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e Neutron stars (NSs) & equation of state (EOS)

— nuclear saturation parameters



Properties of Neutron Stars (NSs)

R ~10-14km

M/MQ ~ 1.4 - 2.0
p ~10"® g/cm3




NSs

e produce via supernova

e eXtreme state

— high density inside the star;
central density may become ~5 x nuclear density

— strong magnetic field;
existence of “magnetars”, where B~10"* G
stronger than the critical field strength of the quantum electrodynamics

— strong gravitational field;
GM/Rc? ~ 0.2 (NS), 0.2 x 10° (Sun), 0.7 x 10° (Earth)
e NSs are a unique environment for understanding the physics under
such extreme conditions
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How to construct NSs

of the spherically symmetric equilibrium of cold NSs.

dP Gm( 4nr’P P 2Gm "
—=—-p—F| 1+ > l+— || 1-—
dr r mc pc cr
dm 5 relativistic correction
—=4nr'p
dr
P=P(p) equation of state (EOS)
R=r @P=0 /

>

M =m(R)

InP /[;C

Inp

}M

Tolman-Oppenheimer-Volkoff (TOV) equation gives density profile

i (M,R)

R

EOS is essential to construct the stellar model, but still uncertain.
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Cold NS & EOS

X MPA1 MSO
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O PAL1
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()]
% Double neutron star
>

1.0

0.5 information from

terrestrial nuclear
Demorest+ 10 experiments
0-0 | 1 1 1 1
7 8 9 10 11 12 13 14 15
Radius (km)
NS observations can make a constraint on EOS!!
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0SS near the saturation point

e Bulk energy per nucleon near the saturation point of
symmetric nuclear matter at zero temperature;

w

SotWg
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w (energy)
A

incompressibility
:w0+(n—n0)2+ [SO—'—S@

18n3

pure neutron
matter (o=

O

gradient)

_ symmetric
S ! nuclear matter
(a=0)

symmetry parameter

(n —ng)| o?

Any EOSs can be
characterized by the
saturation parameters

stable nuclei

% (curvature)

experiments for
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L(p,)/MeV

constraints on L

160

120

80

Iso. Diff. &
double n/p
(ImQMD,
Atomic masses 2009)
and n-skin of
| Snisotopes Nucl. Mass
(2011) (2012 Nucl.
T Mass
[AS+n-skin Isoscaling T (2010)
(2013) (2007)
@ ﬁ (2007
. Isospin .
FRDM n-skin ) Diffusion o
analysis (2012) Iso. Diff. (IBUUO4
of masses (ImQMD, 2005) Y .
(2012) 2010) Optical Pot.
—— DM+n-skin (2010)
(2009)
With no or incomplete error information SHF+n-skin
(2010)

Analyses of Terrestrial Experiments

Analyses of Astrophysical Observations

considering neutron

superfluidity
NStar MR (Sotani et al., 2019)
NStar r-mode analysis1

a-decay instability (Steiner, NStar gravitational

eneray (Vidana, 2012)  Lattimer & biding eneroy
A Brown 2010) (Newton & Li, 2009)
(Tzrg?s. Flow p-decay Dipole ‘

@ energy polarizability ’ i

TF+Nucl.
Mass
(1996)

Fiducial value of L=58.9+ 16 MeV

Mass-defference

and n-skin NStar M'R t-mode instability
analysis2  (wenetal, 2012)
(Steiner &

NStar crust oscillation
(Gearheart et al. 2011)

Lietal 19

Gandolfi 2012)

12/24/2019

fiducial values

.~ 589 *+ 16 MeV
So = 31.6 = 2.7 MeV
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Ko = 230 + 20 MeV

(Shlomo+ 06, Piekarewicz 10)

NStar crust oscillation




neutron stars

Structure of NS

- solid layer (crust)
- nonuniform structure (pasta) crust

- fluid core (uniform matter)

In particular, the nuclear saturation
parameters become important in

e physics in crust region

e Jow-mass NSs itself

Oyamatsu (1993)
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pasta phase

0.14 G I I I I I I I,
T Oyamatsu & lida Of7
—~ 012 I\ — pasta nuclei
LR I o fission instability 7
S \ X proton clustering
= \
(2] .
S 0.10} S uniform matter .
S o
g SS A
g 0.08 Y B X F —
c = -~
< gastal phps - C
ko) L e T v
=S | IR I NN NS
c 006 :—___‘___——__'_ o .O . X ]
o © o Spherical nuclei
0.04 | | | | | | |

0 20 40 60 80 100 120 140 160
L (MeV)

e Whether pasta phase exists or not depends strongly on L.

e For L =z 100MeV, pasta structure almost disappears.
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mass formula

. TOV egs
e wellFknown mass formula of stable nuclei d P=0

— Bethe-Weizacker mass formula P. EOS
— due to the density saturation

you can get a NS model !l
e How about NSs 7?7

— structure of NS is determined as a result of balance of
gravity & pressure gradient.

— in general, not so simple...

e we are successful to derive a mass formula of low-mass NS

— as functions of nuclear saturation parameter n & central
density

— almost independent of the EOS models

BHf- AR a A MND—~2 3y
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low-mass NS models

M unstable
e low-mass NSs stabl
— low-central density
— EOS for low-density region plays an important role >/0c

* EOS of nuclear matter for p=s o, (normal nuclear density) would
be determined with reasonable accuracy by terrestrial nuclear
experiments.

- 100 —
< I [
O S 60r
= 80?’2{50_—
S — 40
5 60 30_0.
[ 30
=
o 40
o
5 20_ Fermi-gils///no
GC) //// y 32
L [, e E .= 30.5 Me\| (NN)
! | , | . | . I .
% 0.1 0.2 03 04 0.5
tron Density. (fm °. Gandolfi+12
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low-mass NS models

M

low-mass NSs
— low-central density

>
— EOS for low-density region plays an important role P

EOS of nuclear matter for p s p, (hormal nuclear density)
would be determined with reasonable accuracy by

terrestrial nuclear experiments.

For ps 2 p,, one can almost neglect an uncertainty of
three nucleon interaction (Gandolfi+12) and contribution
from hyperon (or quark etc...).

» we especially focus on the NS models for ps 2 p



unified EOS modes

e unified-EOS models
— based on the EOSs of nuclear matter with specific values of
Ky & L
— consistent with empirical data of masses and radii of stable
nuclei
— describing both the crustal and core regions of NS

e we especially focus on

— phenomenological EOS with various K, & L
(Oyamatsu & lida O3; 07)
— EOSs based on relativistic mean field models
e Shen EOS (Shen+ 98)

« Miyatsu EOS (Miyatsu+ 13) EOSs based on the different
— Skyrme-type effective interaction theoretical models

¢ FPS (Pethick+ 95),
e SLy4 (Douchin & Haensel O1)
e BSKk19, BSk20, BSk2 1 (Potekhin+ 13)
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55.5 <1 < 120 MeV.
MR relations L = 30-80 MeV, KO = 190-270 MeV

(n=92.75 MeV; L =58.9 MeV, KO =230 MeV)

e NS models are constructed with various sets of KO & L.

* We can find the specific combination of K, & L describing
the low-mass NSs, ’

EOS K, (MeV) L (MeV) n(MeV)

n = (KoLH)Y3| s w0 wo

180 52.2 78.9
1 8 230 426 747
I (a) —e— 01180 230 734 107.4
1.5tcw170817 4 —e— 0Ol 230 280 54.9 94.5

® 1 —— 01280
. - 128.1 . 280 975 1386

1 2L 71 = 125 MeV ] Ol 360
0 i ] 360 76.4  128.1
E I | - Shen 360 1461 197.3
= 09 1 -~ Miyatsu ' '
§ s ]l —a_ FPS Shen 281 114 154.0
0-6_' ] -o- SLy4 Miyatsu 274 774 1177
03 1 =@ BSk19 FPS 261 34.9 68.2
1 .- BSk20 SLy4 230 459 785
O- A o BSk21 BSki9 237 319 623

11. I12I B I13. - I14. - I1 5I B I1 6I - I17 BSk20 241 37.4 69.6
R [km] BSk21 246 46.6 81.1
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mass formula

1.8_ — I e OI180
(@) P =2.0pg " ¢ 01230
i { Ao OI280
1 of . -4 = 01360
E@ ! O/// 1 O Shen
= ! ' e T . Eﬂéy;tsu
i - ol
06- E& /‘/,"’O Q ________________ T O SLy4
< -gdj,/ <>‘__._ AT Pc = 1 OIOO @ BSk19
{g ..... a® = BSk20
: @‘C’*I s | + BSk21
Q5 100 150 200
n [MeV]
= o+ (Taer)
M, 100 MeV
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—0.12 ~—— =l -0
10.8
-0.16} '
Co 10.6 Cq
—0.20} 504
028870 T2 74 16 18 237
Pc/Po Ue = Pe/Po

— 0.371 — 0.820u, + 0.279u? — (0.593 — 1.254u, + 0.2352) - )

M, 100 MeV

_0. — 0.0619u, + 0.02 2—.42—.16.122(77)
2 = 0.00859 — 0.06190, +0.0255u2 — (0.0429 — 0.108u, + 0.0120u) (o

z=1/y/1-2GM/Rc* — 1
e via the simultaneous observations of M & z (or Ror R_), one
could extract the values of 7& p !
BHf- AR a A MND—~2 3y
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radii of low-mass NSs

with using the formulas of mass and gravitational redshift,

one can also predict the radius of NS.

100 —
L
g [ PO

I ‘&)

oo
‘A 4
AAA
EEnm
0coo
OO0
AAA
0oo
ONOXO]
@ = @

* % %

Ol 180
Ol 230
Ol 280
Ol 360
Shen
Miyatsu
FPS
SLy4
BSk19
BSk20
BSk21



possible maximum mass of NSs

e parameterize EOS (Hartle 78, Kalogera+ 96)
— for p S 2,00 : stellar properties strongly depend on 7

— for p > 2py: P = (p — pr) + pr. where p, = 2pg

3

-_a=1/£3

32—

&l (220, 180)

: . M
o G =t e )
0 2.8: | A (220, 360) ©
; 2.6 1 0(350,180)
3l loeso0  ifa=1,
g~ ] ©(350,280) _ 3
) ! 0, 360 M. . /M.=2.86+1.51x103(n/MeV)
5o 1 ©(600,230)
E Jeex | 2.94<M /M = 3.04
b oo™, L T e (600,360 .
|8 e+ (600,360 3.00M, with n =92.75 MeV
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% ‘ 20
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constraining M/R with light curve

— -
’_—
-

photon trajectory

A4

T

invisible zoen
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rotation

O observer

¢

N 4 :

N\ % 5° ]

Q G == 100

NN\, S o

: S 7 . 30°!
L R=4.0M — 5]
®=i=60" — 70°]
0 0.2 04 0.6 0.8 1.0



Trom NICER ob. e

R (km)
GM/(R,)

M M)

rotation 61 (rad)

\ axis
205.53Hz o

D =300 + 90 pc 171.2° L
kTeffyz (keV)
(Lommen+06) M|”er+19 A, (cycles)

O.3(rad)

PSR J0O030+0451

A0, (rad)

h
kTt (keV)

Oc> (rad)

>

v

- 0.117ke
observer /

Ab; (rad)

5
kTetr3 (keV)

Ag; (cycles)

eobs (rad)

T

invisible zoen D =327 pc, N, = 0.244x10%° cm™ |

Ny (10*° cm™2)

Schwarzschild + Doppler
SkeV Y

R =13.02 *1:24  _km, M =1.44 1015 M_ (Miller+19)
R=12.71 t11% __km, M =1.34 1015 _M_ (Riley+19)
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Constraint on MR

g Miller+19

1.8 ] L L T Y Y T [ T T T T
15 | GW170817 NICER (Miller+19) o240 °
L . \ | —— 0l 280
o 1.2¢ 1281 |1 1 —=— 01360
E 0 9_ 11;7.’7 ° ; -0 - Shen
S 1 I'. E --o-- Miyatsu
0.6 S : ! 1 -=- FPS
: \."’: :*‘ N \\\ : - 8- SLy4
03—_ RO, -a\‘*L.L,L,,L - -®-. BSk19
_ SLELFEr e o TImRRSRSNEEN o BCL00
0t s e ) BSK2T
11 12 13 14 15 16 17
R [km]
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watermelon

e how to know the best time to eat a watermelon ?
— inside can not be checked before cutting
. “empirical rule”
— to check the best time, knock a watermelon
e high frequency “KIN-KIN” ; too young
“BAN-BAN” ; best time !
e low frequency “BON-BON” ; too old

— need many years to get this ability
e one could see the interior with specific sound from object.

— asteroseismology !!

BEf-AKYaqA YN —~2T 23y S
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Seismology, Helioseismology

AP G i P [

¢ Seismic waves tell us
information inside the
Earth (seismology)

e The interior of the
Sun can be probed
through the wave
pattern on the
surface
(helioseismology)

| PRI T T N SN B T Y
0.0 0.2 04 06 08 1.0

/I
O©ONAOJ

q ]
10 00 10 N
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non-radial Oscillations
iNn nheutron stars

axial type oscillations

— no stellar deformation, no density variation
* t-modes (torsional oscillations) : oscillations due to the elasticity

« w-modes (spacetime) : oscillations of specetime itself ~ M/R

polar type oscillations

— with density variation & stellar deformation
— important for considering the GWs emission
e f-mode (fundamental) ~ (M/R3)1/2
e p-modes (pressure) : sound speed crossing ~ (M/R3)1/2
 g-modes (gravity) : thermal/composition gradients ~ B-V frequency
 s-modes (shear) : oscillations due to the elasticity
e Alfven modes
* inertial modes (effect of rotation)

« w-modes (spactime) : oscillations of specetime itself ~ M/R



GW asteroseismology in NSs

e via the observations of GW frequencies, one might be able to see

the properties of NSs
‘ M \(10kmY
{0, ~0.78+1.64 ( m)
| 14M R

wz(@j 2092-9.14| —2 (mkm)
R 1am, )\ R

v

determination of (M, R)

140 Q 12

130

90

w,-mode

80 ———————1——
0.15 0.18 0.21 0.24 0.27 0.30

average density compactness
Andersson & Kokkotas (1998)
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QPOs in SGRs

Quasi-periodic oscillations (QPOs) in afterglow of giant flares from soft-
gamma repeaters (SGRs)

— SGR 0526-66 (5"™/3/1979) : 43 Hz

— SGR 1900+14 (27™/8/1998): 28, 54, 84, 155 Hz

— SGR 1806-20 (27%"/12/2004): 18, 26, 30, 92.5, 150, 626.5, 1837 Hz
(Barat+ 1983, Israel+ O5, Strohmayer & Watts O5, Watts & Strohnmayer O6)

— additional QPO in SGR 1806-20 is found : 57Hz (Huppenkothen + 20 14)

T ———
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advantage for crustal oscillations

e magnetic configuration inside NSs are still uncertain

e EOSs for core region are unfixed yet

« to avoid such uncertainties, we focus on the crustal torsional
oscillations without effects of magnetic field

— Tluid core: zero shear modulus --—-> no shear oscillations

— torsional oscillations localize only in crust region

e magnetic effect SGR1900+ 14
t . | ilations SGR1806-20
on torsional osci l B~ 105 G
Crustal
(+ Alfven)

e+ o o o o o Magnetic strength

12/24/2019 (438 H B F - B A% - 2w =0



torsional oscillations 1

e axial parity oscillations
— incompressible

— no density perturbations (less associated with GWs)

e in Newtonian case (Hansen & Cioff 1980)
L+ p/p 1/ p
oto ~ \/ iR ~ 16\/@(64— 1) Hz Etn ~ QA/ ~ 500 x n Hz
T

— M :shear modulus

— frequencies o< shear velocity v = Julp
— overtones depend on crust thickness \

e one can consider torsional oscillations
independently of core EOS

« effect of magnetic field \

— Trequencies can become larger
(Sotani+07, Gabler+12,13)

M- AKX aaA NI —2 3y S
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torsional oscillations 2

core crust

spherical (Strohmayer+ 91)

n;(Ze)?

a

n=0.1194

n, : ion number density
Z : charge of nuclei
a : Wigner-Seitz radius

slab-like

linear response : fluid
(Landau)

- two independent oscillations
(i) spherical + cylindrical
(i) cylindrical-hole + bubble

IBEF-A R a A Y NT—~2 2 3y 7 TEIEIW CEFEF - BT
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torsional oscillations in Sph. nuclei

e EOS for core region is still uncertain.

e To prepare the crust region, we integrate from r=R.

- M, R: parameters for stellar properties

- L, K, : parameters for curst EOS (Oyamatsu & lida O3, O7)

e In crust region, torsional oscillations are calculated.

- frequency of fundamental oscillation o< v, (V.2 ~ w/H)

35 : .

-0 K|

= 180 MeV
— K;=230 MeV
~#- Ky =360 MeV

» independent of the value of K,
> similar to the cases for R=10-14%
km, M/MQZ'I.A-—'I.S, and various |

| » we focus on the Fdependence on ot

W i
.......... L |
1.4M_, 12km
5 L 1 1
0 50 100 150
12/24/2019 L [M@V] EEH-h K aaA N —~22 a3y
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f (Hz)

comparison to SGR 1806-20

e for R=12 km and M= 1.4M,
e discovery of new QPO from SGR1806-20, which is 57Hz

100 —~~—
925 117 1) 1=3,4,5,9, 15
! all QPOs can be identified
2) 1=2,3,6,10
except for 26 Hz, QPOs can
be identified
1 ) ) ) ) ) ) ) n
910 80 120 160
L (MeV)
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constraint on L via QPO frequencies

1) all QPOs come from crustal
torsional oscillations (HS+13a)
160: —
150F SGR 1806-20
— 140F
% 130F
E 120F
~ 10
100F O-—__ :
o SGR1900+14 7 -~ _ 1k -
14 1.6 .
MIM,
» 101.7T < L < 131.0 MeV

cf) L=589 + 16 MeV 7?7

EH-AKXKYaA b —~72

P

12/24/2019

2) QPOs except for 26 Hz come

90,

from crustal torsional oscillations

(HS+13b)
T & T T T T T T T I

14 16 18

MIM,
mw 580 < L <« 85.3 MeV

one needs to consider another

_ oscillation mechanism for 26 Hz
. 35
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effect of pasta structure

HS+ 18

core crust spherical (Stronmayer+ 91)

>4
2
n;(Ze
w= 0.1194M
a
cylindrical (Potekhin+98)
slab-like 2) 2 lw03)
_ d(w,—=0.
linear response : fluid Au“cy - EECOul x10 ’
(Landau)
) o E .., - Coulomb energy per unit volume
- two independent oscillations W, : volume fraction
(i) spherical + cylindrical T T
(i) cylindrical-hole + bubble > 26Hz? NG Ky =230 MeV |
~
identification of fundamental oscillations R 42.6 \ spherical
- constraint on L (?) 'E 109F "S~a (Strohmayer+91 [
= [ o ]
identification of overtone (?) ;; 73.4 7=~
_ AR | cylindrical
1l ~ Vs / Potekhin+98
— additional information 1010~ N N T
BH-AAD 31> ND~2>ay 7 r%zﬂzv%ﬁg’%fg#ﬁ% . 1559 93 0.94 0.95
12/24/2019 4% - S o ’ ,,-/R 36



constraint on L

fundamental oscillations weakly
depend on the existence of
cylindrical phase.

all of QPOs except for 26Hz can
be identified as same as the
previous calculations .

40 L B | T T — Tt 1 1 Tt
-;?v o KO=180
RN & Kp=230 ]

~
<[ 30_— ~ 0 o KO=280'_
Z \,\. v Kp=360 ]
Q M=1.4M, %
S 20r Rr=12km ~e, 7
L NJ/Ny=10

10 Lo N ] L

0 20 40 60 80
L (MeV)

12/24/2019
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1St overtone s -

« frequencies of 15 overtone depend on K, & L.

 we find the good combination of K, & L for expressing the 1st
overtone frequencies. 4 v5+1/9
c= (Ko L)

1000}®® v NJN; =10 -
' ¢ . M=1.4M, |
é\ R=12km _
:/\1800- o K,=180 m 7
< e Kp=230 1
" m K,=280 _

20 40 60 80 100 120 140 160

¢c (MeV)

EEF- AR aA vy MY —2 2 ay 7 [HIEIEh CEFHF « JBF
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1St overtone s+ =

1500 —— . ——— . ———— ——— —
14M o, NJNg=1.0 ] g5fl0 kg - 1900+14 N /NG =10 :
| g o ]
1200 L ~Vv,. /AR { = ]
~ - o E
N L E
R ekl = ;
< 900 e ~J E
~ L 14km e |
~ ———_ ;
e -~ - e 5
600 [ 626.5 Hz T~ T
300 \\ ~~~~~~
40 20 0 " T60 200 |SGR 1806-20: 13km & 1.2-1.4M
c= (K 4L5 )1/9 -> L = 62-73MeV
— 0
2.5
2.0
< 15l
g
1.0
Ky, = 230 £ 40 MeV ] 05
e e (Khangt 13)|
}2(/)24/2011 ﬁﬁ‘ﬂjﬁz/ =l 1/.8‘ D~ ay [ £4558 Derf}orest+ 1(‘)

. ke 7 8 9 10 1 12 13 189 15
M/M@ o T Radius (km)




L(p,)/MeV

constraints on L

160

120

80

40

Analyses of Terrestrial Experiments
Iso. Diff. &
double n/p
(. LL=58.9 + 16 MeV
Atomic masses 2009) b e —
and n-skin of
| Snisotopes Nucl. Mass
(2011) (2012 Nucl. PDR a-decay
[AS+n-skin Isoscaling _ '(\ggj%) (2010) energy
(2013) (2007) PDR Trans. Flow p-decay Dipole
@ (2007) (201@ energy polarizability
) ‘Z Isospin . ﬁ
FRDM n-skin ) Diffusion o
analysis (2012) Iso. Diff. (IBUUOS TENUG
of masses (ImQMD, 2005) Y . M uek
(2012) 2010) Optlcal Pot. ass Mass-defference
~—— DM+n-skin (2010) (1996) and n-skin
(2009)
With no or incomplete error information SHF+n-skin Fiducial value of L=58.9+ 16 MeV
(2010)

NStar M-R
analysis2
(Steiner &
Gandolfi 2012)

Analyses of Astrophysical Observations

NStar crust oscillation
considering neutron
superfluidity

(Sotani et al., 2019)

NStar M-R
NStarr-mode  analysis1
instability (Steiner, itati
t s NStar gravitational
(Vidana, 2012)  Lattimer & binding energy
A Brown 2010) (Newton & Li, 2009)

K]

r-mode instability
(Wenetal, 2012)

NStar crust oscillation
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26Hz : inner phase(?), 626.5Hz : spherical + cylindrical (;t,)
—> SGR1806-20 should be relatively low mass NS (M~1.2-1.4M, R~13km??)

2L

~ 58-73MeV
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can we identify the 26 Hz QPO?

core

crust

>

slab-like

linear response : fluid
(LLandau)

- two independent oscillations

spherical (Strohmayer+ 91)

n;(Ze)?

a

p=0.1194

cylindrical

(Potekhin+98)

2

_“ 2.1(w,-0.3)

JLLcy - 3 ECoul x10

E .., - Coulomb energy per unit volume
W, : volume fraction

(i) spherical + cylindrical (sp+cy) =2 except for 26Hz (OK)
(i) tube + bubble (tu+bu) - 26Hz? consistently with the L. constraint?

- bubble ~ spherical 08—
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one can explain the 26Hz QPO with the torsional oscillations in

tu+bu phase
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additional QPOs

e recently, the existence of additional QPOs is suggested by Miller et al.
— B51.4,97.3, 1567Hz
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summary

NSs are a good candidate for probing physics in extreme conditions

L.ow-mass NSs directly connect to nuclear saturation parameters

— mass and gravitational redshift (radius) can be expressed with
— maximum mass of NSs, 2.94=M__ /M =3.04 with v, = 1

observational constraints
— R = 13.6km from GW 170817

1= (K1)

— R=13.02 124 km, M =1.44 1015 M_ from NICER (Miller+19)
— R=12.71 tM14 km, M =1.34 t915 _ M_ from NICER (Riley+ 19)

QPOs in SGR could be strongly associated with the NS oscillations.

— Tfundamental torsional oscillations are almost independent of Kg

— overtones depend on K, and L., which can be expressed by ¢ = (K04L5

— 26Hz QPO comes from inner phase

)1/9

ldentifying the QPO observations with the terrestrial constraint on K,
— SGR1806-20 should be relatively low mass NS (M/M_~1.2-1.3, R~13km?7?)

— L ~B58-73MeV




