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Introduction

REEAERX (Equation of State: EOS)
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Introduction
IRREATEIL (Equation of State: EOS)
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ENMERAETRISERATREEMERESER

(Rev. Mod. Phys. 89 (2017) 015007)

Model

Nuclear

Degrees

Mmax Ri .4M®

=)
—

publ.

References

H&W SKa % H’Jﬁ}ﬂ | (Skyrme or RMF mOdel) randt (1980); Hillebrandt et al. (1984)
LS180 LS180 n,p,a, (A, 7Z) 1.84 12.2 0.27 y Lattimer and Swesty (1991)
LS220 LS220 n,p,a, (A, 7Z) 2.06 12.7 0.28 y Lattimer and Swesty (1991)
LS375 LS375 n,p,a, (A, Z) 2.72 145 0.32 y Lattimer and Swesty (1991)
STOS TM1 n,p,a, (A, Z) 2.23 145 0.26 y Shen et al. (1998); Shen et al. (1998, 2011)
FYSS TM1 n,p,d,t,h,a,{(A;, Z;)} 2.22 144 0.26 n Furusawa et al. (2013b)
HS(TM1) TM1* n,p,d,t,h,a,{(Ai, Zi)} 2.21 145 0.26 'y Hempel and Schaffner-Bielich (2010); Hempel et al. (2012)
HS(TMA) TMA* n,p,d,t,h,a,{(Ai, Z;)} 2.02 13.9 0.25 y Hempel and Schaffner-Bielich (2010)
HS(FSU) FSUgold*| n,p,d,t,h,a,{(A;,Z;)} 1.74 12.6 0.23 y Hempel and Schaffner-Bielich (2010); Hempel et al. (2012)
HS(NL3) NL3* n,p,d,t, h,a, {(Ai, Z;)} 2.79 14.8 0.31 y Hempel and Schaffner-Bielich (2010); Fischer et al. (2014a)
HS(DD2) DD2 n,p,d,t,h,a, {(Ai, Z;)} 2.42 13.2 0.30 y Hempel and Schaffner-Bielich (2010); Fischer et al. (2014a)
HS(IUFSU) IUFSU* n,p,d,t,h,a,{(A;, Z;)} 1.95 12.7 0.25 'y Hempel and Schaffner-Bielich (2010); Fischer et al. (2014a)
SFHo SFHo n,p,d,t,h,a,{(Ai, Z;)} 2.06 11.9 0.30 y Steiner et al. (2013a)
SFHx SFHx n,p,d,t,h,a,{(Ai, Z;)} 2.13 12.0 0.29 y Steiner et al. (2013a)
SHT(NL3) NL3 n,p, o, {(A;,Z;)} 2.78 149 0.31 'y Shen et al. (2011b)
SHO(FSU) FSUgold n,p, o, {(Ai, Zi)} 1.75 12.8 0.23 y Shen et al. (2011a)
SHO(FSU2.1§ FSUgold2.1§ n,p,a, {(Ai, Z:i)} 2.12 13.6 0.26 y Shen et al. (2011a)

+ Nuclear EOS tables based on the Liquid drop model with Skyrme interaction by A. S. Schneider (2017)
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(HT, K. Nakazato, Y. Takehara, S. Yamamuro, H. Suzuki, M. Takano, NPA961 (2017) 78)




Phase diagram of nuclear matter [based on HT et al., NPA 961 (2017) 78]
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2. BRMZAICEEMEREBHFEX

Nuclear
Hamiltonian Z

) NV-- N o
VﬂrZ ij T Z ijk

12m i<j i<j<k

Argonne v18 (AV18) two-body potential (PRC 51 (1995) 38)

Lo
Vii = Z;‘)ZO[VCrs(”ij) + SV (rij)S1ij + sVsoi(rij)(Lij - §)
t=0s5=

2
+VaLis(rip) |Lij| " + $Vasor(rip)(Lij - $)°1Pysij

Urbana IX (UIX) three-body potential (PRL 74 (1995) 4396)

z]A — UZ ]2

cyc
1
+ AY [{xij:xik}{‘ri (T Ti Tt o (i, vl [T 75, T T
cyc

xij=Y(rij)o;-o;+T(rij)STij
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Jastrow wave function

Correlation function

¥ = Sym {I_I fij

i<j

Dr

-------------------------------------------------------------------------------------------------------------------------------------------------------

@r: The Fermi-gas wave function

*
.

--------------------------------------------------------------------------------------------------------------------------------------------------------

The two-body cluster approximation is adopted to obtain the energy per nucleon.

® o
12077171
[ [— Y, =00 -&-Y,=0.0 (APR) ,
100F | ¥ =001 |- ¥, =05 (APR)| ./
= 80 / no[fm?]| EsiMev] | K Mev] | s Mev| L [Mev]
L 60
> 0.16 | -16.1 | 245 | 30.0 | 38.7
= 40
20
i Our EOS : HT and M. Takano, NPA 902 (2013) 53
0 APR : A. Akmal, V. R. Pandharipande, D. G. Ravenhall,
Sl : . . . PRC 58 (1998) 1804
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Home Page of Variational EOS Table

http://Www.np.ph¥s*wagpda-3h-ﬁn/ﬁng/
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Equation of state for nuclear matter \ User’s Guide
User Note for the Variational EOS Table
1.2 3 4 2
Equation of state (EOS) based on the variational mar H. Togashi™, K. Nakazato”, H. Suzuki®, and M. Takano
matter. the EQS is constructed with the cluster varia IRIKEN Nishina Center for Accelerator-Based Science, RIKEN, Saitama 351-0198, Japan
p otential and the Urbana X thr ee-body nuclear pote 2Research Institute for Science and Engineering, Waseda University, Tokyo 169-8555, Japan
) i ) . ) ) 3Faculty of Arts and Science, Kyushu University, Fukuoka 891-0395, Japan
SDDFOleatIOH. Alpha partx:le xng = also taken int 4Faculty of Science and Technology, Tokyo University of Science, Chiba 278-8510, Japan
This EOS table is open for general use in any studies|
referred to in your publication. March 8, 2017
Abstract
- This is a guide for users of the nuclear equation of state (EOS) table based on the
Users GUIde (rea Argonne v18 two-body and Urbana IX three-body potentials. We construct the nuclear
uim EOS using the cluster variational method for uniform matter and the Thomas-Fermi
calculation for non-uniform matter.
EOS tables
e0szi \
'—E% cccccccecccc N . l D t
Logl®(Temp) Temp m
-1.000000E+00 1.000000E-01 u erlca a a
5.100E+00 7.581427E-11 1.00QE-02 -1.51699B8BE+00 7.968970E+00 1.427632E+01 1.004453E+02
Contact 5.200E+00 9.544451E-11 1.000E-02 -1.4946B4E+00 7.968916E+00 1.405264E+01 1.005B67E+02
5.300E+00 1.201575E-10 1.000E-02 -1.472371E+00 7.968B62E+00 1.382B97E+01 1.007294E+02
5.400E+00 1.512693E-10 1.00QE-02 -1.450059E+00 7.968BOSE+00 1.360532E+01 1.008713E+02
+ Hajime Togag 5.500E+00 1.904368E-10 1.000E-02 -1.42774BE+00 7.968757E+00 1.338169E+01 1.010151E+02
o 5.600E+00 2.39745BE-10 1.000E-02 -1.405439E+00 7.968705E+00 1.315807E+01 1.011550E+02
Nishina Cent 5.700E+00 3.018220E-10 1.000E-02 -1.383130E+00 7.968B653E+00 1.293447E+01 1.013009E+02
J

2-1 Hirosawa, WarD SaamT S5 -0 1o a0




3. EEEXRFER~DEH
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< 1of < --- HS (FSUgold)
E : GW170817 e HS (TMA)
1.0F —-- HS (NL3)
S AR 7N A I B EEOR HS (DD2)
0.5F — — HS (IUFSU)
--—- SFHo
0.0—~—— ----- SFHx
6 8§ 10
R [km]
THEFEOEELFEDAR

J1614-2230 (Nature 467 (2010) 1081, APJ 832 (2016) 167)
J0348+0432 (Science 340 (2013) 1233232) GWI70817 (PRL 121/(2018) 161101)
J0740+6620 (Nat. Astron. (2019)) Shaded region (APJ 722 (2010) 33)



Radius [km]

HBHEBERIIAL—arv~DiEH
1D neutrino-radiation hydrodynamics simulations

Progenitor model : 9.6 Mg, star (provided by A. Heger)
SN simulation numerical code: K. Sumiyoshi, et al., APJ 629 (2005) 922
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0 S0 o 50 100 150 200 0 : di 10 K b 20
Time [ms] Radius [km]
Radial trajectories of mass elements [Variational :4.59 X 104 g/cm3\

Shen :3.55 X 10* g/cm?
L.S180 : 446 X 104 g/cm?

L.S220 :4.22 X 104 g/cm?
HT et al., in preparation g J
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nARA &L ?
ALLYVY (s) 9Aa—0&FESTINUAY

INAROVEHEEDEDED(ICEEFEAE
b OFIREBAD, ILRBERTRIFEIRNIZO.
PREFEOATICFEDNFESNTWND,

2.8
ol PNM
HYPERON PUZZLE . psnumieoz |
o /\/r/\onyiﬁsé':{ﬂﬁa]zosmik{t N AN (1) PSR J1614-2230
MO EERAETE /
NARAV3FE T (ANN3FEA) 08 |
— ABEBRRZEEDEM 04 |
00 ” 12 13 14 15
R [km]

D. Lonardoni et al., PRL 114 (2015) 092301



VEalb—2avITERAFRENANOVIRESIER

Nuclear Ngat BE/A K Q J L type of int.§ used in )
Interaction | (fm3) (MeV) (MeV) (MY) (MeV) (MeV) SN-EOS list by M. Hempel

SKa 0.155 16.0 263 -300 32.9 74.6 Skyrme H&W
LS180 0.155 16.0 180 -451 28.6 73.8 Skyrme LS180 Hyperon EOS
LS220 0.155 16.0 220 -411 28.6 73.8 Skyrme LS?S??Orr
LS375 0.155 16.0 375 176 28.6 73.8 Skyrme LS375

TMA 0.147 160 318 572 30.7  90.1 RMF | HS(TMA)
NL3 0148 162 272 203 373 1182 RMF | SHT, HS(NL3)
FSUgold | 0148 163 230  -524 326 605 RMF | SHO(FSU1.7), HS(FSUgold)
FSUgold2.1 | 0.148 163 230 524 326 605 RMF | SHO(FSU2.1)
TUFSU 0.155 164 231 200 313  47.2 RMF | HS(IUFS

DD2 0.149 16.0 243 169 31.7 55.0 RMF HS(DD2AMABHBA, BHBAZ

SFHo 0.158 16.2 245 -468 31.6 47.1 RMF SFHc

SFHx 0.160 16.2 239 -457 28.7 23.2 RMF Sl“lL

TM1 0.145 16.3 281 -285 36.9 110.8 RMF zs in Ml
g STOST, STOSHQ),

STOS; STOSB139, STOSB145,
STOSB155, STOSB162, STOSB165

Shen EOS with A, 2, 2 [M,,.,, = 1.67 M,] (C.Ishizuka et al., JPG 35 (2008) 085201)
Shen EOS with A [M, .« = 1.75 M,] (H. Shen et al., APJS 197 (2011) 20)
LS EOS with A M. = 1.91 M,] (M. Oertel et al., PRC 85 (2012) 055806)

DD2 EOS with A [M,.x = 2.11 M,] (S. Banik et al., APJS 214 (2014) 22)
DD2 EOS with A, 2, B [M ., =2.04 M,] (M. Marques et al., PRC 96 (2017) 045806)
SFH EOS with A, 2, E [M,,., = 1.98 M.] (M. Fortin et al., PASA 35 (2018) e044)
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p
AN [AA . (E. Hiyama ct al., PRC 74 (2006) 054312)
Vig ™ Vij™ two-body potential (&' it o car” PRC 66 (2002) 024007)

- Constructed so as to reproduce the experimental binding energies of light hypernuclei

Vé\é\] N) i?lé\Nv z%\A : three-body potential
- Repulsive part of the UIX pot. is employed

— ANN: Strength parameter is determined so that a0 = —30MeV

\_ — AAN and AAA: Strength parameters are free parameters. )
25 i ! | ! | ! | ! I ' | i
1 t -_ ?I)OM V T ' T - 5 2.03_ /’%\ J0348+0432 ]
Z: frag = —OVE : T \ J1614-2230
[0V = vt < o N _-
0.1 : . : o 2@ 1'5: Nuclear Matter -
< z S Lok | .
0.01 L /o Hyperon 3B\F. :' [ wjo Hyp. 3BF :
4? ! 0.5 :— fao = —30MeV —:
2r 1 : i
0.001 — ' 00— L . .o T
0.0 0.2 0.4 0.6 0.8 6 ] 10 12 14 16 18

i [fm ] R [km]



HBEREVMEARICES THNAROVESR

HBEME
- MERMHLELLEEME (p,n, A e, et y)
X hOE—¥E ANUFTUHEUDI MAE—S~1-2)

(O < aAAN — aAAA < aNNN)

o
T

| |

0.0 (V 0.4 '\0.6 0.8
-3
Central density at z,, =0 s ng [fm ] Central density at z,, =50 s

(Core-collapse supernova) (PNS cooling)

0.001 : '
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RENE NI ENXGLORIERESEREERL
EEEXARE (hHTFE - BHEERR) ISEALE,

—BME: V7RI—ENE E—HEBEWYE : Thomas-Fermi i {Ll

http://www.np.phys.waseda.ac.jp/EO0S/

<
Baryon Many-body Avplicati
pplication
Iinteraction calculation EOS Compact Stars
Constraints from the observational data

» Uncertainty in the three-nucleon force

* Hyperon mixing in high-density matter etc...




