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General Relativity
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Without general relativity
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Nuclear matter Is not an ideal gas

F. Weber 2005

qtuark—hybrid traditional neutron star
star :

nonrelativistic v =

hyperon
star

ultrarelativistic v =

neutron star with
pion condensate
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absolutely stable 6 3
strange quark 10 giem
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- nucleon star
R~ 10 km
M ~ 14 M@}

=

still uncertain due to the nature of strong interactions
introduction of 3 body forces

exotic states with strangeness



Which EOS is consistent with nature ?
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Q) Which EOS ?

H. T. Cromartie, et al.

Nature Astronomy (2019).

Tidal deformability of NS from GW
Strangeness in NS
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1.97 solar mass NS : Nature 467 (2010) 1081
2.01 solar mass NS : Science 340 (2013) 6131

IUMPE (2020) Kim, Lee, Kim, Kwak, Lim, Hyun



Dense Matter EOS

Nuclear & Particle Physics



Example: quark stars pox p? o plnt/m

strong interaction dominates

(u,d, s) quarks = charge neutrality without electron
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Example: Nuclear Equation of States

Ko [ p ° KL p ° ,
E = —B 1 1) A 1 Esym(p)(1 — 2
(p7w) 18 (}k) ) 162 /R) +_ Yy (p)( x) %_
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Symmetry energy / Theoretical uncertainties
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B = x — waiting for RAON®@IBS

Courtesy of Lie-Wen Chen
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Our works on NS EoS

From finite nuclel to neutron stars

IJMPE (2020) Kim, Lee, Kim, Kwak, Lim, Hyun
EPJA 56:157 (2020) Kim, Kwak, Hyun, Gil, Lee
PRC 98, 065805 (2018) Kim, Lim, Kwak, Hyun, Lee
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An Example

Courtesy of Chang Ho Hyun (Daegu)
KIDS nuclear energy density functional PRC 97, 014312 (2018)

e Motivation

Construct models for nuclear structures on a basis with systematic expansion scheme.

c;(8) = o + 3,07

N-1
E(p,0) = T (p.0) ci(6)p' T2,
; 5:(1071_1017)/10

e Fitting
 q;:po=0.16 fm-=3, BE = 16.0 MeV, K, = 240 MeV,
Q, = -360, -390, -420 MeV (skewness)
« f3;:pure neutron matter EoS of APR, QMC and etc
* Parameters for closed-shell magic nuclei
 E/A, R of 40Ca, 48Ca, and 208Pb (only 6)

« Specific values of isoscalar and isovector effective masses m*; and m*,
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Courtesy of Chang Ho Hyun (Daegu)

KIDS nuclear energy density functional PRC 97, 014312 (2018)
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Constraints on Nuclear EoS

11 experimental/empirical data for nuclear matter around saturation density [PRC 85, 035201 (2012)]

Constraint Quantity Eq. Density Region Range of constraint Range of constraint Ref.
exp/emp from CSkP
SM1 Ko (7),(15) po (fm—3) 200 — 260 MeV 202.0 — 240.3 MeV 64]
SM2 K'=-Q, 8)),(16 po (fm=2) 200 — 1200 MeV 362.5 — 425.6 MeV 65
SM3 P(p) 6 2 < ;% < 3 Band Region see Fig. (1 (78
SM4 P(p) 6 1.2 < }% < 2.2 Band Region see Fig. 2 180!
PNM1 g;,;;; v (31) 0.014 < £ < 0.106 Band Region see Fig.[3 39, 40]
PNM2 P(p) (6)) 2 < % < 3 Band Region see Fig. 5 78]
MIX1 J 9 po (fm—3) 30 — 35 MeV 30.0 — 35.5 MeV 44
MIX2 L 10 po (fm—3) 40 — 76 MeV 48.6 — 67.1 MeV 101
MIX3 K.y (21)) po (fm™3) -760 — -372 MeV -407.1 — -360.1 MeV 107’
MIX4 S(pe/2) - po (fm—3) 0.57 — 0.86 0.61 — 0.67 110!
MIX5 S (41) po (fm=3) 0.90 — 1.10 1.02 — 1.10 112




Eur. Phys. J. A (2020) 56:157

Table 1 Properties of nuclear matter calculated with KIDS model. The
saturation density pg is in units of fm~3. Exp/Emp values are quoted
from Ref. [15]. E/A, Ko, and Q( are binding energy per particle, com-

Page 30of 8 157

ticle) at the saturation density in the symmetric nuclear matter, respec-
tively. J, L, and K, are parameters in the symmetry energy of nuclear
matter. Eg, Ko, Qo, J, L, and K; are in units of MeV

pression modulus, - egs (the , urd.ger Vgtlve of e Lner par-
7 N4 & Y
4 PO RY 4§ E/A R 4 Ko R —Qo, L — K-
/ N '/
KIDS | 0.160 ‘ 1600 | 240.0 372.7 49.1 375.1
| a7 g
Exp/Emp 3 ~ 0.16 o ~ 16.0 3 200-260 200-1200 40-76 372-760
}k\\ ’ \k\ \ y }k\\ \ Y
S e SR

Table 4 Four basic nuclear matter properties obtained from models in comparison. The saturation density pg is in fm—>, and E/A, K and J are
in units of MeV. The MS1b model gives the same results as MS1

GSKI SLy4 Sk14 SGI MS1
0.159 0.160 0.160 0.154 0.148
16.02 15.97 15.95 15.89 15.75
230.2 229.9 248.0 261.8 250
32.0 32.0 29.5 28.3 35

16



(a)

Epnm [MeV]

Binding energy

Charge radius

1 (b) 1000 g (¢) 1000 ey
8 EFT m—— i i
Lattice Chiral EFT set 1
Lattice Chiral EFT set 2
KIDS(APR)
6 - 4 & 100 + o' 100 F
= s = s
= i < i
> >
S s
4 4 = =
s s
g &
2 L | . s FLOW exp.
/' EXP.+ASYgtiff N Kaons exp. ]
EXP.+ASsysoft GMR exp. -=====-
KIDS(APR) KIDS(APR)
I 1 1 l 1 1 1 l 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 l 1 1 1 1 l 1 1 1 1
0 0.04 0.08 0.12 0.16 1 2 3 4 1 2 3 4
P/pPo p/Po p/pPo

Table 2 Binding energy per nucleon in units of MeV. The deviation is defined as |Exp — KIDS|/Exp x 100. Data are taken from [26,27]

160 4OCa 48Ca 90ZI' 1328n 208Pb
Exp 7.9762 8.5513 8.6667 8.7100 8.3550 7.8675
KIDS 7.8684 8.5565 8.6564 8.7328 8.3563 7.8809
Deviation (%) 1.35 0.06 0.12 0.26 0.02 0.17
Table 3 Charge radius in units of fm. The deviation is defined as |[Exp — KIDS|/Exp x 100. Data are taken from [26,27]

160 4OCa 48Ca 9021’ 13ZSn 208Pb
Exp 2.6991 3.4776 34771 4.2694 4.7093 5.5012
KIDS 2.7618 3.4781 3.4867 4.2476 4.7089 5.4887
Deviation (%) 2.32 0.01 0.28 0.51 0.01 0.23
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Sound velocity

0.25-

0.00-

Nature seems to prefer
+ low sound velocity at low density
» high sound velocity at high density
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T1dal deformabillity
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Strangeness in neutron star
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Role of strangeness in the core

IJMPE 12, 1550100 (2015) reduction of degeneracy pressure

L SGIl + YBZ6
2.0}
— 1.5 . NN only
) : -+= NN4+NA
E | — =  SAAL
= 1OF - - san l'
[ — SAA3 ;
I SAAY ’
0.9 [ — —  SAAZ {"\
; FRF B
0.0 ——4————————




Skyrme-type forces : NN interaction

1
NN (Tij) = to(1 + 20 F)d(rij) + St1 (1 + 21 Po ) [ki56(rij) + 6(rig)ki;
1
+t2(1 + $2Pa)k7';j - 0(7ri5)kij + gtB(l + 23F5 ) pn (R)d(745)

—I—iWOk;j '5("'z’j)(0'z' +0'j) X kij’

—_ L

rij =ri—r, R=(ri+r;)/2, kij = —i(Vi= V) /2, kl; =i(V;=V;)/2,
P, = (1-|—0'Z'°0'j)/2,

N N model 00 B S, L K my/mn  Mmax/Mg
SLy4 0.160 16.0 32.0 45.9 230 0.694 2.07
Skl4 0.160 16.0 29.5 60.4 248 0.649 2.19

SGI 0.155 15.9 28.3 63.9 262 0.603 2.25




N-Lambda interaction

1
vnA = uo(1 + yoPs)d(TNa) + §U1[k§3A5(7‘NA) + 8(rna)kFal

3 rN + T
+u2k§v,\ ' 5(TNA)kNA + gug(l + y3Pa)P7v ( al 9 2

) 6(rNA),

Table 2. Parameters for the NA interactions. ug is in unit of MeV- fm3, w; and wso in unit of

MeV- fm®, and u4 in unit of MeV- fm3+37. yo and y3 are dimensionless. The last column UXpt is

the depth of the A-nucleus optical potential in unit of MeV at the saturation density.

NA model ~ U0 U1 U us Yo Y3 UXpt
HPA2 1 —399.946 83.426 11.455 2046.818 —0.486 —0.660 —31.23
OA2 1/3 —417.7593 1.5460 —3.2671 1102.2221 —0.3854 —0.5645 —28.27

YBZ6 1 —=372.2 100.4 79.60 2000 —0.107 0 —29.73




Lambda-Lambda interaction

1 2

VAA(Tij) = Aod(rij) + 5 Au[kij0(riz) + 0(ri k3

+ Xoki; - 6(rij)kij + Aspiy (R)S(ri;)

3

VAt (1) = Z(vz + viop - aA)e_““"2.

1=1

Table 3. Parameters of the AA interactions
in the Skyrme-type force. Ag is in unit of
MeV - fm3, and A; in unit of MeV - fm®. Note
that all models considered here do not have
A2 momentum interaction and A3, o density
dependent interaction.

AA model A0 A1 A2 A3 o
SAA1 —312.6 57.5 0 0 -
SAA2 —437.7  240.7 0 0 _
SAA3 —831.8 922.9 0 0 -
SAA1’ —37.9 14.1 0 0 -
SAA3’ —156.4 347.2 0 0 —
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| ambda-Lambda interaction / Binding energy

1
UAA(Tij) = Aod(7ij) + §>‘1[k§?5("'ij) + 8(rij) ki

+ Aokj; - 8(rij) ki + AspR (R)d(r45)

Nuclei  BAaA(SAA1l)  Baa(SAA2) Bpa(SAA3) Baa (Exp.)

¢ \He 11.88 9.25 7.60 6.93 4+ 0.1622
10, Be 19.78 18.34 15.19 14.94 + 0.132%3,2
11 Be 20.55 19.26 16.27 20.49 4 1.152%2
12 Be 21.10 19.97 17.18 22.23 +1.1522
15 B 21.21 20.26 17.76 23.30 4 0.7022
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Maximum mass of NS

NN model SLy4 Skl4 SGI
(without A)T (2.07) (2.19) (2.25)
NA model HPA2* OA2 HPA2 OA2 YBZ6* HPA2 OA2  YBZ6*
(no AA)TT (1.51)  (1.08)  (1.52)  (1.19)  (1.80) (1.52)  (1.22) (1.79)
SAA1 1.40 1.00 1.41 1.12 1.42 1.16 1.69
SAA2 1.58 1.28 1.57 1.30 1.57 1.28
SAA3 1.85 1.57 1.87 1.62 . 1.88 1.65
SAA1’ 1.51 1.08 1.51 1.18 1.51 1.21
SAA3’ 1.76 1.43 1.76 1.47 1.97 1.77 1.49
FRF 1.61 1.22 1.60 1.25 1.86 1.59 1.26

*Numbers in italic correspond to three selected models, SLy4-HPA2, SkI4-YBZ6 and SGI-YBZ6,

which give relatively large maximum NS mass.

fMaximum NS mass without both NA and AA interactions.
TTMaximum NS mass with NA but without AA interactions.
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Central densities

Table 6. Density in fm—3 at the center of stars corre-
sponding to the locations of filled circles in Fig. 1.

SLy4+HLA2 SkI4+YBZ6 SGI+YBZ6

Without AA 1.00
SAA1 0.89
SAA2 1.65
SAA3 1.44
SAAT’ 1.00
SAA3’ 1.44
FRF 1.31

O : central densities for maximum mass

- NN + NA

SAA1l
SAA2
SAA3
SAAY
SAA3
FRF

T T T T T T

SLy4 + HPA2

—
———
—
o

=+ NN+ NA

SAA1l
SAA2
SAA3
SAAY

i
1

——

Skl4 + YBZ6 .
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U.U}
2.0

0.0;

Hyperons in Skyrme force models

!
I

Skl4 + YBZ6

0.0}

NN only

- NN + NA
SAALl
SAA2
SAA3
SAAY
SAA3
FRF

2.0
~ 1.5]
= 1.0F - -

0.5

“‘~

IJMPE 12, 1550100 (2015)

reduction of degeneracy pressure
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Kaons with Skyrme-type models

Y Lim, K Kwan, C H Hyun, C-H Lee, PRC 89, 055804 (2014)
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Kaons with Skyrme force models PRC 89, 055804 (2014)

2
L = T”TrBMUB“UT + cTr[m,(U + U' — 2)]

+iTrBy*d,B + iTrB'[Vy,B] — DTrB'o - {A,B}

— FTrB'o - [A,B]

+a,TrB'(Em,& + H.c.)B 4+ a;TrB'B(Em £ + H.c.)
+a3TrB'BTr(m,U + H.c.)

A1 204 1 + +
V2" ‘i‘\/g'? 1 7:) 1 Ko
M = T —ﬁﬂ' —+ %T] K
K~ K° — %n
1 50, 1 +
ﬁZ +J6A )y p
B — )i — 5%+ ZA n
o 50 —./2A
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Kaons

Ty 6
Lk = f,fTK sin” @ — 2m% £ sin® 5

4, 0
—n'n[—uk + (2az + 4az)my] sin® >

. 0
— PTP[—ZILK + (2a1 + 2ay + 4a3)m;] sin’ )

2
0
Hy = —fjflL?K sin” @ + 2m% £ sin” > + Uk pPp

_ . o 0 . o 0 . o 0
wk(p + pp)sin > +ak1pp SIn > + ag2p SIn >

er_w'Kt
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| a;m, =—134 MeV
' ' 0.6}
Particle fraction
< 0.41
0.2
00l P R ST S -
M (§S>p = —2(az + az)m;, 0.2 (;3)
EKN = — %(al —+ 202 —+ 4a3)ms °8 a;m, =—178 MeV
aims; = —67 MeV,
azms — 134 MCV. oF == O = ]
asm, =—222 MeV
Orange region: maxwell construction
0.0 o e




NS mass with kaons
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~15F . | 1 15
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0.0 ] I ] I 0.0 ] | ! I
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NS with strangeness

In general, strangeness reduces maximum NS mass

But, there still remain possibilities for the strangeness

masses with Lambda hyperons

SLy4 SkI4

1.15 ~ 1.85 1.47 ~ 1.97 1|

|44 ~ 2.04

N ~
\ .,
-
\ i
P

masses with kaon condensation  consistent with 2 Msun NS

e
5

\ ey
azmes SLy4 / Skl4 AV GI

—134 1.94 ~
—178 1.74 ~
—222 1.49 ~

1.99 2.00 ~ 2.06/2.12 ~ 2.19 )
1.83 84 ~ 1.60, 1.95 ~ 2.03 |

1.79 1.64 ~ 1.85 W75 ~ 1.93
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NS cooling

Q) Can NS EOS with/without strangeness be consistent with
both NS maximum mass & NS cooling?

arXiv:1608.02078
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Neutron Star Cooling

Emissivity®
(erg cm™3 s_l)

Name Process

Cas A (CA)

PSR J1119-6127 (mHA)
RX J0822-4247 (HA)

1E 1207.4-5209 (HA)
RX J1357-6429 (mHA)
RX J0002+6246 (HA)
PSR B0833-45 (mHA)
PSR B1706-44 (mHA)

9. PSR J0538+2817 (mHA)
. PSR B2334+61 (mHA) 5
11. PSR B0656+14 (BB) *17 10

o
(o))
T

o
D
T

N HEWNH

—w

‘18
1

o
N
T

Dm
O

12. PSR B0633+1748 (BB) a

U
o
T
[
w

14

16

Log(7;® /K)

.RX J1856.4-3754 (mHA) 5 L={EA|

14. PSR B1055-52 (BB)

15. PSR J0243+2740 (mHA) 8 11
.RXJ0720.4-3125 (HA) 7 19

17. PSR J0205+6449 (BB)

18. PSR B0531+21 (BB)

.RXJ0007.0+7303 (BB)

w
(o))
T
[
(o))

-
H
T
=
O

w
N

12

o
[

2 3 4
Log(t/yr)

Y.Lim, C H Hyun, CHL, IJM

Modified Urca n+n—n+p+e +V,

(neutron branch) n+p+e- —{) n+n+v, ~2x108 RTy - Slow

Modified Urca p+n—p+p+e +V,

(proton branch) p+p+e —p+n+v, ~10%R T98 SO
n+n—n+n+vy

Bremsstrahlung n+p—n+p+vv ~10 R T98 Slow
p+p—p+p+vv

Cooper pair n+n— [nn] + VvV ~5x1021 R T97

Drmatio +p— (pp|+vVV - 5]019 K

Ve — ——____ —

Direct Urca

@ condensate  n T
K~ condensate

> Vo

n+ <K >—n+4+e +V,

aQr™ 1 1 " r~ 2"

depends on

- particle fraction

-+ elements in the envelope
* nuclear supertluidity
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Role of nucleon direct Urca

SLy4

Skl4

SGI

Mumax 2.07 (-) 2.19 (1.63) 2.25 (1.72)

maximum mass without strangeness (critical mass for nucleon direct Urca)

| SLy4
6.6} 1.0 M. A
1.1 M. |
1.2 M.
6.4 1.3 M, ]
1.4 M.
1.5 a\l —
6.2 > -
1.6 M. X
1.7 M. g
6.0F 0 A 18M,. 1 N
; S
5.8F L‘j:“ |
5.6}
1 1.9 4‘[ l‘f
2.0 M (
5.4} -0 M, l
i
s |{”
R\
0 6 7

3 4
Log(t/yr)

1.7 M.
- 1.8 M.
| 1.9 M.
2.0 M.

Skl4

=

1.0 M. A
1.1 M. |
1.2 M.
1.3 M.
1.4 M.
1.5M.
1.6 M.

effect of direct Urca
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effect of surface element

6.6
wn Light
6.4 i Heavy -
L 62 AM=10"M_1 <
~ - ~~
8 8 o
~ 6.0 ~
2 2
- 5.8f T, =5 x107 =
ol 7, =2 x10°
- Td =104
5.4}
0 1 2 3 4 5 6 7
Log(t/yr)

light elements burn into heavier elements

light element: H, He, C, O

o
N

o
o
|

b
-
T

Skl4

v
00
N |

o
o

mn Light

i Heavy

AM=10""M -
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Superfluidity

1Sy neutron superfluidity

LSy proton and °P, neutron superfluid states

SLy4

| - wn Light
i Heavy
I
T. =0.6 x10° K A\
k() =1.3 fm_l
ky =3.2 fm ™! \
0 i 2 3 4 5 6
Log(t/yr)

SLy4

i Heavy

T.=0.7 x10° K

ko =2.1 fm™!
ky =3.2 fm ™!
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Cooling with hyperons (Skyrme force model Skl4)

Skl4
6.6 1.0 M, -
1.1M, |
12 M,
13 M, |
1.4 M, |
1.5 M, |
1.6 M.

Log(t/yr)

without hyperons
(sudden drop between 1.6~1.7)

Skl4 + YBZ6 + SAA3

— ‘

1.0 M, |
1.1 M,
12 M, |
1.3 M, A
1.4 M,
1.5 M,

i
v

with hyperons
(sudden drop between 1.5~1.6)

A—=p+I1+y
p+l—>A+y,

. 1/3
Qa =4.0 x 1027 A" (”—) R TS

MATY

X O;ergem s

NS mass : 1.0 - 2.0 Mg

abrupt drop: ingnition of direct
URCA

stiffer EOS allows early direct Urca
No calculated-curve can explain
middle-age data

require real fine-tuning
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Dependence on the surface elements

without hyperons with hyperons

SGI+YBZ6+SAA3

me Light

3 4
Log(t/yr)

- chemical evolution from light to heavy elements
(earlier plots are with heavy elements)
- pulsar injection of light elements into magnetosphere

i Heavy -
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Negligible contribution with kaons

density for nucleon direct Urca < density for kaon condensation

Nucleon direct Urca is the dominant neutrino emission process

SLy4 + Kaon

6.6 * _ B
1.90 M _ | n+<K > —)’I'L-I—l-f—l/l
1.91 M.
0.4r 1.92 M
' I_] 1.93 M1
— 1.94 M, 1/3
M 5 o — 1.95 M m*? /'n
95 M, o
3. 1L 196 11, Qx =2.5 x 10— | = TS 0%
& 690 ! i 1 my \ 1o
(@) — —_
9 s \ \ X tan? @ ergem st
- 1.97 M,
s 6l 1.98 M,
| 1.99 M,
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Neutron stars in new era of multi-messenger astrophysics

Nuclear Physics

- dense matter equation of states

- neutron star cooling

- heavy ion collisions / hot & dense matter
- hadronic physics

- rare I1sotope physics

Astrophysics/Particle Division
- gravitational waves

- gamma-ray bursts

- Neutrino observations
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Prospect

GW from NS mergers

- GW190425 : NS-NS merger candidate (500 Mly, 153 Mpc)
- GW190426 : NS-BH merger candidate (1.2 Gly, 368 Mpc)

- GW190814 : NS-BH or BH-BH merger candidate (700 Mly, 240 Mpc) | I NGRS

Star N Wi

BUD2-McGill Collaboration
- DJBUU (nhew transport code) for RAON
- Dense Matter & Neutron Star EOS




NS Binary Evolution
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NS Binary Evolution

NS mass may depend on the evolution |

Prakash 2013

0.0

} — |
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Black Hole Formation from Core Collapse of Giants or Accretion onto Neutron Stars

unstable branch

Mass (

collapse to BH

3 10 12 14 16
Radius (km)

as central density Increases | as central density increases
equiliorium mass decreases | equilibrium mass increases
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Black Hole Observation

Stellar Mass Black Holes

i
) S
“ﬂé/* avitational
5 WY Waves
“ AN

_ XTEJ1118+480
Galactic Center

Centaurus A
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Soft X-ray Transients

ApJ 575, 996 (2002) Py G : 5 :
ApJ 670,741 (2007) 5§ s88fsz 5 § 5% % :
NPA 928, 296 (2014)

AML Nu

15—

Main Sequence Companion

| - | 1 1 1 1 1
l 10

Orbital Period (days)

Evolved Companion

40

15M,,
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New Class of Black Hole Binaries

0.30 T(i)rf:(s) 0.40 0.45 0.30 T(i)l;::(s) 0.40 0.45 2
36 M~ + 29M
PHYSICAL © ©
Sorrems 2 = 0.09 (1.3 x 10 light year)

Formation of massive black holes
§ EX BYXT in low-metallicity galaxies

' W (from pop-lil stars)
gt

R B N N
American Physical Soxciety S W w |
- - phys«(s
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Evaporation of BH / Hawking Radiation

TUniverse ~ 1.37 X 1010 year

Evaporation

Mass R event Temp ,
Time

Sun / 2*1033g

Each / 6*1027¢g

1016g 102cm 109K 10'year

Cosmic Microwave Background (CMB) : 2.7 K
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Binary evolution

NS/B

- NS/

| mass depends on the host galaxy
BH mass depends on the binary evolution

A

Life time NS/BH
WD/NS
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Key Ingredients

Mass accretion rate vs Eddington limit
Conservative mass transfer vs orbital evolution
Evolution time scale vs mass transfer time scale
Roche lobe overflow

- T1dal interaction
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Mass Accretion after NS formation

1.5

Final Mass of First-born NS [Msun]
(N

L I
./PSR J1614-2230, PSR J0348+0432

| NS-NS Binaries

Observed

MSP J0740+6620

llllllllllllll

v | ' ‘ | | | '

2.1470 70 M

10

15

Progenitor Mass of Companion Star [Msun]

()
-
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BH-NS binaries

Trecycled > Tfresh

NS-NS
1 - if first-born NS Is recycled by accretion
Tpulsar X 75 - longer pulsar life time, larger beaming angle

Bfresh ™ 1012 G BH-NS

- NO recycled pulsar

Brocveloq ~ 10% G
R - smaller chances to be observed

Gravitational Wave Sources
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Binary interactions are always interesting !!
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