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1 The contour plots of the potential parameters a1 — as, bi,b2 and the finite-range-energy
parameter Fp in the Ko — L plane.
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HWE 7Ty 7 R— V&R o DENHE, XS ICEEPETEEERD S ORI EEEHI I L
ZEEZIT. WXL XENERCERER T & L, MERET RS S 0B EEIIC B »TIE, X
BT BEIBINC SR L TBY, SV F Xy ey Py —REPEELF—T—F ko, —7.
ZDOWIRTH 2HETEICOWTIE, WilOBEDEHEREE 2 BICHZ 2 2 & o Hh EEERD S OflR
WZ L, REFEOHEE L Ty, 22T, BEIAPKEMKZ R 72N T/ EK E Z Ol
PoFondhETFADHIBIZCOWTHEICE LD 3, FHERBRLVOEIFEIA LOERANEEZITS
BEICEEN > o0, ZNTHLERERLERZEL, BROLERZHL L WEEL I EBTER,
EBRIADZEFEEZHS & E LIS, AFAETTORENEFESAZEBEVHITESICRIUZRVWEES,

I. INTRODUCTION

HOEDOEL ORI TIE, BHTEEE EIEN 2L BRI Y, 208 E L CIERIcary 7 v i
KEDERI NG, BEOEERCREEHEETOREFHEN L EIKEL T, BENBa 07 b RIKIZ TSI v 7 x5 —L
PHPETR E 2%, hET RN TR LD EEHER B S 2 B IS 2 2 BIEIET 52— 07, T EOZEEDOEMED S H
EEED S E SN AMYEOHIRIZESEREEMTEDOb D EL B, 2D, TETFEZ RS s REHRRIRET
Y, PETFEORNERT OIREFST0R Y, 2F), HETRELE 77y 78— LOBRERELDbDP> TRV, i
R LC, HETFEAESCREET 2RO A E L T, PEFEADOFIR2REZ o s b Litk\y, ZORHR,
MIRE & L CEs i o REE RIS HIR b IR TH 5 9,

P RICE D 2 BIE E U<, dEPE T REA RO B BN IER I EE 2 L o7, FEEE. EHOMA
EROS &, BEHRIZEMYE & OEAERRIZEAEEL, BEAICHBEOEDTFT—9 ZH T TLNE, 207D,
TROYBZ M5 FCIEFICEEZBINEE 25, 5%, £7 F THMEMIE Z 51206, kT B 0m s I
B2 RESHBERICHROGHIESAREE 2 TH A IH, DX A, BHIRERZ o dhikFE~flR, RES R
ADFIRIZE L TlE, BEIADIEFICHELEZBRECCH -7, 220, ZZTRENKLE ZOWEETH 2HETEIC
OWTHEHEICELDBIELET S,

II. WHAT WE CAN LEARN FROM GW170817

201549 HICHE 7T v 7 R — )L DERD S ODEIIEHW O CESEZE X 7z [1], 7. 201748 HizldHwic,
BB o OFEIEEEE (GW170817) ISR L7 [2], HE 7T v 7 F— VAol & B hdE 1B A0
WRFC &, SHGT 2 BREBEOBINC S I L, v L F A vk v P2 —RICEDHET £ 257 [3], 24 % T, LIGO-Virgo
IN—72 kB 2 MOEREBHEITIX, G 10R0OBE TSy 75— LVAEE»r o EHEE 1 ROERPHETEESEDLS
DENPEPHHINT S, 512, 2019FE 4 A s{Tbii T3, 3 BIHDOERMIZ T TICEBOBE AR DB
BRI N T3, 2019 FEEHICIZ HADE NI THE KAGRA & LIGO-Virgo 7'V — 7'k & Bl ZBIR T 2 P& T
H5,

FEBRIZ GW170817 Tld, FHETRICE DL A RIEREBL Z LN TE L, 7. ARIIOF v —7> 7 F )L LI
BN ZEEZOESD S SN ZENKOFELI S, BEOERBEONS, T, AT 2EIMTIZHETEDYE
BoEmPHEoNG, 20, REFERIKE L THETREOEENPKREVIZE, A S DI I TEPIEDL, 2
DEAZREHEIE L I D, EIWEWIEIIEC BN 7 IV EL DI THS (eg., [4]). SHIT, AREDOESN
W 7 F N0 51EEZ S5 FETRORRNEELEHELHER COMBEOEEICEET 2 1ERE2E2 2 L3 C& 5 LR
EN3 (g, [5]). LL, MERETEASERBICEEINS TH 2 ) BKEETETED 5 DEIIE S 7 F v id—Mih
WX u LY L 303, BTOEDFE T T I DX BEIREIE CRENR L nkd, AGERBEOEEY 7
NDEREEZITIE, IEFITEDNERA XV P 2GS 50, B SHEROBEBHETEHEOZREZHFO L1y,

ffduce &, PHEFENEEEBEL L TWin 2 & & BAHEAMEEERDE L WENHECH 2 ERET S £ GW170817
DOBMD 6, F v — 7EHED 1.188My, REED 2.74Mg, THETFEOEEDY 0.7 — 1.0, BIYLTZEDY A < 800 &
HINTWD (2], MIWEAE P EFRORESFEZUTHE CKFT 2720, A < 800 & \» ) BUAIHIR & sk 1Rk
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FIG. 1: fk% ZREES 2 Fl D TSR S N2 RE B ETEOBEE L EROBER (7], 2 noREARRICE O THLERED 1.5
BORTER L 22T VICHIZ DT, £z, POBER 2 BEORTHERELE %5 LI ET2ElT, MPOBFIE, SIRE
FRUTHIBT % n Dfl, 512, KHR[6] I & 5 GW170817 2> 5 OHIRH ZED - HFE T,

BRI T 2IOHIRE & %, o, RSP ETFREBEADOFIRE &5, FEBE, 1.4Mo OPHETFRICH L T,
BREDI13.6km I &2 RE L WIFIRTH 3 [6],

—J. EALRESBERTH R FBENZEEMEICE LT, YoiREOBYEONS 1 2H7-) DI 2 LX — (w)
. N VBUERE (ny) &R PETREIE (o) OB E LCUIT D X ) ICEBTE 3,

K L
w(ny, @) :wo—f—ﬁ(nb—noy—l— SO—I—%(nb—no) a?. (1)

220, RBAREL (BN ST X —%) TH b ng. wo. Ko 3, FEFEE, SIAEEICE T 20V E O 301 ¥ —
EIEEMEREZR L, So & L 3IEWEHNZ : L X —ICBE T 28 TH S, 2D b, FHILELZORANED, S, fuflE
JETHRE % ng. wo So ICHINRT, 22 TOMITETH % Ko % L I3 EEED S OFIRASERE L v, 3512, H
BN T RIZ, NEOEL R0, 206 D PRI T X — % 2 AhwTHEN ) £ (RlidcE 5 Ll
frans, FEBE K1 DX, TEED 2 5O FIREEIL LTI 2 P EFEOHE L EROBIRZRL %
REGRATRIDT 2 &, 22 RESHRATHIET 5 Ko & L 2T,

n=(Ko?)'"* )

LEBRINZET, REEBEPETREIZ) SR TES (7], ZOMIC, GW170817 THE 5372 A < 800 & v ) il % .
LAMo ICBIL CRIL TH B &, n <130 MeV LW IHHlR2G o N2, 5. 3 6% 2 EPETEAHED S OB S
WZE LT, MWEEEADEOHIR?G 2 6 U, A ST X —F ~DOBROHIRICO 22350 b Litk b,

III. GRAVITATIONAL WAVES FROM SUPERNOVA EXPLOSIONS

a8y MEHEOARICR S, BHEENFERE L Q@R RREZ oD, av 8y MEEBICERS & @
BT RDBERFRIGE O 2 &2 S IHE 59 < . BB 25 2 7255123, BUTORDETHEIciks 256 <
KOJERMCOBHEA Ry MIZRS 2000 Litk v, KONIEEICE T 2 P EEBAEOHE I 100 £ 1 ERET
HDHIEDS, OB SHENRZ E2F ) DIRREE» S Lk, —HTEWI Enb=a—1FY )
SUFLBFERFICENTE S EMFI NG, Z205EE. BEHEA XY MCHET 2B E =2 — F Y 2 ORI
BHOTHRELE D THHI,

INE T, BHEBEPSOBRENMICEH LTI, B I 2L —2 a vy TELTE A, 20oM0id, IREEHBE
NV P HRZITEHOCIREIE E > TWE, a7 N7 VA%~ 500 SV TXu~LY LR ZENES 7FNVDEEDN
MBINTVDS (eg, [8]). M¥. ZORBEBIIFEHTETRORMICETZ 77 -7 743 ZIREFTH F £
52806, FIRPHETREOREICE TS g — FiRE) (Rilig €—F) LMRIN TV, 3512, RILED 3 RIGH
R REAES S 2L —vavick s b, BEOBENES 7 FVOEEDRBENTVLS (9], ZNSDEWS 7L
. R2DEKEIICHESE (7 FIVAPRA g E—FITHIE), ZDXHIC, B T2 —vavz2ELT, &N
B> 7P NVDEEDBHE IR D DD0H 20, —~HTZOEBROYIIIRL LS broTwkhy, 22T, L ITERE
SRR S By S AL —Y a VICBENBZENNES ST L OBREZHIEL TWw 3,

SCHR [9] TOEAES S 2L —v a vy RO NERET =526, FIRTETREEFTVEMEL, a7\ Y 2HBDO%
Rzl o R ETFREE T IVICE T 2 ENERE€— FZ25E L2, 2088, K2 oAKIRT LI, BV
FuARBEBPERED f E— FEHREBRT 2008 L2300 5 [11], fE— FIRENIFEE D2 o KIS 72
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HHEIRITAETAR D & 70 2 BICE 1T 2 FEARIREIEL,

HARETH 2D L, INETOMRRTH - 7-EM g T— FIRZFBIINAZIRETH 2, 2O Ehodh, i 3 2
L—yavicBiny 2 A, BIEh TR f £ — FIRE EBRT2003HATHS L Bb s,

F i, A TOFRBET RO TFBEEDOF IR, (Mpns/Ring)/2. OBIEKE LGS 2 FG P ET-E2 6 0
fE—VFIREEE 7oy P LEKDPIK 3 THS, 2O X I, fE— FIREEL, FihET2o %
Dz HwT, X Q3) &I B TLe %,

1/2 —3/2
(PNS) Mpns Rpns
= —87.34 + 4081 3
fy o (Hz) + (14M@) (1omn) ’ )

ZOMRIEFHEDEELHEEFEITICE T AREFERIIREL W EBASNTWS [12,13], 2% D, HEITEE
FKBEDENETHLS 7NV AZBNT 2 L, BEPDRESEAUKET 2 2 2L, Q) » oKL B T 5 ER
T ROV EENRE S Z LItk B,

I, R S OEDPHREIE — N & LT, Hl 2 13NN ARREH ORI TH 2 w TE— FBEZ o0
2 LN\, 220, wE— FEODEREFEOEZ, FHEEL X 51222084 2 REHRRZ2 w72 5 iah
HTRE TV %Lfﬁ&oto%®%% X 4 DEXKD & 9 I w T — FIREIE D RREHELIRIRIEFBRUKTT T 2 23,
—HTHKID X ) IHRZNC BT 2 EETREFED 3> 7 b2 A (Mpns/Rpns) OBIEE LTA B L, REEHERIC
WETHZELSEHEEELTHR@ DEIIT) ELEEE I Ex3bh > [13],

M R /R -
(PNS) (kHz) = [27.99 — 12.02 | ——> NS PRS- 4
FPNS) (kHy) [799 0 T (4)

1.4M, ) \ 10 km
20, b L, wE—VFENKZHENT 2 Z L, REGESIRET 2 2 & 2 SIZNICB T 2 R E1
BOav 7 2 ABb»r5bZ LIl 5,
DI EMS, fE—FE wE— FEIFEOFEREENIETE ZGAEICE, IRESBERXORHEEN: & 137 <. &
MBI B FETHETEDONEE L a2 N PR ABRFEL LIRS, ZOMRE, BRZICE T 3 EETHETED
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FEREEHEDRDD S, ZOFELHRERK S O L) IREARAKT 5720, 2 TTORULTIIC XD @ LR
ICB T BRSNS T 2HIRITE 2 LWfF S NS, miceETE2 o DENILE 38A D, @HRETIE, 8
HIEE D7 O IR T RO RO L FROIEDHI T 570 FHICIE | Mo gD & O IEN %
LT, EEEHERIC B T 2 REGHICHIRDB 52105 TH 5 ),

IV. MEMORY OF TAKATSUKA-SAN

FEPHOTEZIA LS SDIE, 2011 FE10H 14 HE > 3B L Tw 5, FEERE O - EE IS
YKIS2011 i2BM L 7B CTH B, Z DU S HEFEETH > -BIADMEEZHHI LB, Z20BIcws 5L eo
EBI AL BUNHTH oI Db ST, FHETFR L WA IHEDIEEL S WA VWA BN TE -, . AR
BETIZ, AloTLAMEENREL LR, ZOHICAID Ao EERIA LB LIETW LTI EIIREDD
Wizlpotz, 20K, PHEIC 1 EOME T, FERFTEI APMEEAN L L T4 > T\ % Kyoto meeting IZEMT % K
D, ZOWEBL2VT B ENTER, 72, 20 FEELSIBE > T RICE b 2 HEMHEFE T |
REBMERIC 2> 72, 2014 410 A2, JEECRYChif# S 1172 Quarks and Compact Stars 12 & HIZSI L 7, FHH X,
WRFETAHPOEHETRD 7 7 A MBI 5 AVIREIOBHT 21775 > Tiehd, ZOMEZEERIADHITYT % L, Hh|
WE ST 7 A DVHEROMEEIZEET 2 HM K7, ZOHEE, FEHEZD OFHEZ T2, Rt ¥ TR IZI R
Poldrb Lige, fEE, hEFRICET 2ECEROH 2 BRI A L OIFEAMEZITH) 2 LB TE Lo DIFIE
WICERAETH S, o, BHWBHBE L, s wi v kb RBIcBb 2 H 74 2 HEBBIKICHD > TL %
PO LNBEOVREDAETHY, BEIAHGLIEFIERIE ST EEES, 2%, BB Z ool
., BEROMEZED 2 2 LT, THTREOYHB L VBRINE ZETHAH, 2D L) Ik TEoMEsMES h
T, FREEIAZEOCHL DS AALTHEAPTEIIRWER S,
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V. CONCLUSION
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ROV OBMISEL TH S 9, ZORHE, BERIAZBOHL 2236 mTE IRV E/- ),
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NICEREH| & H k12
LR e (TETK)

T, BRx BRSSPI SN CTFEH 282 ABNRENICm ELTWD, 205 b,
A E DR Tl Ze i O XER B RS T ANICERICA R v &2 H T, IEWERERICHIE S
TWDHETFEBIIZ OV TR LT,

NICER(Z. Neutron star Interior Composition ExploreRDEME TdH D . NASAL L TixH
PEFENEICER LT ToOBH ey =7 S THY, 201746 A2 B EiF o,
BB Hgs s L CERIZAR > TWAHCDH A T 12T, NICERD = /L X — /3 fifHE 1320
FZERWED, LOMNCERET LV EIRTHZ ERARELE 72> T D, RIEIZWV D
WCHER L i, BEIEDLMPWVOIETHA D,

Neutron star Interior Composition ExploreR& WZo THWNERMN G DXFREZIEZ 51T
X720, £ HZ S NICERDBMGRENDZITIAT —Z IXRROKRE L TTH D, €D
B8RP RV X — S REE 2 AT 95 2 & T, H R PR ERSOEA TR A 2 D IR 25
HZEEHETOITHD, BEMICZIE, a7 bxRE BREOFRY ARy hO
AELECREZHGT T NV ERAT ISR, Himmiciza 7 b A REHEX
Lo TREY, BEEOKR Y ARy FOMEBEECHEE ZEGRTT L0 6 IE— KRR
DA EVED Z EMNENZ IR D, T OB, BB RIKE B 25 & BN OB D7 &
WL THE—REITR D, —FH T, BEDONVY—IRBEDOREEIZ L > TOHRIE—EERFES
MREDEND EEZLNDT-OIC NICERICE AEEFEBEKREZEDHT-ODZX—7 > b
ELTIH Y —ThD (w72 —ITROTRTHE =4y MIg>T0Wb, ) , Zhb
NICERIZ X 2 #IFR & @R (Bl 2 1XEW 72 &) & OMMIZRHIIRIZE Y . &EIIZ5 %
DIFTEREZHIBT L Z ENRHHFSHLTWD,

FTH T 7 U » FEROBLIFE R R Lo, LK ONICERBLIINC X 2 #55 TIE,
INETORT Y v FOETATRBINTWEET L THHATE 20O HMERDH D
[P.Ray et al. (2019)], T 72bb, MO EHDOIPNNTLEIT, BEIZL->TAEY LT
v TENTET TA NN AT ~AEBENREIND EWVSTEET L TH D,

Z DX D IINICERI, BEWEL B R LI RE oA X7 be bz b L BbhiTng,
DZITHERZEFOME LTEHEBELS CLEIDBRWVIRTH DN, — Koz b0
ML NI R LT, =2 RX—=UNbBLEFLND L) >TWD, T TIZEMEIE
BltA SN TER Y, B VRIEN, T — DI I EURBINIR T &b, 2
DFEINTWVLEMMEICBEALT, £4—F v FZEIZENLS DWEBIT—2 B3 lE-T
WAHDBAH SN TNDDRE, N, FHETEIMREEZELIETTOIT L RE T AR
S TW5DH,
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DI=N—YNERKFNZE LTI 4+ — 78R
BB IAREBEST

LAz
(BFH R > 2 —)

1 I=ZN"—HIZBERFHEHHEFE EOS

NAN—KBE DN 2@ 0T YN - YY HAMFHOMWE Z R, BlEmiME AR 2 7 2 -3
5 Z L INA N—EYMOHEANGRETH D, YNBELEBROERN I 256D TH 5, HiElTim
YN - YY M EAEFHETL D S G 9E BAEH 2 51 U A 28— BB O frhs 3 % 0 BLOE AR RS
FUZT 40— RNy 7 XIEBH——1990 FFMRUTIX. 2D K DS B DEDITHE > T, Nijmegen group
FIZ X 2 BENHE AR RIES Nz,

2000 FEARYITE, NA S—EEORFFLZEMN T SN BIFEN YN - YY HEMEHIZEDE, A <D
V(N YD) 2ECTETFEYEICNT S GITHEREZZIT T TSRS A Lo TRIBE N, 78
I - (LA - @R (NYT) I KB RICHEE L 2 [1], 22 TR oNEELH R, PETFREORK
B (UKL 1.44Me) 25 A D70 BE L INDEHEE 3K FHFEJI (TNR) ORIERAHNA <
OYDRAIZESTHATLEI L WS ZETHo7z (EOSDY 7 M), TOFEDRIRE LT,
NYT 2B WTIE, 3EFHBNNN DAL ST, NI _avY 288348 (NNY,NYY,YYY)
ZH 2= N—HZE < (TBRu) EIRESI Nz (BRI ADT AT T ). 2010 4£1Z 2M, DT
EPFERINZILIZEDAROTRNIED STz, NI R VEEDRH5TEOSDY 7 MED
FIEIZERLNZ 72 ) I R 2] 2 WS EWAR—RINIZZ 572, TBRu &\ 5 &ED T
AT T TIDNRZUDMET B0 E S 2k, TBRu BFEETNIINT RO VREEDRH->TH 2My D
HHETFENFELD DI L 2 EENIIREEZNE I NPE WV REIZRET SIZE-72DTH 5D,

TBRu 3HREFMTH 5. IRDOAT v TIIHMKRE (ERGRABRRE) THo, T I TREIH
7=DM, Rijken-Yamamoto (Z & 5 Multi-Pomeron exchange potential (MPP) [2] & EIH - iR X
A D String Junction model (SIM) [3] TH %, Hi# I Nijmegen models DILE I1ZdH 5, MPP IZ
BV TS O EE R I TH 5 pomeron exchange 2% 3+, 4 BTIZHLE X 72, pomeron
X SUs A5 —7DT, MPP X 3-AKFRIZA=AN—H VIZEL FHE WO I DITTH S, (b
AT pomeron D FEK L two-gluon exchange TH 2 Z LD 30> TW5,) —F, SIMIZELIAD
IZERT 2EETH D, MPP L IZRZRZHFIZEDNT WS, MPP & SIM (3AH 0 B 13 5
o TWBD, FEENIZIZERBTHS

MPP & SJIM @b\‘é‘ﬂc- LTH, ;@ﬁx A BB IZ B 1 2 BRI B SGRINER (HRIZEDE
BHBRNENTRA—=K) 258, MPP CRAWXZDMIBENIIH =5, —Ti. range DTid 2 K%
DT THD & 172 pomeron mass THRFE > TW5, MPP 5.2 5 J: D IR BT D /R
Rk, BWEOHEYZIETMHEEK 2525 ETAAIROERTH O HETEYED EOS @ﬁﬁé
ERD DL, EEEHEIETOIEMEEEHT RV F —EHA A U EHEERTRD 2 i HelE I3 E S 5%
MINTE D, WEEMERRFEmIEIE SN TR, TR LT, diAR - Bk - IJ.IZMZH‘%—
FERHMEBEL OO 1 FE 43 A, BRI T = 5 & E/A=T0MeV T® 604100 WMEHEL O £ 4345 12 7 1
RPEZICENEZ L 2FHRA L, TNIZE>TMPP OME 2D 5 & 402w (2M 2 H
9) EOSARonsd Z ezl B, 72720, #ikFITH S MPP DEANIZEEL TIE, BEWE
? saturation property % EHL9 57212 34K5]1 71 (TBA) ZFEKRHIAIU 2T X 580, £
7zo NARBVEEIZES EOS Y 7 MUEDREZ IR L T YN BREL - N A S—B5F
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A R B B BGOSR E 2RI BT 5 2 A BAEHRELOFEDHiHE & 72 5 D5,
Z Z Tl Extended-Soft-Core (ESC) model Z M\ 5% [4],

MPP & UTIE, 3N A VR (BRE G3P) RO AN) A vkl (S GAP) BHlsn 5, Lt
D 0O+100 M FELOMRNT 1 51k 5115 DIXHTH & G DRI DALRD T, G3P & GAP Dl
IFEMRE I NS (EOS DX 2L Z BM—D/NTA—R):GAP DRILDWI 2 HT 5L b
Z MPabBXUOMPT & L., G4P=0Dty b% MPb &9 5, TBAHFIEIZTNZFTIZIEUTHRD S
N5, MPa, MPb, MPa™ % ESC {732 A. BWEIZXN T 5 G175IEHAED 5153 5115 saturation
parameters D% 57— 7V 11252 5, MPP #4 DE\ (G4P DR X : MPb<MPa<MP™') &3
(IR K ORIZEN T\ 3, K121, ESC(—A@5). ESC+MPa(#34#). ESC+MPb(#H%
K1) 1269 5 E/A #hif# (saturation curve) 3 p DBIF L UTEH X 515, MPP #8434 saturation
WCREN R E 2R L TWBZ e brd,

Table 1: Calculated values of saturation parameters.

£o l?//i l?synz L K
(fm=3) (MeV) (MeV) (MeV) (MeV)

ESC+MPa 0.151 -16.3 31.7 55.7 248
ESC+MPb 0.155 —16.1 314 49.2 217
ESC+MPat 0.148 —16.5 31.4 55.1 275
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Figure 1: Saturation curves for symmetric nuclear matter

213 ESC(— fAfHfR). ESC+MPb(HFEHMR). ESC+MPa(775E#R). ESCHMPat (¥ > 2 FEiR)
MOEMN L EOEEEXRFER%Z R T, saturation curves DA L [HERKIZ. MPP #4 D
PERRBENT K > T 2My OFRKEEPEL L TVWE Z L2005, ZITEHIREZ LIL,
MPP #3 D IO RIZ L > THE L EEAERICH KT THS, ZDZ &, i
TEYE EOS OEHIZB W THRAKEED AR S T EROBHIEETHS I L E2EKRT S, &
B, EOEBHTHE s nhEFE SRS RV N GWIT0817 1, (1.4 ~ 1.5) Mg 1253 22308
~IBkmUMTTHBE I ZRUTVED, ZOZLIEFHLADGETERAIEREVWGAPEEZ AT S
MPa™t IZHEREI N DR EZ L 2EKRT 5,
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3.0

M/Msolar

Figure 2: ESC+MPa(77%E#k). ESC+MPb(H%E#K)., ESC+MPat (¥ > 7 FEifit), ESC(— mHiR).
IZh9 % MR iR

X 3iE ARy (AYT) RS EOS & vErns i E0EE-LRERE RS, Eit (B
B BAA RO VREDRD D (R\W) BETH D, MRS FRADK T EOS ¥V 7 MEERT,
NWP%%@‘NJME WZEHELLBWTBY, ZOEPTTHNIRBVEAIZESEOSDY 7 b
m<mﬁggwmm> ZHE 5T MPa DG (REMR) 1Z2M 227V T7—LTW5, MPb

B (FEM) ITIE2Mg 2R T x50 ‘bb‘ ¥~ mixing 2372\ (A mixing DA) EARE
TétM%L £3 5 (—aBHR), 2N mixing 1I2£ 5 EOS V7 MEDORIRIFA KD - DS
MEL WD TH S, BHRKENT LIE, (1.4 ~ 1.5) My 12T 20 R IFNT RO VRS H -
THZED6T, R((1.4 ~ 1.5)My) OIEE LB X 5T MPa & MPb (249 % MR Hif#a (3
bH EOS D) ERHITE D Z A RBINSG,

HEASHBONDERINEREZ L DD LMD L5125, FHHMlIL Ref.[6].
(1) Fex DELD BNTBNWTIE, N A VB AR AR EERT — XD W TR 5
N5, EOSOMEE2ZEZ%/37 XA =X MPP RHDIRE (G3P & GAP DEE) DA TH D, £
NZE o THMETEOBE R L PRIIARIZE D 5720, HE R OB S FRIIBHR DR kD
LN d,
(2) MPP &1 (G3P & G4P DEIE) ODAEMEDHFT R(1.5Mg) = 12.3 ~ 13.1 km o h
5, ZORMBIZHLTANAA B VEEIZES EOS DY 7 MEIZHEL A\,
(3) R(1.5Mg) DBIHIMED 12.9 ~ 13.1 km 725, G4P O\ FIEIRIZ X 250 EOS H3NA <
OVEAIZE>TY 7 MEINTWE Z L 2EKT 5,
(4) R(1.5Mg) A% 12.3 ~ 12.5 km 72 & GAP [T T 2 W R AR RIFAHAIE L 2\, 2Mg AFEBL
INZ7DITIE T RAIZLBEHWEOS V7 MEdZZWw (AREDA) EEZL5ND,

2 ESC QQ interaction E PFMFEICE 1T SH 0 +— V1
FETRNICE T2+ — 2 HOEFEERE S PO DR T - TH S, (NI Ra X)) %

HSHTH, NKO VPSS 7 4 —ZHADEBERIZ L > Tl T 5% < ORABR R I N, (KE
FEFEIE DN K1 U EOS & @B EMEIB O 7 + — 7 EOS D7 1 A4 —NN— (HEHKNIE TR
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Figure 3: /N1 R0 ViEG EOS & 0 &5 kit 7B OE & PEEER, R (ESC+MPa) H
F#k (ESC+MPb), IINA R VEAGLL OGS, —mBEIEAREGDAZELY;

<) 1Tk o T, AR 2M, ® MR iz P E N =00, 28H - ¥ - &% (MHT) OfL#H
TH5 [8l, TITZ4+—ZFEOS 12 NJL model CEISER) THX SNBA, 2M %2 FEHT
I EOS 2 372012, S 2BIRGRM/ T A — X &9 % FRIIIE (vector repulsion) A
/K\gk émf;o
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Figure 4: TAXNVF—%E e DB E U TOEN P, #HRFERR (ESCHII), BIFEH (ESC), HFifid
MHT model : E## (gv/Gs = 1.5). ### (gv/Gs = 1.0). — KR (9v/Gs = 0.0)

2Tl 74— 2B U TEEGELIE FWSTIZ, Quark-Quark (QQ) interaction % W

72 GITHEIRIZ L5 TEOS 2E <, Th.A. Rijken (Z & b, ESC Baryon-Baryon (BB) interaction %
ﬁf’”‘k\ QQ interaction M meson-exchange #7ARD & 51235k 517z (7], ESC BB interaction
H1F 5 BBM coupling constants £ Quark-pair creation model IZ X 2fHIZEDLET 71y FIh

’CL\ LZHEEEE 2T, 3Q BRI & 5 folding DAER A BBM % 52 5 & 512 QQM coupling
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constants % & QQ interaction Z g3 5, 15515 ESC QQ interaction Vege IZ1%. single
meson exchage D #7259, pomeron exchange X meson-pair exchange 3¢ ESC model D §&FKF
BABEIND, MURDHDS Vese 121 ad hoc parameter 15 F 1172\,

X2, QQ interaction Vg (2 & > T baryon (3Q bound state) Zlik TE % K 512, FHUAD
1 Veons & hyperfine (HF) interaction Vigp & Vgse (219 %,

Vog = Veons + Viar + VEsc (1)

Veons \ZIZ HO BLZRET 5, Vygp & L TIE One Gluon exchange potential X Instanton-Induced
Interaction (III) BHISNTWED, I TRBEEEZHRAT 2. Vions BELO Vi IZEEN S pa-
rameters (., N, A, A D mass ZFHIH TS L5 IZHkD B,
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Voo & W7z G ATHIEHRIZ & o T Quark Matter (QM) @ EOS 2k 5, QM Z u, d, s, e~
DPLF MDD LT D (g = fis = fu + fe—)o K AITIETT PBRTRIVF—EE c DBIEE LT
HEZo6NTW5, BFEMN Vigo. RERD Vese + Vi T 28ERTH S, 51 0THS Vi
IZ& > TEOS BESH <L 22 Z NN 5, HBEDE5HIZ MHT [8] T NJL model % 5 F-H55
BLTkdD 572 EOS 2 HIR TR T, ZDE T IV Tl vector repulsion DIRE gy 23 EOS DR X %
Wb DD, Bx OFERIE gy DRERMAE (gv/Gs = 1.5) ITHIRT 2 HEFERENZ LA nD, T
D& 5B NEOS IFRAEE 2M, 2 BEHT2DIZBETH S, FrxDEEIZIE, Vv EOS 2
no parameter M Vggo & O HRIZEP NS Z EREELRKA >V N TH B,

Fx D QM EOS IZ MHT (25175 QM EOS (K& 7% gy fHDGE) 1L SUTE D, &< Ak
IZ hadronic matter EOS & 27 B A% —/N—A AR TH %, [X 5 1% hadronic matter DJES] Py (pp)
¥ QM DES Po(pp) D2 BAF—A—% 5T, MHT #5281 28059 5 R & I ITATNE,

6IINRBYVHE 74— 2D 70 A —N—DIEIZHEDNTHE SN MR IR TH S, R
MREZ VEse &0, BRI Vese + Vi K065, 2M, 282 2ERKEES L O (1.4 ~ 1.5) M
XY BRI U TRWRRIZE > TWE Z D005,

MHT G D 27 0 AA4 —/N—fRITliX, ~ 2pg BAF T hadonic matter EOS, ~ 5py BA_ET QM
EOS 52 61, 2pg ~ bpg DIEIKIZE - B S LWHBTHRI NG, Thbb, ZOMHEED
EOS (Z unknown TH D, ZOFHFIEHEL DEIRETHEL LS\, MHT X & D iDL 72
OIZIX, T OEBMEIK I T B M 502D modeling DB EEEZ 5N 5,
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ALY IRAMPEBERHEFE
JEH

PN SRl I EPNE SIS E a2

1 ELC®HIC

FEFRBAEIZIEINS RO VBREDA N L Y IR ARHBEL TWE EEZ 5N TV, k2
TROLERBNAN—KTHH 5. TFEOHGREIZLNIE, SEEEYEFTIEINT R Y DF
EZDEHEDRKRT VY v )VOWEED P T EOME R EONEEEICKRERHEEZ 525 LWL
NTW5. BEORT O TBERE po ~ 0.16 fm =3 (EEEEIZH 2.8x10M g/em?) OB &% 2-3
iz, HEERZEDEZHRETFO T VI T ALF =PI ROV TOERAE 2257
D NARAVEBTRMATEEEZTRW. Bz M2 hFRAaER 2O, HEMEH
DUEBIZE>TIEAKRFEDHEELPT WAL D 5.

2010 FELABEIZ KFZEED 25128 L SKREEOHMEFEIFER I NT (1], A L r V2 ZABYHO
WD T, RERME (N Ry - N2V ICEBELTWS 2. GESAS [3] U5 Z0D
MIERZIER L T Wik o1z, mEFENEIC AN RO UHAREL TL % &t EYE 0 REE
AP SE N R0, KEEEED 20T REREZZ 5N TIZOINT T I v I h—lilioTLE
5. TN R VOREFFETEOWHMBETH KERPEL 52 5. o OBLRMEEE
fREWAN T 72D121F, T oICFFMZANT e VO BEEHYEDE DN Xa v OEE O E 2
OMEPBETHD. X R 2" KT H A EOMDOHAEEHADOMMEITIEY ZFTHEATVWSEDTH
A7

B, B O KRR 7 g i% (J-PARC) ClEMEF CHRELRERVPED SN TED, 2 ZE
TEIETERP > 72 FEEINA NS—P S = 2N X—K» K- T RFEREDA MLV
VR ANGYIEE O ER T 5 L FINT WD, AEEROHBETIEA ML Y 3 AYE % thul
ZHBAEDHERINIZEZ MBI L 7. Z 2 Clf, BERNIHE OGS b D - == M DR T v
VY IVEFDOMEBEIZOWTHDY EIF5Z 2129 5.

2 REFERHBPDOE HF

NAROYOENTOIRDFENTTETFEOEEL TOMEE2RET 272OOEELRERNTHD &
EZoNTWS. FRZ YR IEENTIIRWHAEEHDOS L TEN — AN AR Z 5720, A A
N—KEEDREEX® ANN O 3ERITTOMEIZHE RERHELEZTVWS. LER> TENIZBITS ST
DB L ZOHEZWHSPIZTEILE, ANV Y VX ABYBOEEZFEDOO L DTH S [4]. &
LHAL D SR FEBTFOMOHEERIZOWTIE, WELIZEL Do TV, Fir, 80
YEp BELFERR (J-PARC E40) ' E#figt Tfibh, ZOMFLHED SN TWEDT, £H74< XN HE
EROEFERERIHFONSE LHFLTWS.
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1251
E*208pb —
100
— % |
% 7 =
= o
50 s T
T 0
g @ \
Oc_> 25 \\\5‘,;""
0 : | |
10 12

_.25 L

1: () PHBE B~ KFICEBTAVAEY T =3/2, ALY S = 0 RBORT > ¥ v )b, EERIR W FH
7R 988 %, BARIZIS VR 2”9, 1990 FFIZEERETA A S WO TRD STz [6]. (4) 2°Pb I 5 B
KT V¥ v VORIBO WA WA LRI & 28 ER{E (7). DD-A’, DD-OBE, LDA-NF O C I3 % N ERIZ 3

R %, BRI o AMATER 2289\ 0B 2R T

FRFE - RTOMORT Yy Lk, BERIZIEEFTZFVF v I7ETFTHD L FHTD X fj
P L BHERDTANF =7 b ERDOERT — X O S5RODSNTEZ, UL S HTD
X7 — 2132 23 FEOWPEMIZIR S N, £ DEBEED KE W, £ OBERENT IZF R 235 - 72
2, BRI T SR T v ¥ v VO ETBIZR W F I8 & REAHEDFNEI 302 572 0 ) BEBIEK & 22k
WEFODEFHRINTVS [5. K 1ITIE, WAWARBER N SHERIIZRODoNZ S BKRT vy
WaERT. K1(E) &, SHEE S™ R FORORT > v )L T, LHe ODIFAE% BRI T S U72BRICH
RIZRDSENZEDTH S [6]. THET A VALY T =3/2, ALY S =0REBOS- BRT Uy
WOFEBIZHRNFENIBHEZ %2R UTVWS. M1(H) I, WA WARBRIZ X 5 28Ph iz 9 5
TR T VY v VDI % RS [7). DD-A’, DD-OBE, LDA-NF O T E W R0, B
REDSIMINZIH VB AR HEZ b hb. TUSDFNIE, 2KEN O3S, I =3/2F ¥ )LD
BWENRIZED2EDTAE V-7 L == SU(6) NFMEIC LD 7 4 —2 - XD ) ERRBIZER L
TWB LIRTE 5. T DRBIIFE DMK T QCD 12 X 28 4 VRIHEAEH OBIZIC & - T iR
TNTWBD [8]. B 2(/) 12id, B7-28Pb JFl 7D X #Z & 2HERL (nl) =(9k), (10]) DZHX L F— 7
N EIEDEERT — X Z7R”F. DD-A/, LDA-NF % togp 2 EHEB DR T > ¥ v L & I WTEHE L 72 #5R
LB T 2L, RV vy VOBRARLZIZEHDLLT, X MT -2 2R HET LI e2bh
5 (7. 2HE T HFD X T — R FEFREORENITIZZITBETH 5720, R N0 R T~
VY NVOMWEERET S LIIRETHL I LERLTND.

BP9 S 1%, 28Si, 58Ni, 115In, 299Bi 28 U7z (K1) K6 & W T S N1 S—KGERD AR
FMVERIEL, S BART VY Yy VOERBRINTH D Z 2R U7 [9]. K 2(4) I2iE, 29Bi 2%
Nz U7z (o=, KH) RIBIZ & % 7 BERARY ML 2 BHEOLA (DWIA) QML THR L 72 B 3R MH
[7] 29 . FEHIZRIEDIROVKRT VY Y (tegp 72 E) ZHWVWD LEBRT — X & D—HITR <20
D, WIS & RIEAHEDRI 9575 KT > v )L (DD-A’, LDA-NF 72 &) TIER<HET S Z
EDDNE. INODRT I YV (7, KT) RKISIZE D 7 ERARZ PLE 7 HFD X #HD
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.
T T T T T T T T T T 10
IOOO;\\\\\‘ T AR R Wk W { { {

E E — gl R094./ _— 1+
2 5 I Bi(m K") LDA-NF e
2 E E 1.2GeV/c (8°+2°) 1 g %

500 — ’; ¥ —_—:F
E * [} M =< %
x| "a g = ] a
5 e
Q 21— — 6 3
% 100 |- 9k - 3 S
& 3 <
b =, A, EZ
2 g :
2 o * DD-A' B =
O 11— =
*e4 101 4 DD-A = £
10 - = DD-OBE n r . =
[ 0 | =
% LDA-NF 1%} = =
O LDA-S3 o L ?
V tenp ] % L o
N N R T AR A o bdsanets I B N 0
10 100 500 1000 =50 300 350 400
Width (eV) w (MeV)

2: (F£) 7-205Pb JH 7D X $RZ &k BHERL (nl) =(9k), (101) DT ILF— 7 b LIEOEER{E & BR{E & DL
% [7]. DD-A’, DD-A, DD-OBE, LDA-NF, LDA-S3, togp 7% & DREIZ X 2 K5 v ¥ v v & AWz, (£) 2Bi
EREMZ U7z (77 K1) KIRIZ & B 27 A R—AES AT MVOEERE [9] & #EuE [7). DD-A’, LDA-NF,
tegp DIIZ KB KT Vo vy VEAWTRO-HGwEZ, ThTh 2 /N EPEL 725 X512 0.33, 0.29, 0.17
£ U CEBRE & LR U 7=

ERT — R 2 FARIZEIT S, LedisT, BWEHRD S KTy vl e LT, Vi >~ (+20)-(+30)
MeV DRHITH S EHFEZH5NT WS, 2018 4F, SLi 2L L §5 (n~, KT) KInFZER (J-PARC
E10) QBRI A Th N, S5He RTF VY Yy Ty A B2V VB RET 5 L, FHOKREIN
Vs, =~ +30MeV D FH TR Wy ~ —40MeV O & ZIZ X HHTHZ D bh -7z [10]. TORT
Yy )VOMEE, 2881 % 208Pb 2R L U7z (n7, K1) KIRD 7 ERA T N VO BERIENT O
FEREE -HLUTHY, S ERT Iy LI +30MeV RED R NITH D Z LI SN, b,
INEFTIZY OFFEREL UTHRAI N I NA R—&iE tHe © J™ = 01, T = 1/2 {REDME—T
% (11, 12]. ZOIREIE SN MHEAEHDOENT AV A ARIFEIZ & > TR SN D38, T =1/2
180, I =3/2F ¥ RUPOHERINTED, 74— - XU VEEIRRED 38, [ =3/2 F ¥ 2 Vi
BERVLD, L ORMREL UTHEELTWS ZERHLNIZINT VS [4].

3 BRF&HPD=HF

SO HFETEONIHEICHEEZ 522NN H S Z- T, HrEhTcro kS ntE%
RETDTHAIH. BENTO ZRFIFRWHEEHIZEL 2 EN — A B ISZ R Z 37280, AA N
A N—HEDHEE AAN O 3KITOMEIZEHE L2 G A2 EZEZoNE. JHIHEHTD = KTORT
X VOWBEEPASHIZTZAEMRTFEDOV DL, ™ KFOEA L EKIZ, 27 HF0 X fIT X
DHERLTANT =7 b eilE, BLOP2EMBRMAD (K, KT) Kz £ 5 27 AT MLz &
DEBREHROMBFTTH A S, TNETIC RPCREDFEFEEEN L Uz (K—, K1) KGO ERH»FT
L, ZT AT VY VOEBOKRE IV = (—24)-(—14)MeV L REBINTWBE A, fialH+5o
TREWILEDH-T, FERADEZA, R< A>TV, £ byaryz2HAWEE T AT
N—KEDERERD S, =~ + 1N — VBe + JHe DRIEIC & - T, KIBHID - N1 8—f% (E7-1N)
DE"FRT VY Y VOEIA —Vz < 14MeV D51 TH S Z L it T NnT W5 [13].

040



Soryushiron Kenkyu

10 —

—
=
° .
2 !
_ o N _
;;I - ////
B A
i 6 Y, ESC04d i
/ = 1B
L~
2.52
-8 ! [ ! !
6 0 1 2 3 4 5 6
r (fm)

X 3: BGBALZ X 2 UBRE 2= KFOMORT v v LD () Fike (4) BB, A8 =N HEEH e LT
Ehime, NHC-D, ESC08c, ESC04d % F\W\ 7= i 72 B AAAEEL & DD, tp DERAHIER 2 ZNTHRT.

X 3120, Bz k2 UB e 2~ O ZRMEIART VU vy VOERE B %2 RT. ThZTh O
WEOTRT YV Y IVOWHBEIIRES BB OTLES>TWEIDORERTHS. TNEHT A2
X, BUEMATDED 5N T WD 12C 2REIRLIC U7z (K—, K1) IKIGIZ & 5 =7 N A 23— 1% 2Be DA
FER (J-PARC E05) REHEH I N T W2 E7 11D X FRHIE (J-PARC E03) 2 £12 & b, WE 72 FE BRI
IZIEEAERD S TWIRW ENA N—HDIFIERERH TR D E- AT VY vy )VIZDWTOH 7=
RIEEPBETH S, /2 (K-, KT) KIbiE, #EO 2BERETHE K p — 1A, 7% — Ktn i
FoTAANNA RNR—BZERT DI ENTES. 5 UKNTE p-AAKEADIEIT UL, AA N S—F%
DIRFEIZ 2~ A DREAET 272012, 2O = REBZ AL OREIC U7 1 Bf@EREO K p - K="
S5 AN NA N —HDERKH A REIZ R 5.

4 FE&H - @BEIAICEOLNT

e - B I DR R R EEAR 2 FEAR 5 22 01T, BN X R EAE R R R DN
ROy OWE R EOIANRARTIRTH 5. T T, TOMIIZHETZFRELT, =XV F v 2ET
PNA N & PR FETO N, 2 R TORT V¥ vy VOMEEIZDOWTHEM L 7z, J-PARC
IMETREBIND A ML VY3 AW OER L HEROMIEDOERIZ L > T, HAlanARay - XX
WEMRZIANTFHN O PR[ONE Z L 2L 72\,

FADY 1990 44 4]0 5 R AR ™ KR T v ¥ v VORGERIIFZEZ L TWiz Z &b H o> Th, 2644,
EERIAPS TS BAT Iyl (HM172E) ICBET 2 X E §RTE- TRL W] gD D -
T, ZYEFINBER > CEFABRLZZ e 20U E . RIZZNE T SN—KOFERT —
R DFLERIAIFRERT 2> 5 N A N — B ORE X E OB 2 T T — < IZ LTV T, TR & 132 < #
KB FHATURD, BEI AIZHEDNT, 2009 FEP SED S THEI—T V7 IZk4 S
Me5E5020E Lz JEWRFEEZFRDOZ LIERUZENS] WS ZerFEbnzHHD L5 T
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T.E INUAVTENY L UWE] (BERT, 2004 11 A) 21300, e NeFH] (B4,
201446 H) &, WAWALRKERIZ (RR) MMERITHEFVIHE L U, T HITERVIHES -
BB TBRVWT AL, WOBIFULTHESE U PEFEDHEZE > LW > 72DILERT
RO FERA. BRIADTERELPSBHMOWIZLET.
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R R IS < EHE O EOS

JEEFIEFR] (AR ORASEtE B LA i EE 22 R

1 Lo

FAOH, HESAOTETRIZET 2HETHEE (1991 4) 2%k Ll LzBnld, £
DR TIE, TTNX GATHIOTETEMEOEHFAHD G C b, ARR TS OIEF LT D)
REBMEZ D] EEIFEIER SN, ZLTRIC, AV VIUENREEZ S E L THETY
BO P EHEEBSMRE S, T ANR 1 RTEZEDME LT, » FHFEERERE O
Alternating Layer Spin (ALS) M\ g Shiz, 2o H 6 608, A0 ORM L YWE
DR & OFRAHMI RSN TR, IEFITHENIRTH -7,

YIFELL, OS5 % L TEWE EOS i<, T 7250 RIEWHZIEMT 5 2
CICHR AR | BRI K DEWE O AR LT, 7272 L Jastrow EENRIEAE IOE L7z
NIN =T CHITHEZ GRS 57 T A —EREZO O TIE RS, ENEBEIZL OO
WEDO—KF BT O X NF— 2 BRSO BEBOULREE L L TRIAT D, =3 F— LB
WA EEZRE L], 2oz 3 —JBIE, BRSO Fourier £#:CTh %
MG R R T RN EAFXE LT IRGET DM EE RSO X S ITET 5, £ 2 TEF, A -
T A Y AEPMERITRIR L7 —8k Fermi B 7R ICBW T, — ik S 7o EERIEU R~ % 44
TR ZEH L2, ZOMEICK L TEESADOIE, OISR OISR, EEE
DETZEFHFEIIKH L CENL T ERABRBERRDH 20 ERALNCTRE LOBREZ VR
W ZEERZTWD, ZRLREE S AIZIE, Bx OESEZRWT-EWE., T2, #@
FEMESOMRICK LT, BICHEERENINI AL heWE Lotz

2 TUYNNEBRE LRV E W ESE L o R

Bx T RN X — N E WA pE AR U, SROELRREES | )12 R 8 & R 181
THAEAEA 2 EIRRIEK s He DRV F—FHEICHEMA L T, HOBREZRYRMEGT%. €
Na—RREMEOT XN F—FHE~LEA LTz, F2 2 KEDIZ 2BFOAE Y - TA Y 2
NEAFT DT TR, TNV NRAE VB ) B EBEREEZRT-T0, £ b &
NI D T2OD A« T AV A AKAFO O R OFEFL DR 7 FIAHBE 2 B v A
NDUERDHY, =3 F—JLREROMBEIIIEF ITHMIC D, S HIIBMEOLET 3 ki
NHEHTERNIZD, TORT v L3 —WIRHEIL 3 o makaE v TERBE S
575, Fex 1 Kirkwood DIUEIZHED & | 3R mBIE A 2 (KM% L BIE ST 7=, FriT 31K
Bho2n SHRELEABOAE Y - T4 VAL RBEICHEKTFELT YV L ERTE 220
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7o, TUYNAMBE G EE L=k X KT S EHE LT 5,

BERON T =X —1B%UT, 2 K L LCTHhL & T v YV inbed AVE'R
TrvxEfv, 3 RN E LTHEMNFRNHE 2n ZHWEN G0 UIX RT vy L%
AW E NIV F=T SIS L TEY, AV Y - TA4 Y AEARFOBR M%7
YNNI HBAROPEEE L TREND, SHIZAE Y - TA VA AKIGFOFL IR E
T2l T v VSRR BB kT D MBS A B EBNRIICIRFET S [8l.

T O F IR E FEROSAEBICOWTES L, F 512 % Euler-Lagrange 77
BAZEHT S, 2L Tz 2T, Holm/MESNTEEVWED =X VX — 2155,
KRBT AR R BRI, TR ERUAI L F=7 26 % LT Auxiliary Field
Diffusion Monte Carlo D& R[4 L HFHIZRL —BT 5, 20 Z & idFhkx OFHRFEROEH
PO @ S 2R T,

Wiz Akmal 5 (APR) ® 2 5 A% —Z450 L5 EOS [5l L 9 25 & . APR TTE &5
7 PR EEEFH A~ 1 AR L, Fox OFHE CTIIR o0 o7, FEEE Akmal i, 74 Y
N7 MDA CHERERBEB LV EO N D INE DT RN X —DREE R Y 7 MbEz, o
- EEME ~DOMHIERB & 72 L TWD, —HHix OFFRTIE, IWEDOFHT XL F—ITOWNTE
PERNITEBL O 2 157225, APR @ X 9 72 a3 i 672, APR OZSIETIHR S
TeE oy /8T A B —ZEMN T XX —DR/IMER TN D DI L, Fx OESIETIE+ 07k
BMEP TS, EWIEWVR, ZOLX D RFEEROERS LR, — RSB EZ 5
BRICIE, ALS M8 D K 9 7287 DIE— k5040 &\ D ZERIEFRIE O BN B I b D — 5T,
APR 72 EDQELGFRIIZZE D X 9 B DIFE—FROAA O B B EITEN - D TH 2.,

3 AREEEWE EOS &bk

F 41L& 512, Schmidt-Pandharipande (SP)?D J5i%[6] % AT, Z DA E % A IRIBERY
BHALHPLEL TS, SP OFETIEL, MRIFREO— MBI T 57 T A2 —EEDLE
Lo T, ARBEEMEO AR LX—0R5tR I 720, Tox DEZESRERTET
PR TE 5, ZhnEHyiud, EHEEsE. FehikEr2, hrREEESKR SICEc T
LIEWE EOS MERTE L THA 9,

ZITPREHOELT, 2N E LTHOIESTETNOMD AVERT v v, 3R
71E LT UIX AT v v VOBIGGERH TN D H % FIWC, B LU E O 1
BArU7e0 0 —%2RKD, EHICSPDOFEICL > THRRE~EIREL, $HsT 25 1
FULEVOART XL F—ZRDTZ, WIZEND ZHFIREEIZOWTHRET 2 2 & T
EWED 1Y) OB X VX —2 KD, T L TUREE TR 7 72X —%KT
%W L CiE, Togashi EOS [6]% M L=, LLEOMWE EOSIC==2— KV /25T L
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TR ERRAESE, VS MNVREE VT beE 25
—8 M—ED, BHEREPETEOMEHEET- 20
o (L SEADRIIMNIBEHRITH D10, S 1o |
FOMELZITL S FRTHEFEESE~0BBLH Soft EOS
S ERER LICRT, 3 R AT R 0 ‘
Ik & BTS2 L ATAIND,

Sthik, k0 BLEMR ) & AV EE EOS ©
WEby: . 2O RE~0MEM% BT,

..........................................................

4 BbvlZ
FAEOEIZZH# LEmBESAOETRBISHEN S K1 FEEP T ROE R & EROBIR
NTWDIED, BZLLETZERZOMEBEEO RN, FER2TEEIAMICRE LR SN
TV ko Iclbind, £ THRICHRS Tx B EBETRERDIT, 26 OHEBNARYIHE
BT omEdn, SHIEEEEZESOIERIREICL s THRIET 52 L2 Ebivd, REIC
WHFAEYE EOS SHR THEH L TV D ORBRTH D23, BIFE/MEIC L D ALS O MRFE

7RI HIAl Y FEFE T,

B O, BEE LK), BIHEB - NEE (RREEET) & oXRFETiTb
NTCWD, F7- FREE KR EE 2019C-255, 2019R-040, 2018B-183 OBl % % 7= DT
H5,

BR S I, RNV FAEOEN DRE2 e THREA W R E . REBEEIC/AR0 Lz, £
ETOWE EOS W5t 2 %R S T < BE. MIZBELEONEEL L TWD T2 B b v &

SAITEIZRICNT TWEE X, BiE L CWi=ZnWi=Z bk, REHFOKRE AT 70
FLiz, BEISADELVWEENS THLREVHENET, BEIA, RYITHVBEH> TSV
F L7,
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3N EHZE U 7 M 3R R O A BRI N R e B ORIE TR
IR A UNRZEBRZER SR

AR TIEEEI AZET, E é/uﬁf**jjﬂﬁ IR EED o N T W EEERYEOIRE R &
FNZEHOCIHRETRENEBIZE T 201 X8 VIREDOHZEIZ DOWT, Z0EIC & 5 50l DR R % i)
%595, i&ﬁﬁa/\?b%ﬁbtfﬁiﬁﬁﬁﬁ ZHED T BB ARG R A EIRE AR 2R U, #
NEEROCEREEDOSEE —HMIZBI 2 ANT XA VIBHEETER LAY A VYEOIRES
BRE 7 IAR—BHEIZE > TER Lz, ZTOBE, AN RoyhEET % 2 (RMHEMEHIZ

1 N—HOEREE BB T 5 X5 ICEI Nz 2k RT Vo v VERA LR, —H, ANA
A YA B 3R (ANN, AAN, AAA 1) I2DWTik, 3R T Vv v Lica
NZRJFRIHEZIERL, Tz N A U@ 34k e Uz, fon/-REFERZ HvThikr
RGNS 5 3%/\‘)7?/730)%%%%%1/\‘718 A, AAN &ZfAAAF’EJ < 3HRIIIE. A KT
DRGSR I i&/\/tﬁ’%b&b‘fﬁ HOFETEOFLTIICEIT S AN TREEICEE R
5z3Z &0, Efﬂl%?r%@ﬂfdﬁ’fé% AR EL X H D Z & HHER ém#

1 RERADICED CBHFERRABRAREARER

KEEEPHELD BB TR 2§ EJER R BIRRX Z ORITEER I N L b EOmAE
FROMZIZBE T, ARIEEEYEOREATER (EOS) IFEE&E 2R -4, Hl2IX, EEns
D0 OFEBFETREIZ. NICKED=a— ) VB UAD SN -ERSEEYETH D L EX
bivd, TITEONHEEZELY oY —YELAKRL, ~ETH-0DOL TN VREEZ —EIZL
7 ARE D F T2 R A TP M T R O 7GR 2015808, A RIREMYE EOS % AW T
BNTER (1], —HT, EEHIZIEIEA TV D BHEBROBEY I 2L —Ya v Tk, K
T RO & S R F 21X R D . BUEGHRE TEHN 2 BB 0BT PIREDIRE L & H 12
ZALT B 720, JLHPFOBE, HE, KA T 2BMEORNYEE2 FYOHEL TE L BLEN
Hd, TOXSHHEPS, YIal—Ya VAR TRESI N TV B EYE EOS 13IEH 12
[RonTEh, BHEBKOXAF I AL EOS # BB D 2@ IE o cfibhTwns ki
AR, THIT, ITNETOBHEBAATHONTEZEYE EOS I3 RT, —HRIEYERM
DPEK M2 DO WTER S T Wiz,

ZOESHRMOE LT, EFEFKRA IR, BHENBEIIZEICH LU WERERKY I 2
L—ya VHOKYE EOS 28 L7z 2], ZOM%ETIE. 244471 Argonne v18 (AV18) & 3 &%
71 Urbana IX (UIX) 226 HFE L7207 T AR —ERFEIC LD —HEWEHDO EOS 2BHE L, ZhzE
Thomas-Fermi 512 & > TIHE—FFEWEMD EOS NE IR U7z, ZOFIEIZ & - TR L 7285 &
IEFEFHE O BEOS 7— 7V, HJZ 10%! - 100 g/cm3, BFFIRAEE 0 - 0.65, JHE 0 - 400 MeV X &

DK% I N—LTED, 22— —H1 FE T web E (http://www.np.phys.waseda.ac.jp/EOS)
TREEINTVWS, 2B, Fx O EOS FEEAF OBIGmITE IZ 5D 72 i RS EHRH EOS (21
RTISPWVEAZRLTE D, Z0hTHE 4D EOS ODREBMLEFBOO DL >TW5S, BT
VL BROGERER R T RS (3], AT T B 4], S5 ICHERETEAR B R DY
Ralb—yavilELDEOS T—7IVHBRHAINDDOH D, EOS DRSS N E & EGEEREKBIRD X
1F I AL OEEMENHRSNT WS, £72 EOS HARIZE B4 2B INZ &4, (REEEIE—F%
MIZ B 2 LIRS (6. MEEIIBIE2NRR Ve 7+ — D78 24— N—BI& [7], K&
TRBRBNA R0 VRLE 8] 7 &2 FE L7z EOS N EHERS NIAH T W5,

060



Soryushiron Kenkyu

25— T 1 T T ] 1 3 . . : | i |
C : o
- @ =, 1034840432 £ ®
20F : - I
E J1614-2230 o1k
® 15 I~ . 65
s f P
S >
= 1ol ] 1
f 0.01 |
B — - - Nuclear matter | ] o
05 C 72 Hyperon matter | - 45
C |
C . . | . | .
0.0 PR I T I B E 0.001
6 8 10 12 14 16 18 0.0 0.2 0.4 0.6 0.8

-3
R[knﬂ nB[ﬁn ]

B 1: (a) ANARBUYED EOS IZEED S itk FREDEE M L% R OB, HEDZH, A%
BERLVEHEOBYE EOS IZHED CRER (RERR) BaRd, (b) NV & VBEE ng (20 5+
BEWEIZET 2 AT R0 Y ORERE xp.

2 NAROVEAZRANDILE

M EBAEAEOS T—7 0T, BiEY I ab—yarvdD I T EERT 57280, $RT
OYIHELED W S NIZHB T 2BERDH D, TD2H, F’x DEYIE EOS 21 A1 ViEERA LR
THBITEH . NA RO VAR S OFLIIHI N — b & H OGS ITED v, N Ko VETE
JEL L HIZBNFEPAL—RIZZ LR TNIER SR, I OIGEEOHETIE, NI XEYOH
BUZHE S EOS OWALBIRIZ & > T, HEFHE» S FHIT W 2T EORKEEDL., KAGEROD 2
R VESE 2RO TEOBMT—X [ EFEHELTLES L WO ME (Ng Ra v X)) B
%5, BIEMNZHEERD? S HFELUZLEGRDOEE. TDZ 3N RO VRV ERRT 57280,
NA RO YHEET S 3RS OBENEREL TV [10], AFIETIXET, BEEMENHRTHRE
HBAHRINTE D, 2O ETONS N—KFERT — XS EE L2 A NI BV DREGD A
WEHL, FROBEEZERT 220D LI T AR—ENEORR %1757,

F9. 2HMHEEAZETEZEL 24N F =7 > D Jastrow IRENBIEUZ & 2 HARHEZ 24627 5 A
A—FEMTERL, INZE 2D AVF -T2, ZOB, 2HEDIIEEDED AVIS AL, A
INA RO 2 EAMEM (AN, AA) 1FBEWNA S =3 $ 288 — B A S P8 L 7zl
HDRTFVYv 1] 2H0WE, —AT3ENRT VY v VOREWRIZIEFIZREWZD, TNETO
—FREEYE OWFZE [12] 120, Fermi KURIKEIBIEIC & 5 T 4L F —HIRMEIZFRET N 7 A & — 28 A
TEFETIERNTANF %3S 5, T74bb, 3EESN (NNN) OFEIFXUIX AT V¥ v Lz
EDWIERDFEEZANS [12), ANARa v BE S 5 SERHEAIER (ANN, AAN, AAA J7) 12
DWTIE, 3N UIX 128 N REBIRAED R WEHARKN FENEZRMHAL, ZhzZhEho 3
RN @< 3k AT, 72720, & 3R M@ < FHEMEHOMIIEFAM T A X =12k > T
HIES 5, SRIOMFETIE. NEYEORAMEEIZE T 25 AR TOR—R 7R T > v LDSRERE
(=30 MeV) ZHETDHESICANN ORI 2L 72, — /T, AAN & AAN DRI IZFA UL &
WEL., ZOWI ZFAMNTAR—IZ Lo TETEEZ LT, ThorhlETEEICE R 508
ZHERD, FHOFIETKDEZ2AENTANF - SKNT AN —DMZHNBEEIZEITS 18
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FrHZY DT IVF—2 L, Schmidt-Pamdharipande D243 THBREE EOS ~ & HEEE L 72,
B 1 (a) &, AWFFETHE S NMIEE EOS % i 7 EOMEF FEICHEA L 7-fERTh b, FikT
EOER L LEFEOEBRERT, SHOMETIZAAN & AAM HEZELZWVGEL S, WH DRI A
NNNBORFRHEFRUBRS 1245 EFTHENT A X -2 237, Ut hiErEoERDOE
LA 1 (a) DAREDOFIIZH 725, ANA RB VEIEIZK > TEOS OFALBRIZAEL 525, AAN
E AN TDFRIINEPRE 2 Z e ThETREORKERIIEML, BEWiETEOBMHT—% &%
FIHELUIROVFEREZR/RL I ENTE, M1 (b) &, HHETEVWEIZB TS AT X0 VREE 2\ %
R, REOOMEKIE, K1 (a) &FEEE AAN & AA FHRIBROBINCLES 24 DELERT, 05
D 3EINE, AR FORAGEEFEEITIZIEL ALHE LR WA, WHDOFIMEIEE S IZONTH
BIEIZBITD o) ZBADTEZeDbhd, T72bb, AAN & AAN FHOBNNE, BEndE+2o0
DB T2 oy 2 X0 ifild2 2T, HETEORRKEEZEMI Y2 hbhrotz, BE
AR TIXEIE U 725, ARRIEE EOS & W7 FUad: 7 EYE O NEH T 5 FRROKE R AR & Nz,

3 ®RIC

ARTIE, 77 AR —=EBRIZEBHEENLIIIHE D WIZYE EOS 2 A1 R ViEERAE
LR U 72 Bl OWFEAERIZ D WTHRE U7z, RO R EIZN T 507 T AR —ERikz R,
2BNINPZTVESENIN N T U ENAIZEODIRS Z 2T, INE TITHEL 28 EIEET
HRAMYEEOS L HOEHEE 2 ANA Ra VYEO EOS 25T 5 Z R TE 7z, 5%k, SR
BEMEBRIZ BB+ A, TUT ok FDREAE LT AIIB I 28hFEEZRD, AT R
OVRGETCERBLUZGEERKY I 2L —2a Y HEOS F— 7 LVD5%EEE HiET,

AT U2 ED S LT, @RI ATONZE K ORFFEIE. AT L > TREHER
fafte 7m0 F U/, F-REREDOENS, BEELRIHS EEIPVEIE UAMEDTEHE L., Oh 55K
HLUTELET, BEIADPSIRFOIZVWI DR ELEELIADD, EROMRITIFZSTHRD £
HFh, BEIADITEFGE2LIPOBHOEBEL ETET,
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BESALIPRD
— DV LR —

MMAIER GoHKRET)

B NS DWW THIEICHRIHL X9 TP H 1803, SRS A LB IEEAD—ANEL TR 7 [/MgER
DOMGENR, BIMUINFEEDIL TS . NRSRIDOERT, COMERASENIERT, FIZIE, [ESFESA DL
DRZRITHY, BRI T N2 25L L TN 2L T, VMR NTIFFIESAUTIRES ML THEL
Too EHSADWZELEENTARNIBL SE NS Z RO, RESANTZDLBVEHIIRL TOBIINTNET,
ZRHERT, RFESALMEI-HOBERITIE, THXADHETEREE DINTENTOETS

—HH] &% THE, ERE—

COEFIT 1992 LEDWIFERDOBDER, FIHSADFRE, SESADNEARLEMNER | OB IMETRSN I
REGROBEMOEFZ GIRLICSD T, RFESALBIEPFERAIZPILIR—ADPEIBTHDZHTHRL T
TEE, HFESANTRIERE THOIHDE R RS, FRCBiHE 2L TOEL

(1) MFESA L BRE®

FADUFEILERRO AT B BGED I D — IR 5 L E 9. ZOFMIRADERBFUZASTNDED TS, Fl
PREITRHL TOBY N =2 RV ZTHU T, FIRL TO SO BRI R OYaNy =i
L TLRNSHATT

[BR, ZUDIIRLIBA TR, ZVDIERS, 1FAEIDK EANSMTATHYIFFIL, R EEZLR0, ETTH
D BT HITH T o VDT BRHITIEND. 78DIFE CABAERTR VIR OBETHGE A, E
CETTRANIHETED, HIRIHRUIBATT R, |

W [ZATSAGERIZLTIREVIROGERFE: « < |DOFNT BHEO TR BESHO T, I Lo
2 LT THHFIC, EZETH I 8Bl TRk nfREEDIRAZ RL TOBINTNE S, S,
EHEA. HFESAPBRITRMOOURZ S > TEMBREI SR> Tl IRITL TOSRFE UL X3

—H5R2 AFLE/NEIHEE—

EBFEEOLEIT, BIEHBRUICETFILE NI S AT LD HERER A BdadrhoRlit 100 E0—4

FATHFT, BDIEPLIAI T THAEEETLED,

(2) BIFZALDOHLN(1969.8)
1967 42 EHXANTIERDSIEFFREEZEL THY, AT H KRB TO#E L TR £z, SO TP gz
WMTLEL

1968 47, EEHEAMTTETHRARBIFHIEEZY, 20 FEMIBRITET HRBIAARIVEL 2, 2D, WAWAIRR
R T 2EDORZ TS DPRIVE LU, FEER1avh, 7\ r—REBHE, BEEmEBHDT2bovy 777 b ki)
BRTTONT AL, BE-HFFAIAN T LU

1969 SHTRNIRFFESAZ HER 357 DIT, S NAIZERL U TEIKATIRTA TR E LIS, mENIT S
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BELTHY, B F—Ii FRA TU ., RIS 77+ — o0 — e AT G RH R E LT,
EHSALDOIFIHGE 7 A — 7 BN XN FHERLER A TUIC, 2O, EHEpZEsIc AL T
TBEDRREE AR, ZOR, ) 50 SEDOMEENTIZVES

(3) HRBISZ W T(1968-1970)

1) 20 {9 SR RTRE

FZEEARELRIZAIL, SRN I ZEE D AR 2 N RSB Ze 2 (HEBD TIFE 4L LTI L ., 1
P SRR 3B E T, 2SAMIIZe g, A ORI @GNS, WSO EHR
R HREA DT —MEOHOTEIGESRHRE R IEHAEIY, 2O HRIBRE ARSI, FEHY 20 [0,
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Kyoto Conference on High Density Quark-Hardon Matter and Neutron Stars

Kiken, Kyoto University, Kyoto, Japan
May 2019
Summary of Talk

Sachiko Tsuruta

Title: The Temperature of Neutron Stars and Memory of Takatsuka san

Historical Background

We start the talk with historical background. As early as in the1930s Oppenheimer and
Volkoff first calculated structure of neutron stars and predicted that theoretically neuron
stars can exist. Baade and Zwicky proposed that such a star can exist as a collapsed core
after a supernova explosion. Soon after that the World War II started and related
scientists were too busy with the War to be able to speculate on a hypothetical star.
After the War, some scientists resumed continuation of such speculations. In the 1950s
John A. Wheeler’s group at Princeton calculated the structure of dense stars from white
dwarfs to neutron stars. In their calculations the ideal Fermi gas was used for the
equations of state (EOS). In 1959 A.G.W. Cameron published a paper where the work
by Wheeler’s group was extended to include nuclear forces in the EOS. This paper also
discussed temperature of neutron stars.

In the early 1960s Giacconi et al. discovered Sco X-1 as the first extrasolarsystem
X-ray source, and some scientists, including Hayakawa and Salpeter, suggested that it is
a neutron star. In the mid-1960s Tsuruta and Cameron carried out detailed calculations
of neutron star cooling. The results showed that a neutron star can be hot enough for at
least as long as about a million years and hence it is observable as an X-ray source.
However, the X-rays detected from Sco X-1 was stronger than predicted from neutron
star cooling calculations. About the same time Friedman et al. observed lunar
occultation of the Crab Nebula and found that its X-ray source is extended, and hence it
was not from a tiny neutron star. Moreover it was found that the X-rays from Sco X-1

showed wrong spectrum (not a blackbody). In 1965 Bahcall and Wolf hence suggested
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that if there are pions in a neutron star the star will cool too fast to be observed.

However, soon after that in 1968, to everyone’s surprise, discovery of a radio pulsar by
Bell, Hewish, etc., was reported. Gold and Pacini suggested that a pulsar is a rotating
magnetic neutron star, which turned out to be the case. Since then many pulsars were
discovered. However the observed radiation did not come from the stellar surface, but
from the circumstellar magnetosphere. Starting with the launch of the first X-ray
satellite mission UHURU in 1970 many extraterrestrial X-ray sources were discovered
as compact stars in binaries and X-ray pulsars. However, X-rays from these objects
came from an accretion disk around a star or from near the magnetic poles of a star, not
from the stellar surface. The Einstein X-ray mission launched in 1978 gave first time the
upper limits to neutron star temperatures. However, we had to wait until 1990 when
ROSAT, a more powerful X-ray observatory, was launched, that we finally could
directly “see’ a neutron star itself (in the sense of detecting radiation from the surface,
not just the upper limits). The observed data (both from the Einstein and the ROSAT)
did agree with the temperatures predicted from earlier neutron star cooling calculations.
Until then the observed X-rays were from the circumstellar matter which were stronger
than the fainter surface radiation. With the launch in 1998 of still more powerful
Chandra and XMM-Newton X-ray observatories, more stellar surface radiation has been
detected.

Since the first discovery of a pulsar many physicists and astronomers joined the effort
to find out more about neutron stars. In 1990 the US-Japan Seminar on The Structure
and Evolution of Neutron Stars (SENSE) was held in Kyoto, to discuss neutron star
problems in general, including its thermal evolution. The proceedings of that meeting
review the progress and developments in neutron star and related problems up to that
point. Many refereed journal articles and reviews appeared since then, which covered

subsequent developments in the neutron star fields.

Thermal Evolution Models of Neutron Stars — Summary

To calculate thermal evolution of stars, we solve basic stellar structure-evolution
equations which consist of (1) hydrostatic equilibrium, (2) mass-density relation, (3)
energy balance and (4) energy transport, simultaneously with several supplementary
equations. For neutron stars we use general relativistic version of these equations. In the

case of neutron stars the major supplementary equations are: the Equation of State
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(EOS), the equations for neutrino emissivity, opacity, and specific heats. Another
important information is the composition. Generally the central core consists of
neutrons, with several percent of protons with electrons (and muons) to keep charge
neutrality. When the density is high this neutron-dominated matter transforms to other
“exotic’ particles such as hyperons, quarks, and/or pion and kaon condensates. These
particles may become superfluid (or superconductor if charged). The central core with
the high density matter is surrounded by very thin crusts. The inner crust immediately
outside the dense core is made of free neutrons, electrons and neutron-rich heavy nuclei,
which is surrounded by the outer crust consisting of electrons and heavy nuclei which
become less neutron-rich as we go toward the surface. The surface and the atmosphere
generally consist of ordinary heavy nuclei such as Fe, but it may be covered by such
light particles as Hydrogen and Helium if the star is young (due to the fallback material
after a supernova explosion). In addition to cooling, heating can become important. In
the case of pulsars with magnetic fields of around 10'> Gauss the Vortex creep heating

in the inner crusts can become effective.

Earlier to More Recent Work

Most of the stellar interior is isothermal and uniform in density, and the first two
hydrostatic equations which control the mechanical structure can be decoupled from the
last two thermodynamic equations. In the early days the isothermal method was adopted
where we first solve the mechanical equations and then the thermodynamic equations
after that. Then the energy balance equation gives cooling curves. Many of us still use
this method even now depending on their purpose - such as making a toy model for
qualitative exploration of some properties and behavior to obtain physical insight, etc.

However after observations started giving information on the stellar temperatures
some groups including ours adopted a more accurate method (referred to as the “exact
evolutionary method’ for convenience) where four basic stellar structure-evolution
equations are solved simultaneously (although most other groups use a ‘semi-exact’
method where the exact calculations are carried out only to the outer boundary of the
central core and the results are matched by the envelope obtained by separate
calculations). As time went on, as more observation data accumulated parallel

theoretical progress continued mainly with the improvements on the input
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microphysics.

As to the Tsuruta group’s case, the first calculations in the 1960s adopted a simpler
isothermal method. After the observed temperature data started appearing Nomoto and
Tsuruta created an exact evolutionary code for neutron stars. The input microphysics,
such as the EOS, core composition and superfluidity/superconductivity of constituent
particles such as neutrons, protons and hyperons, continued to be improved, with direct
collaboration with the nuclear physics group of Tamagaki, Takatsuka, Tatsumi, Muto,
Nisizaki, etc. Therefore, Takatsuka san’s contribution and influence to our neutron star
thermal evolution work have been invaluable.

Neutron star thermal evolution related work by Tsuruta’s group over many years since
1965 was published in numerous refereed journals, reviews and conference proceedings.
The more recent of major publications include Tsuruta et al. 2009 (the Astrophysical
Journal), Tsuruta 2009 (the review in the Springer series), Tsuruta 2017 (the review in
the World Scientific), etc. In these more recent papers we included various neutrino
cooling processes, both normal standard and fast nonstandard, as well as the
vortex-creep heating, with a stellar core consisting of hyperon-mixed neutron matter
and pion condensates. The theoretical models thus obtained were compared with the
then up-dated observational data on neutron star temperatures (which by then became
large in numbers). The results are that the detected temperatures and temperature
upper-limits of most isolated neutron stars are consistent with the standard cooling (in
some cases with additional vortex creep heating) and some with the fast nonstandard
cooling, with the exception for the Vela pulsar data, which required the nonstandard
cooling with superfluid suppression. This need for the nonstandard cooling with
additional superfluid suppression has been supported further by another independent
information from the observation data of some transient sources (called SXT, the soft
X-ray transients) in the low-mass X-ray binaries.

Tsuruta received the 14™ MG (Marcel Grossman) Award in 2015, mainly for her
contribution to the neutron star field, including her first prediction of observability of
neutron star temperatures and the work which continued since then in that and related
fields.

Current and Future Work

Currently Tsuruta’s group is continuing studies on neutron star thermal evolution and

078



Soryushiron Kenkyu

related problems. Here we briefly summarize the major work in this area.

* Thermal evolution problems with improved EOS: Recently it was found that mass
of neutron stars can be as high as ~ 2M¢. The best and most recent EOSs our group used
until recently, TNI2u, 3u and 6u, did not give the stellar mass going up to beyond 2Me.
Recently the Tamagaki-Takatsuka group created a realistic EOS with maximum stellar
mass going beyond 2M¢, which we named TNI8u, for convenience. It was kindly made
available to us by them. We finished calculations of thermal evolution of stars with a
hyperon-mixed core with TNI8u. We are now in the process of writing a paper on this
work for publication. We are hoping this work will be extended to stars with pion
condensates and quarks in the future. I regret very much that Takatsuka san is no longer
available now, but I do hope others in this group, such as Tatsumi san, Muto san,
Nishizaki san, etc. will continue to supply us the needed models with new EOS, with
various constituent particles including hyperons, pion and kaon condensates, quarks,

mixed-phases, etc.

* Magnetar Heating: The observation data on temperatures are now available for many
magnetars, neutron stars with ultra-high magnetic fields of ~ 10'*"> Gauss. These
temperatures are too high for cooling alone and not even with the vortex creep heating,
meaning that some other heating mechanisms are needed. Among these we are currently
investigating two scenarios (i) the ambipolar heating in the interior, and (ii) heating
from above the stellar surface through the magnetic reconnection in nanoflares just
above the surface.

(I) The magnetic decay in the interior through the ambipolar diffusion supplies the
energy source. We have just finished the calculation for the ambipolar heating of
magnetars for a simpler case with no possible complications arising if neutrons are in
the superfluid state. The results were compared with the magnetar temperature data, and
we found that the results are positive. The observed temperatures of many magnetars
are consistent with the amipolar heating. We are now in the process of writing a paper
for publication to report the results. Currently we started exploring the effect of neutron
superfluidity and the work will continue to the immediate future.

(IT) The energy released in the stellar core due to magnetic decay can be transported to
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the magnetosphere through Alfven waves. Also through magnetar superflares during the
bursting phases a lot of magnetic energy released from the star can be stored in the
magnetospheres. Part of that energy can be released just above the surface by magnetic
reconnections in nanoflares, and that can heat the star from outside. We are currently

exploring this case, which will continue to the future.

Concluding Remarks

Our current so-called "Kyoto Nuclear, Particle and Dense Star Group’ started over 30
years ago when I first got in touch with the Kyoto Tamagaki, Takatsuka, Tatsumi group
for their help, and we started and continued interactions and collaborations, which have
been extremely successful. Over long years it kept expanding to today’s larger group
activities. We owe to Tamagaki san, Takatsuka san, Tatsumi san, Muto san, Yasutake
san, and others who have joined us, for our great success today.

Our Montana group has been still in the middle of our collaboration on neutron star
thermal evolution problems, most recently with Takatsuka san supplying to us
microphysics needed for our calculations, such as new EOS, composition, superfluidity
of constituent particles such as hyperon and pion condensates, etc., when I received the
sad news of Takatsuka san’s passing away. So it was a great shock to me and I am
very sad. However, my hope is that those who are left behind in this group will still
continue to help our collaborations and close interactions in the coming days. (More

details are found in my banquet speech.)
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T5L, FILAXDVEENDTHLELEENRVEAET, TNEN, P,/Er =0.0194 & 0.0176 &
WO EDRME SNz, T2, BHENR=a— M) VT3V ¥— Bp ~ 3 x 10%erg & fiEF+ 2
DEE Myy = 1.68Mg 2RALT 2L, FvIdEX, L2805 60 vk = P./Mns =
580km/s, & EARWEAED 520km/s & WO KERIZIR o7, BTN 72F v 7 3#HE 400km /s & AR
THRBRRESIVF/OND Z D315,

WIZ, ACVHEIZOWTEZ L Z LT 5,

RITX X —OHER1-10BE, IVROLOFTHEEFEOHETELILRT, PR K
ERBDLHEH>TWVE, ZDI LIXHIGIZ L2 A VI EEOFEERBL TWVW5,
RS Y I 2L —Ya v T, BHREBRETERSI NS FHEPETRICBWT, MEICHh-
e IVIOIGAHNEL DI EHRINT VWS [6l, 2O baA XNVEEGICLS=a2—
N B ORSVEEER B, KRERAY VEEZFHAT 2 WHENEDNDH 2,

DO, MaA XNVEGOSAEZULTORNTEZASZ8IZT 5 :

4e7/a0 4e(rr—70)/a0

B(r) = By, : o 8
r) po! [1 + ez/a0]2 [1 + 6(7"T*’"0)/ao]2€(]ﬁ ®

r = (rpcos¢,rpsing, z), é5=(—sing,cos¢,0) LERIN, a L rglFNNTRAXA—K—TH 5,
ZULTC, fETFEANBTO=a— MY JEHH» S BARRYS 72 0 O fEBEEL L T 3L F —
DL (edL, /dt)/(Ep/dt). ZEE L, A VIERS/S 2 TFTORTRDEZ L LT3,

S S cdL,/dt
S__2de5<dEbﬁﬁ>£” ©)

ZZT, LyF=a—bY JNE, Ing ZHHFEDOERE—AV bEERT,

SCHR (7] OBUEY I 2L —2a VOfERE LT, MaA XIVEEGOMED 1010 T, ZD L D
VRS DIRIZ DY Bpoy = 101G TH B Z LAVRINT WS, £I°C, W5 (8) 12 Lil Dz A
W, THZag=05km &L, rilBILTZDD/NI A=K —, ry =8.0km (Mag-A) & ro = 5.0
km (Mag-B) ZHEL, TNZNICDODWCEHAEZFETL, MEZMIKTEI L& Uz, 2D T
IZHRD % D FE YT BN O N F VB ENE, TGO 2R

FEEROFHETIE, —a— b)) ) NEE L, ~ 3x10°2 erg-s™ !, FiETMFEOHiEAMZ S = 10ms
2] EELCEtE 2T o7, RIZEE LAY VHEE §/S DFEEREZRT, DD,
MEHE D FHEIZ W 50 B B it (MDR) 12 &5 A ViE Dk E X % (8], MlEiiE%
Byt = 104G & UTEHRL, ZOMRB AL,

ZDROFERE2ANIE, WEGTEFED A VEGHEIZE U, Fix OFFEFERD, KA
BHIZ X BFERERKEL B >TWB Z D75, [>T, BAPEALZEESIC X 5IEE
fiZa— MY B OED, EEGTEFEOEEA Y VEEIC T U CTEER@HEE LTV
ZENHERTE B,
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S/S (s7h)
Comp. | Iyglg-cm?] Mag. cdL. /dt
4B /di Ours MDR
Mag-A 3.34 3.5x1076
p, 1 1.36 x 10% 9.9 x 10~8
Mag-B 0.48 5.0 x 1077
Mag-A 5.45 6.4 x 1076
p,n, A | 1.54 x 10% 7.8 x 1078
Mag-B 0.39 4.6 x 1077

M EDRRIZ, Bxld=a— MY JH#EL, BRI DWW RS I & 2 IEE DRI R 21T 5 72,
ZITIRRE Dok, Za—b Y /R TEHEEL, BIXEFUCHEELN, Thabb, WMhh

2% <, R AR E NG £ 2 2 & RA LK [9).

AT, ERLOFTERD KEWENRIREZ =2 — M) JRIRICHIND W, B 2R E
K E NS FE AP BICBEE L . Z D08, ST —Fy 2 L AV VEEICNT 5= a2 —

NV DOIEHBBOMEEZMEL, ZOMENRL TN LSBT EE2RUT,
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BRI TP E 7 B C D B 8
KL & Wy DT 7 7 BN
REER 58 W&
E;
EE I AMTEFERRE TH L Z E2EVITED TV, JAEETOSITHIE S,
ARTEE E CHLEINTWIZERD THRE I —7 1 7 ) ~OS MO T I iz,
fﬁ%i~?4yﬁjm%40$%#%ﬁwfwé¢é@ﬁ%%?\£ﬁ\%%\%E
SAEFINEEE 5T, HBER, BamOFFHZ KU LR, R, w7z Eiosy
B OFEE 2 Z T, ﬁfﬁﬁ¢@ﬁﬁ%ﬁ%ﬁt%0Kkw51:%7ﬁ%®?&6 Z
ZTE, LIRULIRH T 2O A IS & LT & e B OB SN E e[ &
mole, mBES AL, XSEMEE RIEYIROBEE 2 KUN, IEA 72218550 b EARR
RBREDJAT DN EFEON TN, Bt 74— 7 ORE), 88, S%EEWE
OGN GRIEME, RRBENE) 2 ENZDOFITH S, Z 2Tk, BEOHEDREW AT L
6&&%_\%ﬁfi%é#\*%mﬁkotm%éh%ﬁﬁ6of B LWEERIZD
WTCRTEOARTE B (B0 . el (THELR), s (AR SAbLEEmL
TWBHZ EEFFITT 5,

2. THEmE., « BEE, ...

1967 4, Hewish, Bell 52 K o T H =238 /L Zdu, TRV 2 > TR Clal
H g 2 PR 2B ST (EESCESADSICL UL, 20X ) g chtEr2
MIERIND LITFED B DR o7, LWI LK BWIEFREETE b L), [HHEHE
HNIIER I IEME e & D0, Bia 770 v F & M3 2 (B8 E ] O Ak D 23 8Ll &
17z, Baym,Pethick,PinesiZ & > T, Z DOfEFREMME - OBIRENZ L5 & ) iRk
NhHZ b, L, O LEZBZ LN TV =D IIMigdal 3 HEf#E L 721S0 Y
DY == T, ARFEFEIRTOREET D (1], ZhiTe LT, BEE XY RERE
FERRIE TIIBPe LD 7 — /R—X N A[RETH H Z L Z/Rm LI2D A, 1969-1970 FEEH X A
=H7T 2, Fo%EE—EHICL - TRESHEREIE LN [8], WIEME TDHe
OSPHRREN DI AN 1972 H7E o722 L2 BWHT & ZORRMENRERNLD, D%
mﬂw%mwk7)V%@ﬁ@#%ﬁ%uﬁbﬂk;k%%é[Lik\w%ﬁﬁ_
Flowers 52 K> TX ¥ v AV E W& & Cooperxf DAL « IHIKZ £ 5 FEEHHEFEIC
L0, I L FOBMNZE D =2 — Y 2 xAERRIZ L o THIE T2 OB H DS
2725 Z EMEf ST D 4, 2D% 7 + — 7 WE OBIRE & R IR Sz,
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e sl vy st 7 1 R T COBEULO FTHENE, REVERD 72 HETTIC

>§'"&m LTI, mESAZELRE7 V=TI L - T

L‘+ + + '\
MLH‘L£§< N g R L ORI TR ST, TR D
L

{rﬁ <Dir)> —O@E&:%& L. EP‘I‘E‘ETC&IE%‘{E*ET@**%%\\ﬁ)

[ALS)

4 ; ALS(Alternating-Layer-Spin) ## i& & FEIZ N 5 —
AN EZ LM R S b L ARSI,

NUCLEAR
DEREXR
40 AN
AR [ ,-’<

Tl
L

a

MATER THUE— I RTE LR~ T 1 7 S & JER
bS] )egions LCW%, ZORRIIZEHOSETHXIET Y

-

/\

I\

LS
.
—‘-
g
.
et
* -
-
1
/
-
:\

manil o NAD—=ROFELBEOTHY | = PHFO
ton source fn.  T° fleld N e v s >
84 p (proton) genity SETITEAD 7 —8E LA VU EFE LR

EHETHEND Z LT D, FHEFREOBR E ORE T, FMEFREOMmEA, “FEk”
\ZEk D7 TR, MR IC X D mini-collapse’s ENE 2 b D, ALSHEE, P
WREh e &R 7V — T ORFSEIE 90 - DIE ERL R Structure and Evolution of Neutron
Stars” (SENS90), 93 40 L &' = —7@ X "Various phases in high-density matter and
neutron stars” [BlICFE L O LI TVD, BEOGRITEHE I ADBKUIZAD T, LI

LIFEkENTVD,

BTN D L 91T p BEURES n BT RIT 7 4+ — 7 WE COIE—HRI A T VAR
MMEMERTO MR VB OMIRE LN H D Z L Rbhro TE T,

3. 7 A — T WETD n G

il - FEETOIA FZNAKMHEDEIE, 7 +—27 OIEATIADIZHONTITZEL < D NI
FDOLITEBEZLNTND LIS D, MFOBRIIRTE LHEMI T neE
Bbnd, HICEEEMNE AHTHS, 22 TIHKBOEEEEMEIZS N T +—

7 DI CIRDNIATL, 74— WRIci s L& (G0) HABRICRE D . ZA 7 A%

PEXEBICEN TN D Z L 2 RET D, SHIZY 4+ —7 O Fermi =X X —RNRKE 7
HE, QQRTOERPINESND Z ENBLRNTHA TAAKREIRRIET S 2 LA HfFS
Do BIZIZNIL BT +— 7 METOZ DL D RIEDEOEFLIR T 5 — > DOH GGk
MLZEZDZENTE D, W%, BADT7—HoqextOfEE. BEEERW Y T 40—k
RBIEEIETDEHATLE DN, WEHPTTERIEFEIIRD ZENFINET, £O

BIZIEE e fRIE, ZERBCE T D EENEIZ 2 D ZAUTIE—ER A A T LA & PRI T
WLHDTY, 574 VAL SUQDOHEAEEZ L L, —FEHRRNMNE LT ENA T
VI (Dual Chiral Density Wave, DCDW) &

B bOBELBLS (6], X aKﬂ%aﬁ
(wy)=Acosqz, D ' —; Z
<l/7i7573'//> =Asinqz S <7Z¢>
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ZOX IR 8T NENTICHEET U, ALS fiid L R, ZERIIE—RRIEICE
K3 2 PER . KSPER 2 & 72 B8, TR OERBO W QX E DRI BEIR T 20
H LvZevy, £72 . phonon IX UH NG R Y o OB IZE ) FREICH Z &R EZ BN D,
2SN FE—AREENE 13500 & LTIV AR ORSEi RIS B W TN 22 @B & 4 b 72 2.
I A=W ED=a— ) VN AREIZR Y ZORRFPEFEOBAEAINE L 72
Do —H. ZOWRMEIXALS HEIE L ITRR Y | MR T REICKID | BSOS EEFE T
D& W O LIZIR CTHRMEDIEFRICR D Z LB DnD, Thbb, mEMEOMHEE
Z L. DCDW FHIZH R+ 2 O B RBEALOME L HT- 2 2 L B2 b D,

4. DCDW & Weyl f-4:J&
FE—EHD A T, DCDW IZOWTHEWAARGAT T L T 72D T, Z 2 Tl
DFERZRBINT D, MEMBE O E Cldfl MR v DU AERE, MR e 20 v iis) e

EOMERAER S4L, B, EBREITIERITHIE STV S, Dirac KifEWH Z &I

BAUE, “RTTT T 7 = U MREIIRRTE - 723, il Tl Dirac ###%/A, Dirac =428,

Weyl (=& J8 72 & =W cWE CTilim S LT 5 [7],

DCDW fHTDZ +— 2 —hi =3 /LF¥ —% NJL

i AV Ej:\/Ef,+q2/44_rq«/pf+m2 &

g 5. ql2sm ic EE T B &

p,=0,p, =+K, =%/(q/2)" -m? %25 2 AT

X¥ v 7V ADOGHERE R T Z NN, [F
Uitk z & 25670 Weyl @B O TH
#F b, tK,% Weyl nodes (points) & FES, FEEE p, = K, iL% T Hamiltonian D1
—TEDNA T VT 4 —F I~V T 4 —%FF> Weyl Hamiltonian CTFlik 1%, DCDW
& Weyl ¥ BEOXSZXIRT D ERO I ITRD,

DCDW Weyl semimetal
Dynamical Spin-orbit coupling (SOC)
mass strength
“Momentum” Bloch momentum
Wave vector Spin splitting due to

magnetic impurities
or magnetic field
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4. ' Hall 0%
Weyl -4 )8 CTOREA 2 ERICE LR Hall 2R EMFIXN DS O T, [BEET

e2

jy=0,E, CERSND, Weyl FaJmClidoy™ =2y 2K, ThIZAHND Z LB D
/2
NT5, 4 DCDW IZEWCRABARBESHIHCX 5 L B2, ARAREMOTHET S

L. Dirac sea 7bH D 51X

anom g? —q, m>q/2
C)'Xy = >
(2;;) -q+2K,, m<q/2

L2 2 Enbn% (8], DCDW TIREHEDRANEI SN TEYD . A ZFEDRE

EM>0IW->Top™ > 022> T2 Z ERbnD, Weyl FEBOHEE L OEF
oy ZEFET 2P TOERNLOBROFREDEEIECHRT 5, H HOYBAIEIRIT,

KZERICHT 2% K, LTRD O 2WTE (K, K,) COBMINTTRD & L b D, HH

DO/, Berry HiZEOFy OFIC/2 D . &1 Hall iR OGS L 2<FALHFFGE 52, »
Dip s TKNN AXDOEIZET 5,
2
2
& 2K, =
(27)

K, e’

v(=1)—
2 ( )27r
Z Z T, viX Chern #{ T Berry #tDEZ SEHAEER L T\ 5, Bi Hall iR L - T
Maxwell FREXUSMMARERB LD Z L2k b, 2237 NENETOMERRIZE)
ERbHbDEEZOND,

5. WS CTOBEBSUSE & BYriE

FH Hall VRIS WIS EIC THRE DB, REME~DIEMEE 25 L &
2%, B ONENEEIZ /R D, FFo~ 734 — CTOMEBROMITIZIIR AR TH 5,
BN~ 7 322 — ORI, MEANCEERTH 2T 288 X0 Bk d 2 i &
BN, KR CIXERGE L EBICBR LT\ 5, HEmAR B E UL, B B 2 7
ET5FTO Hall (REEZFHE L, B> ODOMRAZERS Z L1k v, BE Hall R 4%
MTTEDLZIENDD, ZOfNT &R L T Weyl 4 JE<° DCDW ORI kR 224 V72 {flifE
ERLZENTED,

BVREE c TR X T AT =—aVT TERSND, ZEE T2 X DB
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EEZHE, ROBETHET I EEMICRLZN, RETEEKILEE L
Wiedemann-Franz Hi| & FEiXH 2 BIfR

k=LTo

MRESET % 2 E R B R TWS, 22 CL=(1/3)(x/e)’ 13 Lorentz $ & FEZ TV 5 EHL
Thb, REME~DIGHE LTI ZINTHSTHA D,

BUIR, BB TOBEIEIZ OV TIH E D +ICHES A TRV O TII RV EEZ
Hivd, EEREYHE~OEHAE L TELEIH éﬂ%’) Potekhin © ®Off:5 [9]TiX Dirac $i
& LTOEHFW, EBFRICOVWTOBEENAR+3ThHL L OICRA D, £z, &ET
I Dirac %8 TO#kES| m%ﬁ%tmfméiof%énm LIF T, 545 Hall %)
ROBHDR LTI D BT, HE—HR SO B2 O S #ama A1 2,

B OBERISEL |3 T 5 a2k, Drude 12X % 6O T, Thompson (2L 5%
FHRAND 3FE/RDZ EThDH, BFOFHFAm GEM) FFH E72IFA RO L ¢ &
T 5L, WP TOEIRIT

(4 ®,7°

2 o, 0
I+(@r) 1+(er) )
x| ne’ o1’ T (£
j\= = * a 2 r 2 0 E‘:
’ m [ 1+(@7r) 1+(@.r) ;
WEY \E: )
0 0 T

A
Thizz b, RETINMEEE oy b7 5, 22T, w,=eB/m ¥ /m by

RER CTH D, @HEOEEEIINARS TEZ NN, BENLRWEET > 02X
0, —> 0 LRV IEMEIIERE HT- 2 5, —HIERIAERITI Hall (58 E 4 H7- 2, B0

DR TIL o, »>0&7%2%, LL, T >0 DBRTo, ocl/B LD LICHEET D,
(R & B 1N EHE T DI ARA R E v L vy, Strada Sk 5 L,
oy = O'ij + O'ij
I —
LEF S 11, %% TPz d A B 72 Drude-Zener ORI T, 7 —> 00 DR
< 0' ocl/B &725, & HIFIEHRM e mETIREF L,

n_ I _eCaN(E)

Xy yX '\
oB E-E,
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E#EITD, 22T, N(E)IF=*LF—ELUTOREHTH |

N(E)= " Tré(n-H)dy
=N(0)+N.(E)

L b, BT, AT N T AOIEFHDNHAVULIEFETHEEL, B Hall R~ %5
R L, # T Fermi sea DR Z KT, FEE. Weyl 48 <° DCDW OGAIZIT A
7 N7 LFERIFRIZZ2 U | Atiyah-Patodi-Singer (APS) n A4 &

ZSIgn(E )=>1->1

E;>0 E, <0

:ISiDgZ|EZ|7 sign(E,)

ZHWTN(@O)=-1/2n, Thizzxbh b [12],

6. TLOLEY

TR &R, B OB LWBER S W O BN SRR e U i
ELCOFMETEWE TOMSEHRE#ERm LT,

Landau #0723 EEIZ 72 2 K00 CTld, ARARIC X0 R8T A2 55 & &Rz
NeDMThizz bivd, BEIIAREMITIIIERRA 2 & T, REEED BIRFEN L5
55, Weyl ¥-4:E<° DCDW Tl Fermion D A7 kT ANRFERFRZ/2D . hRaoh
NI L LC, B Hall iR A28, ZOHETEEYWE THL RIICHEET L 525
NHN, HHAEG LR L TCED LI M EEZ L DDA D 2 RIEWEE~DIGH & L
T, LAEIOGR CHEUICE Y b TWD DA 502 Lo ks,

YYEWBRIZ 3515 5 Dirac WE CTITFEFRICHERT 5 Z LIC K VEEBRENM6D &9
272> T&ET,

REDEE~DISHE LT, IR TITERCE L ARENEREERT L2 L1E, v 73
2 — ORI i T ABRICITE R AMAENLETH D, NI +— 7 BEET 55
HIIEE 2 COREE Hall $h R % B D EMREE R L OV 7 A MEK TOE T OEMREE|C

DUVNT OAFZE BLBRZE N,

REIC, MBS, B9 ZEEHNROARHOEFEZNOBEN T2 TS ES D &
DHRLEHITEVELE, BESAEDOLERLITARIIE S RVOTER, HimizimL
TELDILEFLEILENTE, TNOBPHOBBMICKREREELH A E L, GES
Ao & —HREICHE M L CO TR ZE B L b E T,
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WCRF N TFETEBR LR LFRRRE LB MAEZZ T ANTZONR 1958 FD = &,
ENLKFETORBETH 5, HAATHIETKET 1961 4057 1) THR B HERIE VY /31512
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REMT ONTZRANRETH D, BEFH - OFRBEHREEZEDO 3 AOITEINL, —DDE X
MRZTHKD, FOKBEEEEB O T R EIOFEmMAM] Z#m T X& Thrhrole
Do, SEIBEERZLED—DTHDH, LT, WK O EERBIAT —~vTb b
> 72137,

1970 KM T & HEOFHAZE, BAROT XL F—[EOKHEL L TORFEI), &
BIXTAAROEX B2 B Sz, REMHISES ., B LWVEEMICR 2 L8R S ER
RIRFIRERT, —ERERSE 2 AUE LI R R, el oBEM S ok, RE
#7e A% (White elephant) TH 5, R0ED., —FEIIRTFENEFATEHE LT, BED
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SN A TETFBEEAR], L—= TEZFEEHEM], BIK [FEm]. b by
X—OH b, R—RU—ARELHYE LT, TOHRT, EBICRoT20X, &
JNF5Hst, WK IE—ES, IWHEE—0 3 %A NEMBZAET 572012 TLE,
(GH 2)

I XR¥ERABES LEWEOH 4« DE

BEINVIRZRA~AEZ L THHEZEOE., IV TV -~ DE~TTHLEL
T2, B CICEBES AN [T OFFRICEDL S Z & Tix, FAFAX—2F ¥
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YN—ORR%E, BEEZPTOMBRMER S KT 5, 10 ° Torr FRE S 5I2A
THEREL~LD 107 Y Torr, HEMZEM OB L% 1016 Torr, HEMZEMOIB L%
10 2 Torr DR ~ED L O REZEFANT THAT T 2037 8L ) T EIZIY A TY
F L7z, B L SHYBOEZRE THl A oo TETR, [EZ2] L) 5T
TORNBONRHY E Lz, ROFIL, BRI, &K, AR, AFidelEin L
ISP DD TFTAED Z L FATEBY £ L,

ZIUBNEBE T, BIRHEATWIZ RO T, AlfbF o v — hOSERIZ X
ANERE - RBEMENTTE T, ThAL, REOWRTERSOBEME 20> T 1,
REFMETHNE DO NEZTZ LT &) 22| BUROBEITEARE LT, il
DR 12 . KBNEHEE 4 £ L) T E oRRIZEICERERME, £ LT 1988
KRBT 135 2 4 5 Zalbesl B2 OBAHE (IS S TR - 72 SR L T 3k
B. ZTo®K#ENEE L ESHEE T 25 FMIE SRR, =X —FTHBRAIK R LD

TR-o>TEE L,

)

IV BRE - -AFLKE. RREREFE L OMEEZ D0
HIER DB ORHRIC B o T, R SR, Hl, DT Tk, SR - FHR Y
DHRBGOP TREERD I 50, BRETHVHELINE VS Z %, 90 FRIZLD
MBI BIFC&F Lz, RIZ 2004 12 AD A~ NI iE « B/ > RO~ R
T ARFEPEREG L2 Z L L 2006 EDO THREERLORT - & #iGE, HRIC X 2 ERE
K UTHIBRBIOMARRIZ L D 8E, BIREBON—0T7 U b AV 2T ORES
NHfERERVIRLBR LE Lz, LML, BRFEEE. BT HIREZER LY. FR
DERIZELEA ) RXREHYLEN, ZETE VI ex—HLTEXLTEELE,
FIT, 20114 3 A 11 HOMBECTRERE~OBHRK OB 1 Z2M 5 [HMBER] . &E
PEEOBIENFAEL, LIESLITERZWE 727 ¢ — BB CHlE I T
TR BB & 72 0 | B, AN & B ICHIE S CL 2EIRIER THAEIBEREZ
BBt OREDR LR, AV NE T SHICBEHIEE DY Vv a= AL KORIET
KRFENRAEL, KFEEHR, T L THMNE~KEOBFRBILBOFKZEZ LE L,
BORICRHEN L, BHRICHE, 2N EENRD LD,
JRFEDOHIZIE, HELFMEPAS>TND, THUERODTZIRT L0 7BD 2 &8 KRE,
Gy BLDFE LT NS ATl & 2 RS,
AR L, LG & RIFCAKRERZ LI-OITIRRITA.,
- 1969 FAZECR MBI Z A T [AARBERAM) — NEENZNLER) (35)

Y\«?
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1969FENTEE T HAE D4 38 B K

[ZRESZIZDONTIE NPTIZS T 3EFEI2hH
Hod | HEAZERIIERAELGULBEREZLEDSH. #&
ERLEDEEN -BNHRT OO ILIXEIZRE
FTHEEBITTNITHT HEFNESTHENKSIEET
5 1 =BERZIN L

- 19834F : AABE . (W) B AREEE
FEMFIEETIC TR T v ) I3 5%
e 2 H LT,

19842 H : [JRFFHERITXT D
WBOEEBIIEHT A —EBL] GRE
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WA bIRRET 1 2R,
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FRIA—OVMEOFEMLE
fRE £ (HAX)
MEME

DHEEFRRTHESNEHRS NYFUMELHEFE] (201151 8 29,30 B,
BEEINIEESAZEAT) SKZRYERSEEHIC. ARV A — IV YEICET S8
ROFLWHREBN LIzc BRI A —IVMER I+ —Y -\ FO Y | RIBEBORE
B, REYRELGBHCRERZH/LDILET, EELELGY S5, BREDKZFERAE HEF.
FET XD DOTHoERERNEFICE TV +— IV WEDEFRERIZEL
T. BRESALDRBTRASAEMRELEDODPY EYICEOIDDEIIEY—FEBM LT
LEFE. 3T L—N—I =IO YPENRRELGBECHRBREG DR/ Ny THER(C
FYUHEICHRLONTLEDS, XBETE, RARESN 27L—N—=0+—U%
BENRREICHDEVSISEHRR/HI A — 7 -hRAFERICESCHERN L0 L 557
BITOVWTEHRLze ChiE, BT (BHKE) OEXHRICEICIOTHY . D
WRAELWETHE DL ELFHRFEISAMDREBIZE2 I L—N=05—0Y
BEORBNIEEL.BEICE>TRENOORMERGICK Y BNEEMICKES HATEE

HIo5Hbd,
Ayt—2

1996 EIF ABRIFICERHOMESTHOHTEEV LI, WAWAEFEFE LTV
W2 &, FELBROHP XS4 F, DBEEFERROMRELSMERICDEEFSI A vE—D
FWEW2EAWFEEICERONEFFA, DEY CEEBEZRFYVBRLETEST . §
BEDREZEEFEIANEIMEZLSEDLSLBRIGEESNA, EBBEDSLELTNER
$£TI,
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MG HTDOI 3 —MEENAI Ty FE

e At
(KB EEZEKR)

1 Introduction

HEEEYE OREHFEX (Equation of State : EOS) Df5EIE. 2.0M¢, D k1 281 D & A
(1,2, 20 X ] BEHIND LS IR >TVWD, T, ZOTDNEHETIXZOEEED -
DI, BIEIINARB YRI5 —IREDIXYF v IRHIIZR>TVWEEEZLNTWVWDN,
DX BMIPREBARAZMAIELZWHOSNTED, 260XV F v IRiflE VN
AL 20My 2K X2 Z e RRHEL LD Z A ENTVDE (NI REVAZ)L), TDT=,
REAHEAXDOHETIE, L] SEBMEPDTFEE2EATHHAANE IfTONTVWS, 5T,
HHEOBIH (GW170817) ARG T dv, kR4 REREMR I N TV B DY, RSP TR OBERED
FHAD SN X [3, 4,5, 6], EOSHIZEIC X 542544428~ 225, LRIZONVT
EZNETBEID S HFRINDIHPFANIER 5722 b dH 0, HYRERE 572 2 L 3B H &
W, EOS HHZEIEM D TRVWE, Bl D#EEEEZRDOND LI ITRoTELLERBLZAD,

ZDESRMOHT, HAITREISITEH L TWS, FHETFRED% 13T DEABISH 102G
FROMWESE 25D Z LIS N, Z OIS ORIES PIREIZ 2 > TOWRWA, X562 5MEE L
T, @SR R (373 k—) LwS REHEEGH 101°G I5ET 250 MEHN A TH
D, BBz OWTIHET ETHER-TVWS, ZDEIHYT 2 Z—HNEOHLES X 1018-19°G
ZHETDHEFHUINTVDED (7], ZORRIRIEHITHRNMESL T TIZT VX7 LNV P BT & 7
{725, 109G 23 VF—L UTABE-TAD L, ~ (BEH MeV)2 F2EIC2 D, 8RO EMEH
LHILET A EEREEND B L BREI NG, HE - BOMK [8] Tl 2+ —ZHD Lowest
Landau Level (LLL) %Z#J& U 7z#5 5%, RELERIFIFEEIZE RO, ~28Mg 2 XA 6N 5 IE
ENWZRBZEeDR Dotz UNRLIZIDOMETIX, LLLOAIZEEF>TED, »DF7 8 FizE%E
LU TWRipro Tz, TDRD, KIFETIZET g FMliZE L, 2D Second Landau Level (2LL)
EERBUTZEIE 21T o 7=,

2 Formulation

ETNELTE B LHBRIZY Y TNV RBUHHE 7 5 — D 225025 1Ty FE
ELTDREEZEZ, 74— 7HOMIBEGLHNTWEE Uz, 24— 27WEIZHH7 VI H
A& U, Bag ET)VEEAL [9]. N FBEYH®D EOS 1&”SLy4”[10] 2 -7z, £3 LLL iZxf L
TR FME#HL, BOTERMLLAZE IS, TANF—EEORBEPDTMCRRIFER LR,
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5 E — higher levels — E _—— higher levels —
_— u U —_— © i —
|/ gheeB [remmmrmme s Ey By ,/grmB ----------------------------------------- By By,

d(s) pd(s) pe e
B3y’ By B, By N T ES B B EYL

di d;
Ezfl)’El(j)aE[l)LwEf— ,/%ﬁceB

Easr |-

B, B B e
3 wceB

ng)/ Eg—v E§+

B B By, By

B B

d(s u e
E03r>~ Ey_, Egy

s=+1 s=—1

1 BRFOIXILF—LRVEFBEDOA A=Y, JzVIZTFNLVF =3 Egr = Ep B
d,s Z74—2, uZ4—21% Eyp. BFIX Ep TH 5, WREMIZESIEHEMED B, 1
j=u,d(s),e LUTHKRFERL, n BLR)VE, s FAEVD s=+1 2K,

1020 = T T T 3
g; i i
19 —LLLyB |
0 10 —LLLp 3
mo _2|—LdS[3 E
18

10 L L L L L L | L L L | L L L

0 2 4 6 8

ny/Ng

2 LLLgs 81 d, s 7 4 —2 ® LLL«2LL QRS LLL, 8l u 2 4+ —2 ® LLL+2LL
DEEFEYG. 2LLgs B 1 d, s 7+ — 2 @ 2LL<3LL D5,

BB DEBIINS N RS o 7z, IRIZ 2LL O&@%E{T-> 7255, LLL OADEGE L Rig by,
2LL ¥ TEBT 25 RSO NI OWTHEEL2ET S, M1 &K FO 7z VI TR
¥ — L HMIE®D schematic image /"9, 2LL 2&ET 5L ZiX, TOXDIZER T DL L]
EIZER L DD, TEIZERMEL T BEDNETL 5, RSN TAZ o0, (FEDER
%) RifIZ &> T LLL<2LL O § 2 IEG PRI D720, MGZDHDIZTDOWTHERRE
<D BEVHTL 5,

2 IR G D Z RS, ZORPSDNS K ST, BRSO O HEIZ X -
THHRRD, ZOH, AETIE, BFBLTu I 4—27IZDOVWTIEXLLL, d,s 74 —21ZD
WTIH 2LL 2725 £ 512, GO ZLATD & 5 REERGF DI TANT,

2/3
B(ny) = Cp x 10 x (ZZ) G, (1)

ZZT oy ENY F VEEE, ng A normal density TH 0, Cp 2MREE U TG DOME % 7T E
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THHTH S,
oI, B BOENNOFSELT, B MR 2 I EHEBOLMTINT DA, S

P ZEL 560 2 AL T WA L WS GRS D (1], ABIRICB W TR MHEID &>

U7,
B2 B2
er =em+ g and pr=put 5 (2)
2 132
Er =éMm + . and pr =pwMm + . (3)

3  Numerical results

BONEIINVF—EELENOMEEK 3 ITRT, BATO "R (2). "b"IER (3) X
JELTWS, ZDESIZ, MGERZIZTITTWE, ds 74 —2® LLL < 2LL A EEE< £
TRFTWLEIEE2T o7z, 5% FIF TV & EOS 2 LLL & F2%> TWLHBE AR ST
Wb, ZOMEANIZEGDEZDE DN EOS NG A HENKEVE VWS 2N TES, —H.,
% B DENNDHFEDEWN (X (2 2K (3) DEWV) 1Z, TNIEERSSBRVWEERMFON, T
DENZBWT I+ —2PE N Fa UYEPRAET 2 JSPHER RITHY T 5, EOS 3R XL
F—lIRSEIN RO UYERSHEED, ZOMITBWT 7+ —oWEEEREL, oML EnT
INF—BETIE I A —IYBEIZRD XD ITHEEI N5,

B 412, EOS & TOV ARBANEH U 72458 %2R T, LLL DADT —A L KT 5 L m KE &
k> TWB R, +2IZWEOS & LT 2.0Mg 22 2EE2 XA TWS Z 22 0h 5, EOS
EEMIELTWED, BEDOREIDEIZLDIHENREVI DS ND, —HTHENHED ANS
DEIZDVWTIE, BEOERIZOWTHEZNIFEREREFAZIToNLr o7z, TH6 DR %E B
ToXR1IZELD B,

Level Cp | pressure term | maximum mass
LLLa | 14.83 L 2.86 M,
LLLb | 14.83 L 2.90 Mg
2LLIa | 13.44 L 2.51 Mg
2LLIb | 13.44 5 2.55 Mg,
2LLIIa | 12.06 L 2.24 Mg
2LLIIb | 12.06 5 2.28 M,
2LLIIa | 9.28 2 2.02 Mg,
2LLIIIb | 9.28 5 2.04 M,

F1 KEHOMES L OENHIINT 5 RKEE.
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o)

)

o
L

—2LLIIla
eeeess 2L LIIID ward
—— Hadron B

pT [MeV/fm?]

L 1 L L 1 L
500 2 1000
€1 [MeV/im?]
B3 % Cp OES L PENHIZHT 2TV F =B L ESOM. BRI D HA D%
gt B2 © g BL ch s,

3- | ! ., I

|
o2 | ]
s [
2 L s

A ]

T 2LLIIb

2LLIa

o s 2LLIIb

L Hadron

O™ 70 12 12

R [km]

4 HEHOWEB XOENEITHT 201 TV v FREICHT 5 H & & EROBIR,

4  Conclusion

REEM BFHIZH Y, D ds ZA—2IW2LL ITHBRME LTEEL TH +2 2\ EOS
PROND Z WP oTlz, ERHIBDOMEDEAD EOS ~NBEIFTHEIIEFIIRENI L5
hotz, —HTHIEDENINDHFEGSDOHTIZONWT, B d 2 MEDOTFEEIT 2D, ENFN
WZ DD hotz, 6 E FIFTWIHE, 3rd Landau Level (3LL) &9 5 MBI T
%, 3LL 25892 L5 REHGOBRE NIZBWTH EOS B HIzii 22 0%l 2 & I3IEH
WHHWEBbNE D, 5% FFTnw &7 =213 Na YYEIZESTLEES Z 2 HH
kg, MR LanwZ EAEI NS, EBICSRIOFETE, Cp = 9.28 D7 —ATIZIFIFRA
WEWRER LR o TS, NFEVPEDETIVX Bag @EUCH £ 278, ZNIT ISR OEH
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T DLW DOIRBIREN, X7z, 2LL 2FE 3 5721 THERFORBIUHEZ & DHLD HN 227
DOPREEST DI NN o2DT, 3LL 2F[ET BT T o ITEEITHRGT T 2 BT
BIEPHEING,

ZTULTER, AMETIEEMED EOS ZEWHEDEMH->TWs (BWED EOS ZDH DT
20Mg 22X Z6NTWD) 72, ZODPWEYED EOS 22X X D EVWIHIEL 2D, ZDS
ATCEZETCHEWEZXZoNE P 2REET 2D HAEWVWEERDbONS, 512, BEdRL7z& D1z,
AR TIEER T DTV X I L RVEREL CTENMEL 72720, WG IEBEIRTEZ K-S E%
BALTWS, LU, BEOHNRIZBI2MIBIEIO LI R L ITRL2IETTHD, H 55
T2 TLLL, BOMEETIZ 2LL IR > TWAED, RV NLVTHEIhTWSZ s +45
EZOoNE, TOXIBRERIZV ANV ENDKZ S L DITH2I121E0720 OREEZHMHS &b
BN, SRRV NIV EZEELZDAZAT, EOSHREZEFTODERZ X ZAONE D0 2MEET DL IERE
IZHLR AR 2 B,

S 3k
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FFEYERTDOAAEEER & ABRE
- BEREZSARBAT --

TRV X — GO - AE B Ra B

BB S AR, FYEF RIS DN T 2 DO BARRIRREE & [FIRFI AR L7210 HuE 78 b 700 & & 8
SINTWE LR, 20—, 2HERKGEEICKSEONFMT 222528 REE G 22 (E0S)
FEIXHTZETHY, 20 20E, FHETFEOREIZHEWNWGHZ 72 63 X a U EIERE 2
M9 22 L[] Tliz, ZORETIE. B_ORBEOMRKDO—>ThH DA ~n (FIZA)
FEFE [1] OFHEMEZBIRT 572D Fk 2 BV TV D T U A E2NAT 5, £ 2Tk, AAH
HAEMD N=ZBEWE T L N>>ZEWEP TR TIERNZ Ef e e > TWD,

20014F 124 % S1u7= 8 He (Nagara event) D% R[2] 13, 5 iR OMREIC K& R B A 5 2
oo & DB SN AAB AAEHA OSIUNZABTRE 2 5] i Z T35 T X 5 &0 ) FENY
FICR o 7o B TH D, @MESAE, ZORRO FTHESEZET T, ANMBEER OS] ) % 3
% AA-ENFEARIR[B] ITHF B L CABIRBIOME 2 4 £aIc i L7z, ZOBRBE TR &ES
IECHHT D LA ERoT,

ST ALV =2 D 2KFZROMANEMIIAERIC AA-EN-AZ-IZ i GMH AN TH
D, HoT. ARNLUTRRA =2 ELTIVA - ~A 3=k L LT (Bl 21F % He) L=
AOAMEBEERAIL, M1 DX HIZ, ENBLUIEF v U RO EEREVIAATE LD LD,

Lambda hypernuclei

(AN} description of hypemuclei
with NN, NA, AA interactions

AA AA A

AA interaction

1
+
=
e —
n
_|_
[
— T — e
M
+

1 T LK« A S—RACHT BAMATAE, B RFED /NS VENF ¥ K0
WO IARIT L DB IR TE 20,

ZOAMEEER %, hPE %5 H &% & Nagara ®.He O At — x L 8 — 2 EIE S & 2
IZRT LD ICENF v U R AFEA N DR DB K& BRI TL %, S He BT,
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A
| |
T | iPJ, = |
n, Ny Pr Ay Ay n, ny A, Ar Py Py
o-formation Pauli
enhancement suppression

2 EpMANDEAANEEMEA OSSR, S H & S He & TRERENH D,

Ep AN ERDEI NN T Y OPEMEFRIC Lo THRE SN D (Pauli suppression), —F, °H k%
T, FREREBICBIT LI T AV T 77—« 7T RAZ =KD FILEp MHHRKD 5L KN
I8 5415 (a-formation enhancement), Z OFRIZ, AAMHA/EHIZIX Nagara 7> 6 HiPET- 21T
Mo Tl OMIIC LD EME (t=I 0% —) BAEL D, K31E, BRBOEEELR

| 1) AAint in N=Z nuclei
% Pauli suppression VN
| 2) AAint. in free space
+ c-enhancement Vel
| 3) AAint. in n-rich nuclei
U"mm[n-rlch: n's
4) AAint. in neutron star A ? 50 A
Collective A-Z° mixing >
1 in neutron medium é
4L n's

A super-fluidity

More attractive!

M3 AAMEERAORERKE, THEFENET It — Ly MIASYEA[4] BNEZ Y,
BIAAMBENER OB INTEFZIRD 55,

EDT, AMBEEROMER EZ R LZbDTH S, Nagara 7> HAAMBEERZ RO TER
EXEDOEERETEDEFTHEI LWIHIUROEZH T, BEOLDOL LTS R0n,
JRFEEICE PN AADHAERIZ, BE LD 27— OMAEEREZE L TET S,
401%, ZIVE TORONA = DOWFIE TR T XTI 72 A X v b a7 — R O A
ERHZXRLIZb D TH D, R THEEROIL, s @A N — oGS ME" LT
HER 2 fig ik L 7= coherent A-3° coupling 1EH], & #RFI DI A /—F% He DI RICHORM - 7=
s-formation fEFI ChH 5, ZHODIERY . N=ZEWET & N>>Z ZWE T OAMIEAEAICKE
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3 4 5
R ’Y aH 1He  JHe
40 —
t 0143
Jo— Underbinding
30 Y. Akaishi et al. /g i
Phys. Rev. Lett. 84 (2000) 3539 %} i

| — U/, (0%) Coherent A-3° coupling 4=~ —_—

& Az piing 0r230MeVi
\ —

10 ‘\\UI(I*)

el o

—Upe(TF) " N-o
0 T modoa . 5

1 ~ 4
r (fm)
A0 E
T. Nagae, R.E. Chrienetal., | E
20 Phys. Rev. Lett. 80 (1998) 1605 "3#"
T.Harada, :
Phys Rev. Lett 81 (1996 5287
30 . i
(MeV) Uz(0%)roy,, *H formation *
U0 50 20 -10 0 10 20 30
-B,

4 AN EBE-Gh)E OMAEEN, ZAGBEEOMAEMICL-T
AZANHEAER O S 1TET 2,

REEBTEHT, ZOEOTERMHEE L, A 72D DAA-EN-AS-IZ2TF ¥ > FILHEA ab initio
FHEOBEBIZAOIIEETH S, TOHEEIC LT, THFBREE °H BT HAAMEAE
{EF 1% Nagara # S\ He 1851 22 L0 30~40%75| 119 Ch %, B 7= 1% J-PARC |2 5 H £
REBREZREL CND, TORENHELELWVWEZATHD, ST, K3DIT—MTH= bk
FEWEFTIE, AL FHEFREOBOFHBEAA AN Ta e — 1w MoA-SY BADE Z 0 [4],
BANAEAERH OB JNTERNCED bivd, Z OBVE TlD b= HAAG ) TABHE 23
RZDMEID, ICEZDZENHRADOEKAETHD, TI~OBEIFEEEH<,
EIE S AL T BABRBI~ M A2 S A OEWYR TR 3 0 V) T,
ZOHEITIHEL T EFRERVEDOBORE L SFOEZ LTiITE £,
B SAD ZEEE BTV B L ET

%75 3Lk

[11 S. Tsuruta, T. Takatsuka ef al., Astrophys. J. 691 (2009) 621.

[2] H. Takahashi et al., Phys. Rev. Lett. 87 (2001) 212502.

[3] Khin Swe Myint, S. Shinmura and Y. Akaishi, Eur. Phys. J. A 16 (2003) 21.
[4] S. Shinmura et al., J. Phys. G 28 (2002) L1.

[5] H. Nemura et al., Phys. Rev. Lett. 94 (2005) 202502.
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’ r ‘ O ‘ H ‘ G/H ‘ 0 m Ty M3 Ty
-1/2 UN O(2) | U1Q) x[SOB3)/O(2)] | 0 Z&Zy Z Z Zo
1<r<-1/2 | DyBN | Dy | UQ)x[SO(3)/Ds] | 0 Z&Q 0 Z 2y
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