Egym(po) = 31-34 MeV, L = 50-110 MeV
extracted from various obsprvf)%ﬁ_nps-_ e
@ Mass formula wmoller ('10) |
@ [sobaric Analog State

40}

Danielewicz, Lee ('11)
® Pygmy Dipole Resonanc o |
Carbone+ ('10) v 30

@ Isospin Diffusion
Tsang et al. ("04)

@ Neutron Skin thickness
J.Zenihiro+ ('10)

8 Chb®DBL<Epy LL'F
DEETOH Esym [ZHE,

Density p/p,
- M. B. Tsang et al., Phys. Rev. C 86 (2012) 015803.
WTYITPay
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Nuclear Symmetry Energy (NuSYM 2011)

ows
HIC
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Tsang et al. ('12): NuSYM 2011
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Nuclear Symmetry Energy (Lattmier-Lim, 2013)

T T T | T T T
-
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S, (MeV) Lattimer, Lim ('13)
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Nuclear Symmetry Energy (NuSYM 2013)

‘Analyses of Terrestrial Experiments /

Analyses of Astrophysical Observations

-

N3tar r-mode instability
(Vidana, 2012) A 7]

NStar gravitational binding energy (Newton & Li, 2009)

NStar M-R analysl

NStar M-R analysis2
(Steiner & Gandolfi 2012) r-mode instability |
L NStar crust oscillation (Gearheart et al. 2011) (Wen et al., 2012)

26 28 30 32 34 36

E,..(p,) (MeV)

B. A. Lietal ('13)
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Nuclear Mass

# Larger symmetry energy — B.E. of n-rich nuclei become smaller.

@ Volume and surface symmetry energy

Ey.(4)=a,(4)=S,-8. 4"
(6=(N-Z)/A=1-2Y )

Z? N — 7)? i)
B(A, 7Z) =a, A ——asﬂlm——ac;ﬁ?g——aa( ) P

@ Finite Range Droplet Model
P.Moller, W.D.Myers, H.Sagawa, S.Yoshida,
Phys. Rev. Lett. 108, 052501 (2012)

S =325%+0.5MeV, L=70x=15MeV

@ Density Functional (UNEDF)
Kortelainen et al. (2010)

A Ty

L (Mev)

KOHFPMHPH Ffﬂ| ?J ﬂ)

ms-f- UNEDFU HF
a0k
60 F
40k
20F =
<
O "-w(_}ao
=20 C. P | P
24 2 78 3 32 4 36

Lattimer, Lim ('13)
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Well, relax (rough idea)

# When L and Sv are linearly correlated as
L=aS§ +b,
Symmetry energy is given as
E .(X)=Sv + L(x-1)/3=Sv (1+a(x-1)/3) + const. (indep. of Sv)

(x=p/p,)
— That observable determines symmetry energy
most effectively at x =1 — 3/a.

# Nuclear mass: a~ 14
RFEEEIX x~1-3/14=0.78 s BELDMHBIRILE—%
K<ROB
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Pigmy Dipole Resonance

# E1 response of nuclei

@ Giant Resonance: p and n oscillates collectively.
E* ~80 A'° MeV

@ Pigmy Dipole Resonance:
Core oscillates in neutron skin/halo
E* ~ (5-10) MeV

@ Soft E1 excitation
When n wi is extended,
direct dissociation ¢ also shows a peak.

PDR would be sensitive to Esym I

==\ Qs
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PDR of neutron skin nuclei

# Energy Weighted Sum Rule value
of PDR would has linear dep. on L

8 PDR of very neutron rich nuclei
will be measured

at RIBF-SAMURALI

(T.Nakamura et al.)

B 1 1 15 2 2 1
Excitation Eneroy [MeV]

i

S

53'.'I

T.Inakura, T.Nakatsukasa, K. Yabana

_ Phys.Rev. C 84, 021302(R) (2011)
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Isospin Diffusion

a Collision of nuclei having different n/p ratio
— fragments with medium n/p ratio will be formed

(Isospin diffusion)

# Driving force of isospin diffusion

=S

ymmetry energy

. 2X — Xjo4+124 — X112+112
R;, = _

X124+124 — X1124112

oL Zisn+sn (no diffusion)
-
2 1/3
p p p z
0.5 B50F
O
- 5 0
O 0 b 5 .............. é .....
% o
0.5 DATA
~LOnEg TTEg T diffusion) ]

1.0
0.5
0.0
-0.5

| -10f
“ 1.0

0.5
0.0
-0.5
-1.0

e 1248n iso-SH 7

K=
@ 0 & &F N
1128 ]

[ 11280 Elab=50MeV, b=6.5fm

~ 1248 150-SKM .

0

10 60 80 100 120 1
time (fim/c)

20 40

Tsang et al. ("04)
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Skin Thickness & Dipole Polarizability
a Skin Thickness 6Rnp 4

@ Larger L
— Small ES at low p

ym

Large ESym at high p

— Larger 6Rnp

# Electric Dipole Polarizability o

l1€p
n)(nlV10) 2
W)=10)— +O(E”)
ngO En_EO ) R
AL (0D n){(n|DI0)
D—<wIDIw>—2EnZ>ZO E_F,

(12897[_[ ngOE])

|
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Skin Thickness & Dipole Polarizability

. Strong corr. btw '_g 0.49£ e Non-relativistic models ' 1
° ° i _§ . Rv_elam'larlc models :~
o and skin thickness S TR
° o o . ..
(smaller restoring E 0.19 g O
g 0.18 = b .)'...’...i,’fr‘_;.j“’
force — soft) - s g oz BRYA
g 016 5| B0l o e
s Skin thickness is g 015 SVemin]  Z
0.14 o = o015k ‘gﬁ."v? % 2
also correlated ~L £0s=0.98 R N
. 136 140 144 148 5 [ . ‘
with L. dipole polarizability (fm?/MeV) A 010 = e ol
(op) Rei L (MeV)
. einhard, ,
s Precise data from RCNP Nazarewicz ('10) oca-Maza et al. ("11)
! v [ I T T T T 4 R I .__,I-I S
— BELT <— dB(E1)1/dEx < AR
& 04F 1 - 5% 100l TS e ]
C"g E z J_,.--"r.- : H
| «— v
N {2 =4 o I
< 02F 58 = :
0.0 M= - - o 2 gl
5 10 15 20
Excitation Energy (MeV)
Ex 0 10 20 130 MeV
Up 2.7 16.2 1.2 fm3 28 30 32 34
combined data total 20.1+£0.6 fin3 Tamii et al. ('13) J (MEV}
- Yo TP 4 Ohnishi @ Osaka U., 2014 24




L (MeV)

100}

Constraints on J and L

AT et al., to be published in EPJA.

M.B. Tsang et al., PRC86, 015803 (2012).
I. Tews et al., PRL110, 032504 (2013)

DP: Dipole Polarizability (this work)
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
(A.W. Steiner et al.,)
cEFT: Chiral Effective Field Theory
QMC: Quantum Monte-Carlo Calc.




Quasi Periodic Oscillation of Neutron Stars

8 QPOs in afterglow of giant flares from soft-gamma repeaters
(SGRS) (Barat+ 83, Israel+ 05, Strohmayer & Watts 05, Watts & Strohmayer 06)

@ SGR 0526-66 (5th/3/1979) : 43 Hz " iem <l —em |
@ SGR 1900+14 (27th/8/1998) : ”—““*-““-““ggf“-“’f
28, 54, 84, 155 Hz oon "lll =
> SGR 1806-20 (27th/12/2004) : ”| .f"'\ i ’LH} m
18, 26, 30, 92.5, 150, ol | ! \ 1l ]||| “ | “lm |
626.5, 1837 Hz il il\' I “
Strohmayer & Watts (ED{IJIS) i TV

# Asteroseismology B

T {2}

@ From star quake to stellar properties (M, R, B, EOS ...)

@ Low frequency (e.g. 28 Hz) requires long wave mode.
— Torsional oscillations of the crust

C \?Qs
- Y TP # Ohnishi @ Osaka U., 2014 26
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OPO and Symmetry Energy
s Torsional oscillations (12 iEEh)

@ incompressible (no density perturbations)

@ Frequency 1= Z(l_|_1>2\Tf[SR ’ VS:M

n: shear modulus, vs: shear velocity
(Hansen & Cioff 1980)

# Shear modulus of bcc lattice depends on nuclear charge
— Dependence on the symmetry energy

core crust .
> . for bee lattice (Strohmayer+ 1991)

-
4 = 0.11947(Z¢)
()

n, : number density of quark droplet
Z. : charge of quark droplet
a : Wigner-Seitz radius

Ohnishi @ Osaka U., 2014 27



OPO and Symmetry Energy

# For a given set of (ML,R), we can solve 35—
. i —9— KOZISOMeVE
TOV equation from the surface. i o Ki-230MeV
R . R R = 25¢f -m- Ky=280MeV -
N 0
# Torsional oscillation frequencies are = rv. Ky=360MeV
calculated using EOSs with various o | Y j
o ]_5_— ':-";;." ]
(LﬂK)° ®-- = . ]
: "n2 ! : i
Oyamatsu, Iida ('03,'07) S lamatzm
. 0 50 100 150
# Compared with observed freq. L [MeV]
— constrains on L (small dep. on K)
Ll LI * E
B { 1 =)
A4 jesanances L jCdse
- T %)
o 2
E, il “ * i . - 1|case 2 g-'
| . Irﬁissing 26Hz qEL:-"

.. . Newton+ 12

o A,
& o &

. ,»:." < o 1.,2\*. 3 \; . e
° ° s 4
.=y ITP oS Large L or missing 26 Hz I Sotanit 13
s s memror _ # nishi @ Osaka U., 2014 28
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Summary

# Symmetry energy is decisive in neutron star matter EOS, and is
related to various properties of nuclei.

s Experimental & Theoretical studies are in progress.

# If you have a new idea
to determine Esym,
please propose as soon as possible.

Mass
& Exc. Spec.

|Analyses of Terrestrial Experiments 7 Analyses of Astrophysical Observations

NStar r-mode instability

T (Vidana, 2012) -
NStar gravitational binding energy (Newton & Li, 2009)

NStar M-R analysis2 . _
(Steiner & Gandolfi 2012) r-mode instability
| (Wen et al., 20123

T NN ST N HN S SN
26 28 30 32 34 36
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Thank you !
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