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QCD 16557 m B D B H 7 7l

s Massless Free Gas (Stefan-Boltzmann Bl) N

P = —T4 (ZgB + = ng>

# Hadron gas ~ massless free pion gas

PH_%T‘*xs

# Quark Gluon Plasma (QGP)

~( massless free) quarks and gluons + vacuum
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How do heavy-ion collisions look like ?

Au+Au, 10.6 A GeV Pb+Pb, 158 A GeV

\/SNN~ S GeV \/SNNN 20 GeV

JAMming on the Web http://www.jcprg.org/jow/
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http://www.jcprg.org/jow/
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Chiral Transition at Finite u
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QCD —RIBERILEZ /=50 7
s FRIRIILVA—EBMELTERERENRZA TS (k62 dv/dy)
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£HoO0—

s Directed flow (v , <p >), Elliptic flow (v,)
— BERANHICEON, EEEDOKREFEX (EOS) [CHUR

vV, =<p/p,>=<C0s Q>

Out-of-Plane Flow
y (v,<0)

L \Tf Vs = (cos 26)

cal neg. slope
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o ZLDHEE

Lid

—
=

Pt

—
=

1/(2nm,)dN/dm dy [GeV Zc?]

-1 r

3]

RO EEREE JAM

Y.Nara, N.Otuka, AO, K.Niita, S.Chiba, PRC61('00) , 024901
M.Isse, AO, N.Otuka, P.K.Sahu, Y.Nara, PRC72 ('05)064908

# Event Generator: Jet AA Microscopic transport model (JAM)

H - FBRZTZIY Ah-HERE

LIBEEALT E,_=(1-158) AGeV TOD7A—%IX XA
o LHL Vs\w=11.5 GeV TOHEDI7O—[IHRATEEL
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TDHF and Viasov Equation

# Time-Dependent Mean Field Theory (e.g., TDHF) h(%?’ — ho;

a8 Density Matrix
Occ

=Y ¢i(r)¢;(r') — pw = f (phase space dist.)

# TDHF for Density Matrix

o,
mgp h, ] — 8—f = {hw, f} + O(W*)

# Wigner Transformation and Wigner-Kirkwood Expansion
(Ref.: Ring-Schuck)

Aw (r,p) = /d3sexp(—7jp-s/h) (r4+s/2|Al|lr—s/2)
(AB)W — AW exp(zhA)BW ) A= V; . Vp — V; : V’r‘

(V" acts on the left)

[A, Bly, = 2iAw sin(hA/2) By = ih{Aw, By }pg + O(h°)
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Test Particle Method

# Vlasov Equation

of
ot

# (Classical Hamiltonian
2

haw (r.p) = 5 — + U(r.p)

# Test Particle Method (C. Y. Wong, 1982)

9
— {hw, f}PB:0—{+v V,f-VU-V,f=0

gall dr; dp;

1 i
f(r,p) No ZL: o(r—r;))o(p—p;) — = Vohw , = —V., hw

Mean Field Evolution can be simulated
by Classical Test Particles

— Opened a possibility to Simulate High Energy HIC
including Two-Body Collisions in Cascade

18



BUU (Boltzmann-Uehling-Uhlenbeck) Equation

s BUU Equation (Bertsch and Das Gupta, Phys. Rept. 160( 88), 190)

g_l_rv.vrf—VU'fo:Icoll[f]

ot
1 dBPQdQ do
Ico — A 7
nlfl = =3 / (27h)3 1240

X [ff2(L= f3)(1 = fa) = fafa(1 = f)(1 = f2)]
# Incorporated Physics in BUU

I

@ Mean Field Evolution

@ (Incoherent) Two-Body Collisions

o/Tt

@ Pauli Blocking in Two-Body Collisions 1-f
4

O One-Body Observables (Particle Spectra, Collective Flow, ..)
X Event-by-Event Fluctuation (Fragment, Intermittency, ...)




Comarison of TDHF, Viasov and BUU(VUU)

8 CatCa, 40 A MeV
(Cassing-Metag-Mosel-Niita, Phys. Rep. 188 (1990) 363).

1 i Iy i i 1 i i i
-0 -4 0 -] N -N 5 0 5 N -0 -5 1] 5 n
Zz (fml) Zz (fm) Zz {fml
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SPS(NA49) vs RHIC(STAR)
s SPS (NA49),Vs  =8.9GeV & RHIC(STAR), 7.7-39 GeV

C. Alt et al. (NA49), PRC68 ('03) 034903 ol ., . ' o
T Tee 1 T
of -ganh B i T
o 02pA p<2cevic | 40A GeV - 0.02 1‘1“6.‘4”6’?“: + i “‘f ;
= : - | ¢ 40-80% 39 Gev :
E 0.02- ¢ T ¢
E o l.;.;:‘::' h __**** .
= -0.02+ t*, 4 § '!‘ 1

0.02

| -0.02

Hadronic - i*"? _________ re—— ’,‘?‘
Transport *°[\, - w{ T - ‘:'-}
w/ MF 015} b Imﬁg —— 1050 05 1 -1-050 05 1
=20 -1.0 0.0 1.0 2.0 y
M.Isse,AO,N.Otuka,P.K.Sahu,Y.Nara, L. Adamczyk et al. (STAR),
PRC72 (;03 0064908 PRL 112(2014)162301
\
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BD70—&EOS DEE

s EYZILEBZFE>TEED EOS ZHYAH D LS HBE LR

s Vsy\= 11.5 GeV TRHNSEDTA— (dv,/dy<0)
— (5-10)p, IZBVWTREB%E EOS DEEH N XEREARTBE

0.3
. JAM  —— 7.7 GeV —.— JAM-X-over
< 6'0_::.'.'5-\ == 11.5GeV | 0.21 ....... JAM-MF
3 40rtf . 19.6 GeV - 2
L 2.000 NN . 0.1-
n 0 J ARy Y. o
0 2 4 . 6 8 10 12 14 :,;' 0.0
time (fm/c) .
. —— JAM cascade
0.6 —0.11
—  1.0.P.T.s/ps=10 A === JAM-1.0.P.T.
0.5 ---- 1.0PT.sfps=20 .~ o
oal X-over s/pg =10 . Pl —-0.2 '-'._

— — X-over s/pg =20."

—0.3

-2 -1 0o 1 2
Y.Nara, H.Niemi, AO, H.Slfoecker, PRC94('16)034906.

o515 =55 Y- Nara, H. Niemi, AO, J. Steinheimer, X.-F. Luo,
e (GeV/fm?3) H. Stoecker, EPJA 54 ('18)18
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EV7)LEE

# Virial

GZZP@'I%

S pevi- SV r

Kinetic Potential

collision

Ait Z q; - (r

I‘j) =3VP

Pressure from Collisions

# Attractive / Repulsive Orbit Scatterings

o BEFEELAIZISUA L - BREOEAADEEITED

@ Attractive orbits — AP <0 (softening)

@ Repulsive orbits — AP > 0 (hardening)

# Boltzmann Eq. simulating a given EOS
P > P(¢) — Attractive orbit, P > P(¢) — Repulsive orbit

ﬁ%b\+ﬁa‘kﬁ§f&hl1 RILYTUAFRREFTRT VU
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(5-10)p, TQCD HEE&BHBYES,

BRIESBEZZEDS (XAFEHHE TIL)
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TRV 2= 2QS
w YITP-& # } A. Ohnishi @ NT Collog, Apr. 24, 2019 24




HF - R DEERE

s EEEE
* PIFDEENRI—I,

° BIRILF—EBEEEB TERSN-NFIETREZESD,
leading particle [XRIFDFFR/LY, TRZHRYIET,

@ ﬂ?&(i%EﬁT—QE&(ﬁﬁo 70— ...

I |y|<0.5
3 e 2.7 GeV 03t centra
0sl =0.5 GeV/fm e 33 GeV
o —— 4.9 GeV
0.6 /7 /7™ 12.4 GeV
0.4 ; --- 17.3 GeV
| TR A oy |
c o2l 0.1 (& 7 $ AGS/SPS
o T BT ey TN, g JAM cascade  # STAR
G 0.0 - L AW 0.0 — —
. er=1.0 GeV/fm? |z|<1.0 fm —— JAM+hydro (e=0.5)
- 0.8f 0.15F JAM+hydro (e=0.8)
=
= 0.6 |
- £ 0.10
0.4} L
0o 0.05
' I_-'ﬁ:,"’”
50 . JAM+hyd 1.0
0.0 0.00 | JAM +hydro (e=1.0)
e (tmc) 20 3 456789 30 30 4050
Ime {Tmy/c
VSuv (GeV)

Y. Akamatsu, M. Asakawa, T. Hirano, M. Kitazawa, K. Morita,
K. Murase, Y. Nara, C. Nonaka, AO, PRC 98 ('18), 024909
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FF-HIEDHEIRE : To do list
s fAIFERAORBRIRBZRIICHEE. TOERL

— Good!
s BRLUNDHF-REOHEEERARER !
o RAEhDHFOES) (EHARDEE. IRIILF—EEK)

s FHONTOWASREBAERZZME RKEBAERXELTERT+5
@ EOS-Q: 1st order p.t. at £ ~ 0.5 GeV/fm3. SAFIELZL (FADHA) .

0.6
1.0.P.T. s/fpg =10 ;

05( --—- 1.0.P.T.s/pg=20 .~ a
— | X-over s/fpg =10 . o7
m_ 0.4} e
£ —— X-over s/pg =20 e
a 0.3 _
e
o 0.2

0.1

085 0.5 1.0 1.5 2.0 2.5
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EEPHEFESHK

s GW170817 500 —
b = wmgst—nn
B. P. Abbott et al. (LIGO and Virgo) _

PRL 119, 161101 (2017)
o EEF M=274% M_

o TATNhOEE 1.17-1.60 M 30 20 10 0

Time (seconds)
— BEPEFESHK
(Binary Neutron Star Merger)

@ Gamma Ray Burst (GRB170717A) A8 @

1.7s RICETS, @
— GRB DEIR (D—2) ZHE

@ inspiral (fRRISESWLVTULKERE) ICHT5IRBIME(LEHA
— chit 7 B3 EE HIR

o MHShT-MEDEEIHEFENRKERZHIE

M. Shibata et al., 1710.07579
M_ =(2.15-225)M_ (c.f. NARAV/IRX)L)

e r- BETFEERDRE
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FEH RS P EFEFEAN

s Inspiral phase TDE K — #HH %Hélzxtxﬁ*ﬁﬁiﬁt
@ Tidal deformability Qij = —AE;; , A= 5(G M/ 02)5

o KELHEE (BULVEOS) —» EFLPTLY 5> KELTA

o hHEFEERIVIFEIRILT—/INTA—4 (S,L) [TKEIKE
= BRONTGA—IDEEIL?

1600 —F & b 2 & & b f T & 13
1400 [ i
B 1200 il
oz} : : ' ' e :
0.15 k Late inspiral merger post -merger T <
c e s
AR | 1 3 so00 .
0.05 Hy [t —
- Wi =
7] Ortrtl © GO0 =
-0.05 | AR e LD i LA
% 0.1} VR T 400 s
-0.15 | I
2 70 | | | 3 200¢ ]
o 1w 15 20 25 30
t (ms)
HOtOkezaktl R(1.4M;)[km)]

FIG. 2. The A values for stars with M = 1.4 M, as functions of
the corresponding radius. The color coding follows Fig. 1, while

(R-A) E.Annala+, PRL120('18)172703 the orange dashed line A = 2.88 x 1075(R/km)”* has been

included just to guide the eye.
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http://inspirehep.net/record/1634819

100

(p, 1, Y ) during SN, BH formation, BNSM

SRR NI B B IR 2 L Es | B P RS RS N 0.50
[ s15WHO07, simulated to 500 ms after bounce ] .
- . 0.45
I SN 0.40
; 10_— -
= : 4035
= 1 C.O '
T i ° tt i 0,30
g :
8, ‘ -0.25
UEJ 1L : 2 -
=T ' pO ] 0.20
See also { Wos
Oertel+16 ] 0.10
100 107 10®0 102ANIRIME .
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N

BNSM___ 02
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12 K] 14 15

Ye
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; ] 045
- BH form.
i 0.40
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v 10k ° ] —40.35
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50 ) 00
0 40
800 80

MeV 140
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HEFEDBE

s PEFEORAIRALZLDIC,
ESP->THENHLMNSDTTHh ?
— BEVPIEEIHLHIEEHRATEET,

s FRKE 4
J\éhﬁ"é%z’c
NODEH+EH= mw--jJ

s Tolman-Oppenheimer-Volkoff 73
(—EEXHAEETSCHKETE)

apP _ _ (£/c+P/c (M + 4117 Plc?)
dr r*(1- 2GM [rc?)
ilM am’el, P=P(g) (EOS)
r

P(r+dr)S m=g(r)/c2
XS dr

A(r)/r2

M(r): r ¥THE=
e(r): TRIVF—
P(l‘): Ea)

Mt

J YTP # A. Ohnishi @ NT Collog, Apr. 24, 2019 31



REFFEXEMR(EE - F1E) B

s REABRANEZONSEHELFEDORR (MR BHER) A

—BERICKRED,

— thi¥F2 D MR H$RI3HE A 1E)

IRBZHAT S

/I FEDEE - LEMHR
Ei (NI)“"%

/T IMEORESER FE
THILF— >
TOV A2
apP __ GM /¢’
dr e
<—
T

AN Y TP A\VQS#

Il YITP Kyoto 33,73
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thiEFE D MR BI#R

7T Based on Tews et al. ('17)

error associated with Ewm ]

LIT(4) M, |

2017
TLlI:II( I I I I | antzoer
16 o | APR — = -, 42230
Gandolfi, Carlson, Reddy, c DEI:II: : | ]11| PSR J1903+0327]
PRC85('12) 032801. = PSR B1913+16]
Em é;,"' GR170817
— G
1 $ Stelner et al
— j q;ﬂ"' (2010)
R=(10-13) km ||
5 (unlform matter) %‘H%i

0 2 4 6 8 10 12 14 16
R (km)
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HEAXENLEGFER

8 Ao [ZTBTA%FH-YDIRILEX—
(V—AVIRILX—ITESR)

. -BAZ) s (N—2)? 5,
Bl S et ed e e
— — a, + a,0°

s BELENHEOENEEZDL, s
BFHI-YDIRILF—ARBNELIBENERT S

E = FE(pg,9) REFEX (EOS)

— KPEofam E (zHn%—) th it 79 R

s SR 2
(po, Ep) ~ (0.16 fm ™, —16 MeV)

MR

E(Pu)\/ \pgmﬁ)

HHIRLE— Sip,)
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HHIRILF—
s ERFFEME N+Z) DIRILF—
E(ps,0) :E(p89520)+8(03)52 P:p28E/ap

s WHRIRILT—
S(p,) = E(HIEFPE)- E(XHEZEME )
s BAFIBETDINSA—A

3 5'5' :ﬁﬁ$ K = 9/)0823;2 )

PB=p0 RBEFEXK (EOS)
* WHIRILT—DELHS © ——
B B ds (PB) i (ZTRILF—)
S0 = 5(po) , L =3po y .
P loa=po HE IR

E(ps,0) =~ Eg + S 6° + £x52+ — z?

377 TS :
(z = (ps — po)/po) E(Pu)\/ NRCS

HHIRLF— S(p,)

S . QS
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Unitary Gas Constraint on Symmetry Energy Parameters

s WHRIRILE—
o RARGEEBRT—IEAW-KRYAH
(Bl : FREZKEENSD 1 £RELE, STRIT EER. Tkeno+('16))

o [1=A)—HRAAFRFMEIRILF—DTRESZASI1ED
conjecture MBMWFRIRILF—/ATA—% (S,,L) ZHIRE

I. Tews, J.M.Lattimer, AO, E.E.Kolomeitsev (TLOK),ApJ 848 ('17)105

G ——
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100 2017 y
R 7 |
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— r /;—"/‘
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50r K x
05 =8 =
s
* isodif. E/A 35MeV! S s
| O transverse flow N A
2% 2 8 30 2 3% 3% 3 1
30 32 34 .o
S, (MeV)
imer, Li '] Lattimer. iner ('l
Tsang et al. ('12): NuSYM 2011 Lattimer, Lim ('13), Lattimer, Steiner ('14)

Tews, Lattimer, AO, Kolomeitsev ('16)
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Jae Y TP -~ # A. Ohnishi @ NT Collog, Apr. 24, 2019 36



http://inspirebeta.net/record/1499680

HFFILRINF—/SA—205 KEHTFEA

s HMPIRILF— (PEFREEAMEYMEOIRILEF—E)
° AR & WMIRILEF—/INTA—4 AE PNM
ENM(U a) = ESNM(U) -+ % S( )

SNM
ESNM( ) E0—|—£( —1) _|_@( _1)3

18 162 /
~ L Ks QS 3 K u=n nO
o) = SO+§(U_1)+ 18 (u= 1) 162( u=1) Py Ey)
(U — n/TLo,Oé — (nn — np)/n)
s JTILSEBHERB kr < u'/? BIEE m*

Esnm(u) T u?/3 aou——bou4/3+c()u5/3+d0u2
S(u) ~NT 2B aut+bu*? +eub/?+d u?

EEE) E. 24N \ gr—mﬁﬁ/
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8 BRONTGA—=Z QR 3R)IFLA X) LA@NEREZERD
K, =3.534L — (74.02 + 21.17)MeV
Q, = — 7 313L + (354, 03 & - 133.16)MeV

B0~ ¢ Skyime a s 5 o = R 51-..\ me a . ) i |

e 1500 |+ o ]
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I. Tews, J.M.Lattimer, AO, E.E.Kolomeitsev (TLOK), ApJ 848 ('17)105
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Expansion Coefficients

8 Coefficients (a,b,c,d) are represented by TLOK
Saturation and Symmetry Energy Parameters
apgp — — 4T() —|-20E0 + K() _QQ/G
bop = 61p —45E) —5K0/2 —I—Qo/Q
Co — — 4T0 —|—36E0 —|‘2K0 —QO/Q
do= Tp ~10E, — Ko/2 +Qo/6
as, = — 47T +20S5y — 19L/3 + K —Qs/6
by = 6T, —458y + 15L 5K, /2 +Q,/2
e = — AT, +36S — 12L +2K, —Q,/2
d, = T, ~10Sy + 10L/3 — K,/2 +Q,/6
3 h%k 2
(TO _ = F(nO) : Ts — TO(21/3 L 1))
5] 2m

Tedious but straightforward calc.
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AMEFEYE EOS

s Z¥VHE - PEFEYE

o BRHPFERENS p =p,

it T BT - BFHDLERND YR

Ensm(u) — Esnm(u) + 525(’11,) -+ gh(gﬂ'2pou/2)l/3(1 _ 5)4/3

(u=p/po, 6=(N—2)/A)

(BF-PEFOREE,
ETHRIIRE)

s JEXFRE O) [FTRILF—A
R/NEGAHESITRIENS
—HPHEFERNEOIRILF—

< FEFPEOIRILF—

Ea

XIHEYELLIF—&
XTI RINF—1H DI,

HEFEPYEEOS HKRES !

Neutron
Star
Matter

Pure Neutron
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Sym. Nucl.
Matter

(po 9 EO)
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XE: PIE-FEYE P DIEXFE

s BF-hEFOEEE. EFEHEZERGTSHL.
JERFRE & (TMEITBIITRFE S,

Y, (u) =(1 — 5(w)/2 = [(A(u) + 1) — (A(w) ~1)"/*]" /1
A(u) =v/1 4 72h3 pou,/28853 (u)

s IRBFEXDOBRES (ALF/DLR)
o EHEEMFETTOLTL ROEEHET, 2° +pr+q=0
° RBMAZROA
Yyt + 20 —3zyr=(r+y+2)(2® +yP + 22—y —yz — 22)
—(z+y+2)(z+wy+wz)(z+wly+wz) (w=(-1+V3i)/2)
9 [AY- YN
v’ +20=q, 3yz=—p

=7 (y,2) ZHE-STIXAEXLEITS,
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TLOK+2M . constraints

s TLOK &
o (S, L) I&5 AN
e (K,Q) % TLOK O ’ S

M31.7.62.4)

Ci32.2,61.0)

wfRIStE o TR B(31.2,45.9)
e K(=(190-270) MeV _ _ A7428
B B 29 30 31 32 33 M
@ (n09E0) (j: B E o Sp (MeV)

n,=0.164 fm-3, E ;=-15.9 MeV ( K{RFEF-TLVD)

o Q, IXAFEMEDHEE 2 RIEMNHASLIITES
(W EAHLEATZME FFLYTES)

s 2M, &
e EOS [£2M_ PiEFEZSIZHL

AQO, Kolomeitsev, Lattimer, Tews, Wu (OKLTW), in prog.
A. Ohnishi @ NT Collog, Apr. 24, 2019 42




TLOK+2M  F I E TSR EL
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Neutron Star MR curve
s TLOK+2M, &# — R, ,=(10.6-12.2) km OKLTW, in prog.

s D ZLDFERE consistent

@ LIGO-Virgo (Tidal deformability A from BNSM)
(10.5-13.3) km Abbortr+('18b)

Neutron Star Mass and Radius
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Time dependence of Neutron Star Radius (R, )
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Isospin & Hypercharge Sym. E in quark matter

# Two types of vector int. in NJL — Isospin & Hypercharge Sym. E
X -Wu, AO, H.Shen, PRC to appear (arXiwl 806.03760)

Ly =— Go(qruq)* — Gy Z qVuNi@)” + (Tvs7Ai9)° ]
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FEH
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Thank you for your attention !
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