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Exploring physics of NS matter
by GW from NS-NS merger
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The First Word: GW astronomy era comes !

» GW150914 : The first direct detection 0 e
of GWs from BH-BH S s

o Tate (2017 18, 120 170 Mpc
<o I Design (2019, 200 Mpc)

» Opened the era of GW astronomy

| I BNS-optimized (215 Mpc)

10722

» NS-NS merger rate based on the
observed galactic binary pulsars

» 820 yr=1@95% confidence for adv. LIGO
» D=200Mpc (Kim et al. 2015)

10—23_”...‘.:

Strain noise amplitude/Hz '/?

10t 102 10%

.. Frequency /Hz
» Current status: 75 Mpc (Ol'flnlshed)
» Simple estimation = 0.3%03 yr=1 ? o™
» Planned 02 (2016~) ; 80-120 Mpc é“im_n
+0 ~ 1 C+4 g | "
» 0.5108yr 1~ 1.5 yr? :
g
» We are at the edge of observingGWs " 5 |
from NS-NS ! :—Advam:ed LIEGO, L1 (2015) Enlélanced LIGO (2{].10)
___________________________________________________________________________ o4 | = Advanced LIIGO, H1 (2015) —Achlram:ed LIGO design
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The First Word: GW astronomy era comes !

» GW150914 : The first direct detection et Add 0
of GWs from BH-BH o ﬁﬁj e KR
TN : I Design (2019, 200 Mpc)
» Opened the era of GW astronomy 5 - \\ ......| N BNS optinized (215 Mpo) |
» NS-NS mg = T SR
observe GWs from NS-NS will provide us

» 8r10 unique information on NS interior via AT

» D=2( > M andR informationofNS RIS
» Maximum mass constraints
»> Composition of NS interiors

» Current

» Simple X

» Planned 02 (2016~) : 80-120 Mpc g .
"y 30 T 1 T S
> 05+03yl‘ ~ 1. 5+1yr '§ }
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NS structure & Theoretical model

» Interiors of NS is not completely known : many theoretical models

» Each model predicts its own equation of state (EOS) with which structure of NS is
uniguely determined ( model (EOS) = NS structure )

» Inverse problem : NS structure = constraining the models/EQOS (Physics)
» Studying of NS interior = exploring a unique region in QCD phase diagram

Hybrid star - Neutron star

Pion cond.

Fe
absolutely stabl 6 3
sgtgatengeﬂqu;k 10~ gicm
matter o gom 3
101 gem 3
uark star
Q Kaon cond. 2 14 16
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NS structure & Theoretical model

» Interiors of NS is not completely known : many theoretical models

» Each model predicts its own equation of state (EOS) with which structure of NS is
uniquely determined ( model (EOS) = NS structure )

» Inverse problem : NS structure = constraining the models/EQOS (Physics)
» Studying of NS interior = exploring a unique region in QCD phase diagram

Hybrid star Neut

absolutely stable
strange quark
matter
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Quark sta

Nuclei Net Baryon Density
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TOV equations : the theoretical basis

put one-to-one correspondence between EOS < NS M-R relation
» Lindblom (1992) ApJ 398 569

provide an EOS-characteristic relation between M and R
» Newtonian polytrope

P:Kp1+1/n :Kpr

R oc M Em/(3-n) g n/(3-n) Tolman-Oppenheimer-Volkov equations
P _ Gm(, P 4ar°P - e,
> 4/3(n<3) —dR/dK >0

» Softening of EOS (' < 2, K{)
= decrease of R

» dM/dR determination
provides EOS information

(ssew Je[os) jy

------------------------------------------------------- 0 5 10 15 20/5 10 15 20
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TOV equations : the theoretical basis

put one-to-one correspondence between EOS < NS M-R relation
» Lindblom (1992) ApJ 398 569

set maximum mass Meos,max of NS associated with EOS (model)
» models with Meos max not compatible with Mobs, max should be discarded

Impact of PSR J1614-2230 ! Tolman-Oppenheimer-Volkov equations
» Mns=1.97%0.04 Msun dP Gm( P j AnrP ( )
=——|1+— |1+ > =4dr—r
Demorest et al. (2010) dr r &C mc

» Mhs is determined
kinematically (reliable)
Edge on orbit = Mot
Shapiro Time delay = Mwnb

log,, P(MeV fm™)
(ssew Je[os) jy
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Bill Saxton, NRAO/AUI/NSF

TOV equatlons : the theo : .u'ises:from pulsa;t‘

put one-to-one correspondence betweel@
» Lindblom (1992) ApJ 398 569

‘WD gravity modifies |

set maximum mass Meos,max of NS associ® the pulses = Mwo .~ ™ O
» models with Meos,max not compatible pith |\/rr : L R _ 3
Impact of PSR J1614-2230 ! ) 5 _
» Mns=1.9720.04 Msun P \Mm W
Demorest et al. (2010) dr 20 L DemQT«é t et aﬁsz 1
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A single-particle energies (MeV)

Hyperon/(quark) puzzle and NS radius

U > m;yperon in dense nuclear matter inside NS = hyperons appear =
Fermi energy is consumed by rest mass = EOS gets softer =
difficult (impossible) to support 2Msun NS (hyperon puzzle)
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Hyperon/(quark) puzzle and NS radius

Yo > m;ypemn in dense nuclear matter inside NS = hyperons appear =
Fermi energy is consumed by rest mass = EOS gets softer =
difficult (impossible) to support 2Msun NS (hyperon puzzle)

Chatterjee & Vidana EPJA 52, 29 (2016)
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Hyperon puzzle (from a numerical relativist’s viewpoint)

» Introduction of (unknown) repulsive interactions : YY, YNN, YYN, YYY

» delayed appearance of hyperons / reduced pressure depletion

» Stiff nucleonic EOS seems to be necessary : Rias > 13 km (YN+YNN)

2.8 |

2.4

2.0

1.6

12|

0.8

0.0 !

» Softer EOS = higher p for same Mns = larger hyperon influence

0.4 |

Lonardoni et al. PRL 114, 092301 (2015)

R1.35 ~ 13 km : successfully supports NS of
2Msun with a hyperon TBF (YNN-II) but failed
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M [Mg]

» Introduction of (unknown) repy of a wide range of A hypernuclei up to A = 91 has been
» delayed appearance of hyperons performed. Within that framework, additional repulsion

» Stiff nucleonic EOS seems to b€ experimental hyperon separation energies. We refer to this
» Softer EOS = higher p for same N model of ANN interaction as parametrization (II).

2.8 |
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2.0
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0.8

0.4

0.0 !

HyperOn pU.ZZle (fI'Om of 2He and }’O obtained using variational Monte Carlo

Lonardoni et al. PRL 114, 092301 (2015)

The authors of Ref. [49] reported a parametri-
zation, hereafter referred to as parametrization (I), that
simultaneously reproduces the hyperon separation energy

techniques. In Ref. [34], a diffusion Monte Carlo study

has been included in order to satistactorily reproduce the

R1.35 ~ 13 km : successfully supports NS of
2Msun with a hyperon TBF (YNN-II) but failed
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Hyperon puzzle (from a numerical relativist’s viewpoint)

Introduction of (unknown) repulsive interactions : YY, YNN, YYN, YYY

» delayed appearance of hyperons / reduced pressure depletion

For a soft nucleonic EOS (R13s ~ 11.5-12 km), hyperon puzzle may not be
resolved even with a very repulsive YNN interaction (Vidana et al. 2011)

. 3 R13s ~ 11-12 km : fail to support NS of
Baryon number density p [fm ] 2Msun even with a most repulsive YNN
0 0.5 | 1.5
1000 I 1T 1T 1 | | I 1 | II | 3 | | | | I
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Hyperon puzzle (from a numerical relativist’s viewpoint)

» Introduction of (unknown) repulsive interactions : YY, YNN, YYN, YYY
» delayed appearance of hyperons / reduced pressure depletion

With YNN, YYN, and YYY, a soft nucleonic EOS (R13s ~ 11.5-12 km) may
be compatible (Togashi et al. 2016)
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Togashi et al. PRC 93, 035808 (2016)
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Supports 2Msun NS even in the case of
R1.35 ~ 11.5 km with YNN, YYN, and YYY
Q. How about R1.35 < 11 km case ?
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Hyperon puzzle (from a numerical relativist’s viewpoint)

» Introduction of (unknown) repulsive interactions : YY, YNN, YYN, YYY

» delayed appearance of hyperons / reduced pressure depletion
» A density-dependent YY model predicts dM/dR < 0 (Jiang et al 2012)

Jiang et al. ApJ 756, 56 (2012)

-~ no hyp.

——————— SC (f_,=0.9)
——— SC(f;,=0.8)

----- UC (X,=0.9)

Density dependent YY,
w/o TBF

16

Can support 2Msun NS with a stiff nucleonic EOS.
But to achieve R1.35 ~ 12 km suggested by nuclear
experiments & NS observations, need dM/dR < 0

g

=0

R AT N 01 ST C bl
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Pe/ Py
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M/M_

1991; Avancimi & Menezes 2006). Considering that the nucle-
onic sector of our models respects chiral limits at high densities,
we assume two cases for hyperons: the usual case (UC) that the
Hyperon puzzle (fI'OII hyperons have a similar medium effect to nuc]eor_ls. and the sep-

arable case (SC) that the meson—hyperon coupling constant is
. separated into density-dependent and density-independent parts
» Introduction of (unknown) re regardless of the chiral limit constraint on the strange sector in

» delaved appearance of hvperoi hyperons. Nevertheless, the hyperon potentials (Millener et al.
y PP yp 1988; Hausmann & Weise 1989; Fukuda et al. 1998),

» A density-dependent YY modi UM = _30MeV =~ UM = _18MeV,  (4)

in nuclear matter at saturation density are used to preserve the
relation between the vector and scalar meson coupling constants.

Jiang et al. ApJ 756, 56 (2012)

b b - Can support 2Msun NS with a stiff nucleonic EQOS.
R - ;::':?"‘zﬂ o ] But to achieve R1.35 ~ 12 km suggested by nuclear
.  SC(.=08) A experiments & NS observations, need dM/dR < 0
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Quark puzzle (from a numerical relativist’s viewpoint)

For strong 15t order phase transition, a stiff nucleonic EOS (R~14 km)
seems to be necessary (Blashke’s talk)

Hadron-quark cross over scenario: a soft EOS (Rw3s ~ 11-12 km) may be
possible; shows stiffening of EOS in intermediate density range

For APR EOS, dM/dR >0
Masuda et al. (2013); Kojo et al. (2015); Fukushima & Kojo ApJ 817, 180 (2016)

NJL(g, = G)

A hadron-quark
| cross over scenario

25

0.5

Hadronic EOS
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Interpolated EOS
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Quark puzzle (from a numerical relativist’s viewpoint)

For strong 15t order phase transition, a stiff nucleonic EOS (R~14 km)

seems to be necessary (Blashke’s talk)
Hadron-quark cross over scenario: a soft EOS (Rw3s ~ 11-12 km) may be

possible; shows stiffening of EOS in intermediate density range

For APR EOS, dM/dR >0

Masuda et al. (2013); Kojo et al. (2015); Fukushima & Kojo ApJ 817, 180 (2016)

NJL(g, = G)

A hadron-quark
| cross over scenario
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Stiffening of EOS
dR/dM >0
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R~xs may provide a clue to solve Hyperon puzzle

Introduction of repulsive interactions or hadron-quark crossover

delayed appearance of hyperons / reduced pressure depletion

Stiffer nucleonic EOS is preferable for the former (Rw3s, it > 11.5-12 km)

Softer EOS = higher p for same Mns = larger hyperon influence

Ri3s,crit depends on details of hyperon TBF

Only YNN : R13s = 12km model is not compatible with 2Msun (Vidana et al. 2011)
YNN+YYN+YYY : can pass Ri3s = 12km constraints (Togashi et al. 2016)

Information of hyperon TBF which will be provided by lattice QCD
simulations and experiments at J-PARC is a key

weaker repulsion = Ru1.35,crit should be larger, say, > 13 km

If R135,00s. is much smaller, say, < 12 km ? = suggest hadron-quark scenario ?

Determining Rns with AR < 1km is necessary

dR/dM may provide a useful information (density-depend YN : dR/dM <O, crossover :
dR/dM >0 ?)

How small AR can be estimated by GWs from NS-NS ?




Extracting Rns by GWs from NS-NS
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volution of NS-NS binary

Shibata et al. 2005,2006
Sekiguchi et al, 2011
Hotokezaka et al. 2013

Inspiral of NS binary

For canonical-mass binary
(1.35-1.4Msun each)

; s Recent measurement of

NS —NS merger

BH Dependent on
(e’ / EoS, Mtot \

Prompt formation
of BH + Torus

2Msun NS + NR simulations

< )

Formation of hot, differentially
rotating massive NS

Dependent on
(.f EoS, Mtot 'NS
Delayed collapse Rigidly rotating NS

to BH + Torus




Massive NS is important to explore high
density region

core bounce in supernovae
» mass:0.570.7Msun

» pc:afew ps

canonical neutron sctars
» mass: 1.35-1.4Msun
» pc:several ps

sola r)

massive NS (> 1.6 Msun)
» pc :>4ps

14M

TS0l

M (M

massive NSs are necessary to
explore higher densities

» Such a massive NS is very rare

» NS-NS merger: NS with ! -
M > 2 Msun after the merger E,sym:| 30.5 MIeV (NNI)

R R T R '
___________________________________________________ 30 37 12 13 14 15 16

’ R (km)




Sekiguchi et al, 2011; Hotokezaka et al. 2013

Gravitational Waves from NS-NS merger

NS(1.2Msolar)-NS(1.5Msolar) binary (APR EQS)

Yy (km)

Inspiral glcfial " NS oscillation,
£=0 ms log,, p[g/cm?] Chirp signal “®' 77N BH formation
40
Density Contour 15 A A
30 [ | | |
14 T T T T T T T T T T T 7
20 0.15 ¢ Gravitational Waveform
10 0.1}
13 0.05
0 £ ot
10 {1 12 —-0.05 B
0.1}
_2[:] L
11 -0.15 | |
~30 0 5 10 15 20 25
—40 10 t (ms)

40 =30 =20 =10 0 10 20 30 40
w (km)

> Point particle approx. || » Finite size effects appear || » BH or NS = maximum mass

» Information of orbits, || » tidal deformability » GWs from massive NS
NS mass, etc. > radius = NS radius of massive NS
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Strain amplitude [Hz

An example of expected GW spectrum .
BNS 1.35-1.35Msolar optimal @ 100Mpc
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Inspiral charp signal Tidal
ass of each NS deformation

Radius of NS

-The event above-each sensitivity curve
can be detected.

*Detectability increases as the area above
the sensitivity increases

*Need more nearby event to perform time
dependent analysis for the exotic phase
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Schematic picture of GW spectra

Quasi-periodic GW from
HMNS (absent or weak

) Iqpa in BH formation)

X Deviation from point
3 particle waveform (tidal

heﬁ"

Direct BH formation
(ringing down)

""" | fcut fpeak f

» Bartos et al. 2013



Gravitational Waves from NS-NS binary

NS(1.2Msolar)-NS(1.5Msolar) binary (APR EOS)
Tidal

Inspiral | deformation NS oscillation,

log,, p [g/em’] Charp sign BH formation

Density Contour 15 ’_l_\l ’_l_\|

1=25.3977 ms

14 T
0.15 Gravit,at'r:nal Waveform
0.1 +F
13 0.05 |
£ 0t
12 -0.05
-0.1F
11 -0.15
0 g 10 15 20 25
10 t (ms)

-40 -30-20 -10 0 10 20 30 40
W (km)

» Point particle approx. § » Finite size effects appear || » BH or NS = maximum mass

> Information of orbits, | » tidal deformability » GWs from massive NS
NS mass, etc. » radius = NS radius of massive NS




Read et al. (2013); Hotakezaka et al. (2013, 2016); Lackey & Wade (2015)

Etfect of tidal deformation on GWs

16
» GW emission is described by the :
quadrupole formula (L.O.) 15:'
14=

» The quadrupole moment changed by tidal
field by the companion (finite size effect) &
el

» Orbit and GWs deviate from those in the point

particle approximation. 11
L.O. effect appears in GW phase : faster evolution 1ok
for larger deformation
. “pe 9
» Tidal deformability : A o
» Response to tidal field (EOS dependent) st
» stiffer EOS = less compact NS = larger A T
o BE
£
degree of quadrupole deformation o3k
A= . : S 4F
strength of external tidal field ]
4 8.0

Lackey & Wade (2015)
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== Fit
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Hotakezaka et al. (2016)

Effect of tidal detormation on GW'S gas—m:

» The tidal effect is contained in GWs

» Define distinguishability Ah1 B I I I
» Ah12=1: marginally distinguishable 0-8km 1.9 27 33
» E.g. APR and TM1 are distinguishable S - 13 23
(~3-0 level) for Deff = 200 Mpc 28km 2.0km 0.7km [ 1.7
AR 3.4km 2.6km 13km 06km —
» AR<1km @ 200Mpc 1072 . . — - .
» for R135 > 14 km (2-0) Ah I of | Neost — Neoss |2 APR: R135=11.1 km
_ 12 =
» ~8event/yr 2 S,(f) AL 320;
E SFHo: R1.35 = 11.9 km
» AR<1km @ 100Mpc | = N _ A135=420
» for Ri35> 12 km (2-0) I% T . DD2: R1.35= ]_3 2 km
» ~1levent/yr % TMA: R1.35 = 13.9 km =gt 23 A1357 80
= 10723 A1.35 = 1200 Eie |
= N %
» AR<1km @ 70Mpc | TM1: R13s = 14.5 km
» forRi3s>11km (2-0) | A135 = 1400 p
» ~0.event/yr AdvEIGO T Hotokezaka et al (20 6) ‘E‘
A very optimal estimate 0.2 03 05 038 | 2 3004
f (kHz)




Gravitational Waves from NS-NS binary

NS(1.2Msolar)-NS(1.5Msolar) binary (APR EOS)
Tidal

Inspiral | deformation NS oscillation,

log,, p [g/em’] Charp sign BH formation

Density Contour 15 ’_l_\l ’_l_\|

1=25.3977 ms

14 T
0.15 Gravit,at'r:nal Waveform
0.1 +F
13 0.05 |
£ 0t
12 -0.05
-0.1F
11 -0.15
0 g 10 15 20 25
10 t (ms)
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» Point particle approx. || » Finite size effects appear [ » BH or NS = maximum mass

> Information of orbits, || » tidal deformability » GWs from massive NS
NS mass, etc. » radius = NS radius of massive NS




H

earing sounds of GWs from merger:

Characteristic mOdeS Sekiguchi et al. 2011; Hotokezaka et al. 2013,

Bauswein et al. 2013

GWs have characteristic frequency (‘line’) depending on EOS : f 5y

o b THA13SIS :
ool 3Ix107H T s R ]
_0'; —— —— | “Stiffer” EOS “Softer” EOS o |1
§ 3 F A\/\/ __fGW,J | =smaller density =larger density. - )
g 2 L/_/J : | = lower frequency || =higher frequéncy |
0 B 0 ! (hard to detéct) .
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Hotokezaka et al. 2013; Bauswein et al. 2013

From f ;, to NS radius : correlation

stiff EOS = larger NS radii, smaller mean density = low f g\,

soft EOS = smaller NS radii, larger mean density = high f g\

Empirical relation for f ¢,

» Good correlation with

» radius of 1.6Msolar NS
Bauswein et al. (2012)
Approx. GR study

» radius of 1.8Msolar NS
Hotokezaka et al. (2013)
Full GR study

tight correlation : ARmodet ¥ 1 km

Further developments
» Takami et al. PRD 91 (2015)

» Bauswein & Stergioulas PRD 91
(2015)

fow [KHZ]

I equal mass o
40¢ un-equal mass o

* Bauswein and Janka (2011) +
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Clark et al. PRD 90, 062004 (2014); CQG 33, 085003 (2016)

From f ;, to NS radius : detectability

Deff for detection of few is ~ 30 Mpc (Clark et al. 2016) with Af ~ 140 Hgz,
for which AR due to uncertainty in determining few is AR ~ 500 m

» Deff depends on EOS

» Uncertainty in R is dominated by modelling

Expected rate : 0.01—0.05/yr

» Such golden events are rare but will provide valuable information otherwise
never obtained



Measurement of Rus by GWs : Summary
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Measurement of Rvs by GWs : Summary

» Tidal effect : determination of R
with AR1.35 < 1km may be possible
for events at

200 Mpc if R1.35 > 14 km
100 Mpc if R1.35 > 12 km
70 Mpcif R135>11 km

» Oscillation of MNS : current . ’ ‘ pc 200Mpn L5
S01ar
systematic error is AR ~ 1km :

LM,

solan

few may be determined for a nearby
event within Deff ~ 30 Mpc with

Af ~ 140 Hz

0 Deff depends on EOS

0 Need more systematic study to
reduce the systematics

R1.8 may can be constrained with a
golden event




Sekiguchi et al. PRL (2011)

Proving emergence of ‘exotic’ phases by GW

» Nucleonic: NS shrinks by angular momentum loss in a long GW timescale

» Hyperonic: GW emission = NS shrinks = More Hyperons appear =
EOS becomes softer = NS shrinks more = ....

» = the characteristic frequency of GW for hyperonic EOS increases with time

Could provide potential way to tell existence of hyperons (exotic particles)
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Further possibility ?

Exploring quark-hadron phase transition by GWs
» 2"d order (like hyperons) = frequency shift in time

» 15t order = frequency may jump NS to quark star
= double peak in GW spectra ?

We need a ‘good’ quark-hadron EOS to explore it

PA 2nd order PA 1st order

Y
i)

Z

i)
’e)
Y

pN—)H




GW150914: The first direct detection of GWs from BH-BH
It marks the dawn of GW astronomy era
NS-NS merger is a promising candidate of GWs

GWs will provide us unique information of the physics inside NSs

Neutron star (NS) structure and EOS

One-to-one correspondence between M-R and EOS

NS radius is sensitive to the symmetry energy

GWs from binary NS mergers and EOS
Tidal deformation : information of EOS @ ps, tight constraint
Oscillation of NS : information of EOS @ higher densities
Maximum mass : information of EOS @ highest part

Time dependent analysis : constraint on exotic phase ?



Appendix
On Rns determination by EM obs.



NS mass/radius measurement: GW vs. EM

25 [T ] T 171 [ T T 7 | 1771 ] T ]

» GW : Simultaneous mass and radius measurement b AP@ps ~ 10% ]
» Inspiral waveform naturally provides the mass of each NS |~ - .

: : . =15 F =

» Degeneracy of M and R in EM observations : additional - . .
information (assumption) required é 1 ;— —;

» GW : contains multiple information 0.5 F =
» Tidal deformation (radius) : lower (~ps) density ) T T N

Radius is sensitive to

» Oscillation of NS after the merger : higher densit - )
& & y relatively low density parts

» Maximum mass : highest density

25 [ T ] T T T 7T 17T 7T 17T 17T T T T T ]

» Simple in a complementary sense (GW obs. rare) ) - AP@4ps ~ 10% -

» GW : quadrupole formula, no interaction with matter g;, é =\ §

1.5 —

EOS (what we want to know) is only uncertain (provided GR “‘; - -

is correct and GWs are detected) = could be smoking-gun E 1= E

» EM :a number of parameters, models 05 F _ =

- Ozel & Psaltis 2009

Atmosphere, distance, column density, B-field, fc, ... 0 o T T N
(recent debate : Ozel et al., Steiner&Lattimer, Guillot et al.) 8 10 12 14

Radius (km)

Maximum mass depends on
most dense parts




Comments on Rns determination by EM

» NS in X-ray binaries sometimes show burst activity

» Three observables can be obtained in a model dependent manner :
A (apparent size), Fedd and Tedd (Eddington flux and temperature)

» Each observables draw a curve in M-R plane
» If the model is good, these three curves will intersect self-consistently

» But often they do not

In some case, no intersection

» After statistical manipulation,
intersection point emerges

M and R depends on Authors

M/M,

» Situation is similar for the
other EM observation

» Observation of quiescent low
mass X-ray binaries (qLMXB)

4 Sulemimanov et al. (2011)
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» Three observables can be obtained in a model dependent manner :
A (apparent size), Fedd and Tedd (Eddington flux and temperature)
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NS mass/radius measurements by EM

» The measurement of flux and temperature yields an apparent
angular size (pseudo-BB) R, _R 1 FoeTt R RS

D D .1-GM/Rc? D?
» Many uncertainties : redshift, distance, interstellar absorption,
atmospheric composition R e B B T
Fiducial-£OS, PREs, and

» Good Targets:

QLMXBs w/adjusted N,

2

» Quiescent X-ray binaries
in globular clusters

lic
» Bursting sources with peak RE
=

flux close to Eddington limit Guillot et al. (20

—

Sulei

» Imply rather small radius 1

» If true, maximum mass may not

be much greater than 2Msun 05
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Appendix
Nuclear symmetry energy and Rns



What basically determines radius ?

Symmetry energy and NS radius

Nuclear matter parameters are defined via Taylor expansion of nuclear
energy by density (n, n0 is nuclear matter density ) and symmetry parameter
x=n,/(n,+n)=n_/n

B K 2
E(n,1/2)—B+E(1_n/no) Tl B__16Mev

K =210-250 MeV

E(n,x) = E(n,1/2) + S(N)(L—2X)% + ...

S(n) = S+%(n—n0)+...

For pure neutron matter (x=0), pressure at nuclear matter density is given by
, OE(n,,0) L

on 3 °

P(no) =Ny

Symmetry energy parameters are important for the neutron structure in
particular for radius (Lattimer & Prakash 2001)

» Empirical relation between R and P(n~no) : R o< P¥4(n~no)

» P(n~no) is sensitive to the symmetry energy parameters => relation between L and R

low-M NS radius (astrophysics) & Symmetry energy (nuclear physics)
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» For pure neutron matter (x=0

P(no) =Ny
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10

(o]

_ Lattimer & Prakash (2001 ) ApJ 550 0 426

Radius (km)

= :
3 %o 3 oo WM 3
8 ng o ° & - i -
e = o ® g 9P o 3
E o =
E - M oo N 5
E & By Ef: & I 2sude ;
— L bt !
= < = < = < Qi IASN O a0 oo O = B = =
E (o) =
E o 1.5n © o © o o =
B s O %o & ©Q o © o o © -
- L=
= Y ~
= e ° -
— ° L] N e o ==
= 2n, %e e ° - .« o ° s ° 3
b L 3
= \ 3
E o SV AM L 3
E o =
E n, ° ° ® 3
E < < o © Lo 2 bs & E
= © 03 & o =
E < -
E —O MmN o~ ~ 9] 3
E— o L3 W o« Q. wnl] N - ooy v~ 3
o L<a L L g m(%ﬁg = Ve nwn v v 3
= < J}\qAL T T € 7Hp wkaNnI0O a0 I 0= = a
E oo an R
E 1.5n © o ® oo c 3
EO s oo 3
- L oo o © 08¢ co % -
E o ¢ g
E o 3
- 2r\ . [ L -
E ) e © © L4 3
..»' L .. ‘ ‘..~. L & 3
- - L : . L L -
10 11 12 13 14 15

particular for radius (Lattimer & Prakash 2001)

» Empirical relation between R and P(n™~no) : R < P¥4(n~no)

» P(n~no) is sensitive to the symmetry energy parameters => relation between L and R

» low-M NS radius (astrophysics) © Symmetry energy (nuclear physics)
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» P(n~no) is sensitive to the symmetry energy parameters => relation between L and R

» low-M NS radius (astrophysics) © Symmetry energy (nuclear physics)
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Constraints on the symmetry energy
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Gandolfi et al. (2012) PRC 85 032801(R)

Impact of symmetry energy on NS radius

Phenomenological potential + quantum Monte Carlo :
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Gandolfi et al. (2012) PRC 85 032801(R)

Impact of symmetry energy on NS radius

100 : -
g =351)
S _ g =337)
= 801 s =32M
= — S =305)
@]
= 60F
-]
) L
pd
8_ 40 —
> ®
© 20F =
c o
1 I
% 0.1
)

It is valuable if
radius of heavy NS
is obtained

S =35.1 MeV
(AV8’+UIX)

[ S =30.5 Mev (AVS)

S IR
9 10 1

1




