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http://inspirehep.net/record/1651074
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How do heavy-ion collisions look like ?

AutAu, 10.6 A GeV Pb+Pb, 158 A GeV

\/SNNN 5 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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SPS(NA49) vs RHIC(STAR)
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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+, PRL]ZO(']S)] 72703 the orange dashed line A = 2.88 x 107%(R/km)"> has been

included just to guide the eye.
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Unitary Gas Constraint on Symmetry Energy Parameters
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BRI ERINF—/INFA—Z

8 FROINGA—=RQ R, 3XR) LA R) EARLHBEZRFFD
K, =3.534L — (74.02 &= 21.17)MeV

Qn = — 73131 + (354 03 & 133.16)MeV

B0 — ¢ Skyrme a 8 5 o — . 51-0'. me a . ) i e |
= C'DE B o ]
Sloyrme v I -+ Bkyrme r .
RMF a . ] |+ RMFa
EMF 1 o f r e RMFr . 1
o L 1000 - o ]

K, [MeV]
Qn [MeV]

— 1000 . ) =

3;‘1[]:""|""_|'"'I""_ _....I...._I....I...n..__.
o) 1] 501 100 150 Al 0 a0 1000 150

L [Mel] L MeV]

R&iwICRWMERZST—S EHIRT | I

I. Tews, J.M.Lattimer, AO, E.E.Kolomeitsev (TLOK), ApJ 848 ('17)105
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BRI F—/VTGA—5

s WHRIRILEF— (PEFPEEAMBENEDOIRILYF—E)
o IR & RIHIRILX—/INTA—3 A E

Exm(u, @) = Esnm(u) + o2 S(uw)
Ko O ; SNM
Esnm(u) >~ Eop + E( u—1)* + T (4= 1)
L K o u=n/n
S(u) =~ SO—I—g(u—l) T (u—1)*+ %2( —1)? (0 E) K 0
(1= n/no, = (i — ny) /)
s JTLIEHERE b o u'/? BMEE m*

Eonn (u) ~TH u2/3 aou——b0u4/3—|—00u5/3+d0u2
S(u) ~NT 2P a ut+bu*? +eu®/3+d u?
EEHE. 24&D N\ zﬂkﬁﬁ/

1

A. Ohnishi @ Kyoto U. Seminar, Dec. 13, 2018 33



Expansion Coefficients

a8 Coefficients (a,b,c,d) are represented by TLOK
Saturation and Symmetry Energy Parameters

apgp — — 4T() —|—20E() + KO —QQ/G
bp = 61 —45E —5Ky/2 +Qo/2
Co — — 4TQ —|—36E0 —|—2K() —QQ/Q
do= Ty —10Ey — Ky/2 +Qo /6
as = — 47T, +20S5y — 19L/3 + K —Q,/6
bs = 67T, —4550 + 15L —5K/2 +Qs/2
cs = — 4T +36.59 — 12L +2K —Qs/2
de = Ty —10Sp + 10L/3 — K /2 +Qs/6
Ty = = T, = Ty(2Y3 — 1

( "T85 om ol )

Tedious but straightforward calc.
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TLOK+2M _ constraints

s TLOK &
o (S, L) [X5ATA |
s (K,Q)%ZTLOK® [:. -

DN31.7.62.4)

Ci32.2,61.0)

B(31.2,45.9)
o K;=(190-270) MeV _ A297425)
_ R =N e 2 0 3 32 3 M
@ (n,E,) [XEE e Sy (MeV)

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

o Q, IXEZMEDEE 2 REAMNHADKIITESNR
(W IBEABHHERHRMEISELGYTES)

s 2M_ &
s EOS [X2M , RHEFEZFZSSZASHL

AO, Kolomeitsev, Lattimer, Tews, Wu (OKLTW), in prog.
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TLOK+2M | &I DKL

s 2M  EHEMABHETEOS DTFEAHHS
s E5EH (Friedman-Pandharipande, Togashi-Takano) &EHEF &

s APR, GCR JKEBHEKIX S, A5 AR DI
— F—REHEDZRRA (?)

TLOK - - .

— 200 _TLDK-I-ZNIHIIH = TLUK"‘IEI\"IH““ )
"; A[E"II{J ) = 20 APR . )
= 150 | GCR -+~ 5 i GCR b‘i
= TT 15| TT .-
'_; 1007 pure Neut. Matter S
= Z 10 f
= 50 - E
= ) 2 5

= 4F Pure Neut. Matter

Snn l\ucl \Iatter 0 . . .

-30 0 0.05 l].l_% 0.15 0.2
0 0.1 0.2 03 04 l'.]w 0.6 0.7 0.8 n (fm ")
n (fm™) OKLTW, in prog.
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Neutron Star MR curve
s TLOK+2M, &# — R, ,=(10.6-12.2) km OKLTW, in prog.

s DB DEERE consistent

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

, Neutron Star Mass and Radius
(9.1-14.0) km De+('18) (A) 25 e
@ Theoretical Estimates o B(31245.9) —
(10.7-13.1) km 2 Lo DN C(32:2,61.0) — -
Lattimer+, PRep.621('16)127 D(31.7,624) —
(10.0-13.6) km =15 QL) | FO0-5529) =
Annalat, PRL120('18)172703 Em == \
(9-13.6) km — 1t o -
Tews+, PRC98 ('18)045804 - Fattoyev+("15)
(12.0-13.6) km 05 | 1 |
F.J.Fattoyev+(PREX), TLOK+2M,,
PRLI20 ('18)172702 oL TTTS=——
Parity violating obs. 9 10 11 12 13 14 15 16
Large error bar R (km)
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Time dependence of Neutron Star Radius (R, )

16 +

g

<
-

=~

—
)

[—
m—

I ——— S NS (X-ray bursts) |
2M(10)] = GW170817
LE: Nucl.Phys. based
E _ = ]
2 -+ iy
; gl
IR
& o IS = &
§ ::E .:]: L i
i E
o E l
© GW-BNSM('17)

2008 2010 2012 2014 2016 2018 2020

year
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RFEDIEER (+2M ) DS ERERIICFKLI=

hEFEYEFRESFEIF
EDEHDE DFEEFIREFETIE,
(2-3)p, EFTILBLHVGEIMEHS YL > TIVELEI THBo
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Do I have time ?

If it is 30 min. or less, I would like to comment
BNSM impact on High-Density Matter !
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Implications to quark-hadron
physics in cold dense matter
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Questions !

# Hyperon puzzle

@ At what density do hyperons appear ? — U, ,=n_

@ In STANDARD EOS with hyperons with U, (n/)=-30 MeV,
A appears at n=(2-3)n,

@ Density dep. of U, is essential.

@ Neutron chemical potential strongly depends on sym. E.
a8 QCD phase transition in cold dense matter

@ Do we have the first order phase transition in cold dense matter ?
If yes, at which density ?

@ Recent high-energy heavy-ion collision data suggest
strong softening of EOS at n=(5-10) n,,

@ With hadronic matter EOS with L=50 MeV and NJL model,
mixed phase would appear at n=(5-10) n, in neutron stars.
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Neutron Chemical Potential in NS

s A appears in neutron stars it E, (p=0) =M +U < p_
s U, in yEFT (2+3 body) is stiff.
s But p_is larger with TLOK+2M , constraints

L, in NS matter

400 800 . . | . . . |
Wei 200 TLOK - -
ELSg " TLOK+2M_, = —
300 @qnp2018 //"‘“ﬁ\ 600 |
[I\JIZLV] -y —; f\L < 500 t
200 /"' i) / = 400
N > y\(/"n EZ 300 +
100 / A =200 f EA-MN |
// &AN 2-boc  =- 100 T = - ---
. ’ A = -
il = 0 loee = U, (PNM)—
0 1 2 3 4 N~ —-U(PNM)
p/po -100 T w— L VD .
W. Weise, NFQCD2018 (2018.06); 0 010203 ?‘4.3“':’ 0.6 0.7 0.3
Gerstung, Kaiser, Weise, in prog. n(tm ") OKLTW, in prog.
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Neutron Chemical Potential in NS

# Neutron Chemical Potential

d(nk)
on,,
# Single particle potential
d(nV)
on

,un_l_MN:

Up(u) =

L
ZUOA-F?A(U—I)

Uopr ~ —30 MeV

L =777
(L,<0 in most of RMF

before 2010)

OF

ou

Sym. E. and L, determine

ithe onset density of A.
(Already mentioned in
Millener,Dover,Gal paper)

=F+u— +2a(1l —a)S(u)

L, in NS matter

TLOK - -
- TLOK+2M

sUn

'L,=0, 50, 100 MeV

-----
-
-—-

0 0.1 0.2 03 0.410.5 0.6 0.7 08
n (fm™) OKLTW, in prog.
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(p, 1, Y ) during SN, BH formation, BNSM

Temperature [MeV]

T [Mev]

100 ] ] L B ) IO ) B ) )
T B B B ] B 0.50 1001 COWHOT simulated to B £ ) | 0.50
L s15WHO07, simulated to 500 ms after bounce ] E s4 - simulated to ormation ]
L ] [ ¢ 1 0.45
r 0.45 C
~ BH form.
SN 0.40 F '
z .. C.Ott
101 - ° 4
g C 1 | doss s 10F E 0-35
' C. Ott | : _
] Joso . % 0.30 o
/ 3 1 =
» | a —0.25
| 4025 )
3
1k / 2 . =1 E 0.20
c 0 1 0.20 10 1
ee also | W, ; Py B
arXiv:1610.0336(1 g°*° 01 it il ettt
0.1 | Ll Ll A TR BRI EETRTITY BRI BT 106 107 108 109 1010 101! 1012 1013 1014 1015

106 107 10® 10° 10 10'! 102 1013 104 108

Density [g cm 3]
Density [g cm 3] tyle

YC
35 T T T 0.2 BH {t=0.5, 1.0, 1.344 5)
0 - BNSM T(MeV) "
- gy | 0.15 100
K. Kiuchi
20 |+ 50 20{]
10 800
0.05 ;

ug(MeV) 120 140 .

0 0 B AB, ‘beda, Nakano, Ruggieri,

0 W1 RN T Sumiyoshi, PLB704('11),284
Logyolp (g em™)] .




Isospin & Hypercharge Sym. E in quark matter

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

Ly == Go(q1u9)* — G, Z GVuiq)” + (Tivs7Nig)°]

E =a*S(n) +a3Sy(n), a=-2T,)/B, ay =(B+S)/B

T — 4[}[:!-...',,,',,,]
; [ G=G,=G,
20F SIS T . I 1 J /s
| ) \ 300 [ QP {GH:mEﬁ}- A
O o\ 1 s
= | L=50MeV | \ % | QP (G,=1.5G)) .- . /4
1.0 F / — - I ;
: / L=111 MeV EEDD K ap I[G_JI;;//
——G,=G,=0 / . -
L ] i W '
5[ ---o61ss, D Lo et ) A | 6260
N o Tree— ] | = o i B B
0.0 I T SRR RS RS, 1DD | 3 O 53—53—1.5 Gﬂ |
10 11 12 13 14 15 o
R (km) I | G=G=10G,
- L 50 re"'u"
| P B

0 k=2
0.0 [L':_' _4 0.8 1.0 1.2

(f ’)
L= 50 MeV — transition density ~ 5 n, I "
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F5 g8

s (ERANRERBOBE . KELHBTHEREBMAEOIZIERL
z / Dre=5@) (8(z) € C) = 0 (V — 00)

s FRZERTF QCD TIXEANERE

o ZLOTEBVWIMEAE—REH A THBTESHL
EAAER (Vs =(5-20)GeV) . HiETFE, EETHETFESK,

[RF#. ..
s FERBEEZERYBADIFEIE?
o ILERTUIv IV DBEHTIEES. Taylor RES

— BB -BEERECEIEEHEGL | e T
(RHIC OIRIILF—EEIZI .
RKELHEE) = N

° BIFAMF QCD = =
o ZHDJ|RILIZLEITIO—F = |
1/c‘m ......................... 7

0=(N-Z)/A (or Y, (hadron)=Q, /B~(1-0)/2)
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s E %+ OCD

Aoki ('84), Rossi, Wolff ('84), Damagaard, Hochberg, Kawamoto ('85), Mutter, Karsch ('89), Bilic,
Karsch, Redlich ('92), Fukushima ('03), Nishida ('03), Kawamoto, Miura, AO, Ohnuma ('07), Miura,
Nakano, AO, Kawamoto ('09), Nakano, Miura, AO ('10), de Forcrand, Fromm ('10), de Forcrand,
Unger ('11), Misumi, Nakano, Kimura, AO('12), Misumi, Kimura, AO('12), AO, Ichihara, Nakano ('12),
Tomboulis ('13), Ichihara, Nakano, AO ('14), Ichihara, Morita, AO ('15)

s 1/g2~0—> TIW—FAEANEBITHRRS
o HFEMEIXHAHDN 2 DDMIGFETD QCD HEIA—
* ARFBEEHRTIX., LLHICHEHY

)

] - AFMC 43X4 £
e @ Yy)=0 b1 6X4 —O—
14 §®n.g co '|tr|:u|[w} . o 53:{5 =
1.21-_. _— +a :1 1 2 i B&E —_— |
Monomer . . 'h}”n'?;'i'“" MDP
-Dimer P Fogl
-Polynitér =
AT 04 |Auxiliary Fleld
0.2 ' ;
N Monte-Carlo
0 D2 04 D6 0.8 :
dap D . I I
0 I:I'.E D,d 0.6 0.8 1
de Forcrand, Fromm ('10), de Forcrand, M

T.Ichihara, AO, T.Z.Nakano, PTEP2014,123D02.

Langelage, Philipsen, Unger ('14)
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ERDEFL

8 Lefchetz thimble method
E. Witten ('10), Cristoforetti et al. (Aurora) ('12),Fujii et al. ("13), Alexandru et al. ('16)

o JO0—ARERADRICL>TIRSBERBRZTRE ((FRADESRHA—E)

Cdz(t) [0S dS  —|dS| B
To = _<8zz~)%%_;_ c R, c_zojn(,j(,

0z;
o @D thimble B CEAMNITEETIZEEHY.,

s Complex Langevin method
Parisi ('83), Klauder ('83), Aarts et al. ('11), Nagata et al. ('16).

o EFIELT= Langevin AR ICKYEIRI A L

CZZ = — gi + 1;(t)(n; : White noize), (O(x)) = (O(z))
o MES-BRICINETHIEEHY.,
_ A

Complex Langevin Path Optimization
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PR B 1E L (Path optimization method)

Mori,Kashiwa,AO ('17, '18), AO+(Lattice 2017), Kashiwa et al. ('18); ‘i
Alexandru et al. ("'17, '18, '18),Bursa, Kroyter ('18). T T I ‘l‘ I T T ? 1

* FHHERF APF) FXEEDES WA RBERBI Rez

APF = (), = /daze_s//da:\e_sl = Z /2,4
o ARMNEMERDT LSBBELS
Fla@)) =121 (|()pa| " —1)
s O—— (FRF7VHL) BHEB-SEEMITERICKSELN

o I LEAUATHIXD ¥ ORITHENIERADORERLD
RILYTUEROREE TR (EOR)

s BEROBBEICIIRLAGEFENTATEE
o (FEEM) BAKTE. Z1—3LFRvbT—2, -

‘ FShE > mE{CRRE I
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Benchmark test: 1 dim. integral

Z = /daz(m + ia)? exp(—2*/2)

s Stat. Weight J e®
On Real Axis

"\. Ree

-4 -2 0 2 4
On Optimized Path
4
42

o (x10™) A
2 / \

1 /: ‘.\
0
PR
3 v Re Je:S:
4 ImJe® - —
-10 5 0 5 10

# Observable

CLM Nishimura, Shimasaki ('15)

T
exact

100
50
| ikl
g o
-50
-100 ! | L
0 5 10 15 20 25 30
|
200 ‘ ‘ ‘ p=50
A 100 4||||||||‘-'1'-| | | POM
% Wil L (HMC)
g O e st
o |I||I ||I |:|I:-1r I' :;-: aﬁ
| | &
100 ‘ ‘||'|||j; Exact
-2["] | 1 't Plﬂhlll —_
5 10 15 20

LA

Mori, Kashiwa, AO ('17); AO, ]‘%ri, Kashiwa (Lat 2017)
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B DB DEH

s ZEH N ~1045 OBIBEHEBFTESHN?
— ANDOFTILEER, #HFEE,

8 Za—JI)LRYrI—9
° - R ERDEHEDHE
a; = g(Wz‘(jl)xj +b_§1)) parameters
fi = g(Wa; + b))
g(x) = tanh z (activation fn.)

@ Universal approximation theorem
B D 1= M E O
EEOEBHLRETES,

G. Cybenko, MCSS 2 ('89) 303

K. Hornik, Neural networks 4('91) 251 Inputs Outputs
Hidden Layers
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Za—S/INRYNT—OF I -1EExmBE1E

Gaussian
+Gradient Descent

Neural Network

" thimble  —
modified path  e—

“ " {EENIZEBIIFTR DD,
FERDAREVEERELTIXEBICS>TIVE—H,

. E3% (2018); A0, Mori, Kashiwa (Lat 2017)
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FIRE BT o' B
s 5% o' Bif > AREETHSHE
S = Z [(4 —I_Qm )§ba,x¢a,x + %(qba,w(ba,x)Q o ¢a,$¢a,x+i R COSh,uqba,bea’aH_O

1
+1€4p sinh v ¢a,az¢b,x—|—()] <¢ — ﬁ (il T 7/@))
compleX

s ERREEILE
o EWMHEFOEM., HFEDFFER L

| ——— . . 16
08 | ]

Complexity

' Mean Field -

06 ¢
04 ¢

i
g
Re <e pq
Re <n>

02t

0 =g

0 0.5 1 1 5 1

Y. Mori, K. Kashiwa, AO, PTEP 2018 (‘18), 023B04 [arXiv:1709.03208]
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0+1 kTt OCD

s 0+1 dim QCD > FRZE CHESHRE (3+1D EfE LEJE)

1
S = 527-: (XTGMUTXT—I—O XT—FOG_MU XT Tm ZXTXT — §XDX

:/DUdetD[U] :/dUdet [XN—F(—l)Ne“/TU +e_“/TU_1}
T =1/N

Xy =2cosh(E/T) , E =arcsinhm , U=UUy---Upy ,
Bilic+('88), Ravagli+('07), Aarts+('10, CLM), Bloch+('13, subset),

Schmidt+('16, LTM), Di Renzo+('17, LTM) | , .
D THEEICLCRBERELE .| - 7
o EHHMEEAF 0.95 — 0.995 Eﬂ_% | "'
@ 3+1dim. (L3xN)) Tl Eﬂ_,ﬂ. | —
APF341 = APF0+1 Fﬂtu.a& T WT=0S ——
4x101250.08 (83 XN) g - - 2
10" 10° 10! 10° 10°

AO, Mori, Kashiwa (Lattice 2018)
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0+1 kTt OCD
8 2EH (HART—D) ORIER : 91hhS 6 tEIEICH B
— Monte Carlo 5t CHELR A ER DT RIEE

s SEM)HVZEHMIZES Hybrid Monte Carlo

-1 05 0 05 1

T—BEEHEU

Mori, Kashiwa, AO, in prep.
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T[RRI | TlEZLL LT,
ERHIICEREE OCD [CH 7B

_ FEEBEEOEDOT
BEZDHEBABEMN RZ TE/-,
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FLD

SRR AbBL2 *Z#Z%ii

L / \
B AW m/ {FRERD 5 OR TR
| “@__cr o)/ L DIREFEADFBTESS
Eﬁﬁ*ﬁﬂt%mﬂaﬁ(: KD []= He@gﬁ'gzl @*%7]_—\ Uize A1INUAH
20— Hh— (5- 10)p0_C0) X ) RobhBhE.
1 RIBERFEDT] E'Ii o :

I N : I o °
I Pure Ne t/k \ % \ ! fef iﬁf.lil*)lﬁ-\:—/\a

| Matter

vl Newtron S — I DHIRDSIEIZ EOS h'5
BREBILE —1— SRy RO= T \ HHEFEREE R, =106
2 DEAHEDE L D FFBRIREIC JedroD<, B-N-9) 23km & FHEENB.
5(9‘9&'63531?:‘%'&73%}57::0 ————— ICER X°)R0D BNSM (CHA%S,
QCD HEEREMNE PRTEONE
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FLo

s ADDHLAMLEREEZNEDEERADOHRZEDO TS
o BAAUER, ANV ORAZYE , vt FEWE EOS, FSHE
o ERRLDEE. RULSREOEELICKIF-LFEOMRB
s EEEZVEOERHNKEEADOHS
o BAAUEBE (Vs \\=(5-20) GeV $Eig ) IZHELVT
QCD B - TL\H AT REM

o JBIRILFT—RFEER (pp, pA, AA) Do DRIFHERAN D
wRARGAFOVEDOFENI /LN TS

o RFRZMBZICEITHHFIRILF—DRELELESLIC,

° ERDBEFRILEFF

hiEFEFEOHAEF BRI EATNS

L= S REENDHEHHTEOTLS

s BAF-NFOVREA-PEFED—RLI-EREL
BR#FERF QCD Mo, 3 X5t QCD HRIDAREAN !

-
R 27 YITP (298
) w THEORETICAL PHYSICS Lt
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Thank you for your attention !
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RHIC [CH171B32DDESF

* RHIC (Relativistic Heavy-Ion Collider)
« 2000 SFEHSTHE U TVWSEA A > EEEINERR
« DA—D - DI—A> - TSAY (QGP) R ((F(X ) HesR
« 2DDEE (1): &S QGP
« MAENFENKESRMID. QGP (KFFZEiFAE (/s ~ 1/4n) o
- BIARIF—THEIEH ¢ [F/NESWNIITRDIC.
INES IR BRITEDER

t

RHIC E@RIDHS5tZF—I=T,

“If a miracle happens and the
system thermalizes at around t~0.5
fm/c, hydrodynamics will work

to describe the evolution of QGP.”

z ‘ A miracle happened ! I

% A. Ohnishi @ Kyoto U., Dec. 13,2018 63




RHIC [ZH7B32DDEZ (cont.)

« 2DDEE (2): BLVATHELE
- IBE)EEN QCD DFE (2-5 fm/c) [CLEATHRICRWSA
(0.6-1 fm/c) TEMEDEEZ D, FFENDFHNREFERIED.
- BERWN?
s BIRIF—EA A EHROAAFMF
=DSAY (BRV U SIAEHEE )

CUBAHHAY > I AGZEHERI> hNOE—Z{EF>TVWSADTIE?

CGC Glasma | QGP , Hadron Gas

| | | |

t=0 CYM 1=1  Hydrot=7, Hadron 1=1__ 7T
+Jet " et " Cascade o
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Y25 )L XD Husimi-Wehrl entropy

1.6 SU(ZI)YM | | | 1.=4 . RandOm Ew%%#
1.5 | Npp=100, Nyc=10 6 1 ﬁi%’lﬂc%k%ﬁ?éﬁﬁlﬂﬁd)
14 | | I PAE—SE
EQ 1.3 | p~ <t i B 1371'7(1&75\190)%@& ﬁ
< __ AN Tsukiji, Kunihiro,lida,AO, Takahashi ('16)
&,E 1.2 ¢ A" .
R _ tphys [I/c]
| b 0 0.5 1 1.5 2
0.9 | | | KS ra ) |
0 0.5 1 1.5 2 32" lattice
mt 18 _________________
%Q 1.6 I
= 14 ¢ 647 lattice
G5 X< EEY 2 g2t
RAMOIFOE—4%/KT |
[FFEFEREBETEE Npp=100, Nyc=10
H$kE > HhARAENMNSDFHE 0.8 | SUR)YM . KS rate —
Tsukiji, Kunihiro, AO, Takahashi ('17) 0 5 10 15 20

2
g M
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oI IO FOE—F /D5,
X R EHDIET TIEL?

FE DML IF ERIBDIERERZ B,
TR DRI B = DED BB 2
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o1 FI5 DB (R 5

_MNME N = ,
s Green */A,EAEK; % lim [ e’-!‘f./.fi's.i"f:h'! Tiz(x,t)1712(0,0))
mEn R

s BT SaAL—oay
o WHBZRLIWHEHTEHEFEL, FOEHELS
s T, DEHEMEEEXIEBEBRDT—ILELD,

[not confirmed in previous work (Homor, Jacovac, ('15))]

s HEGOT hELEIXEEROFBERLYKEL,
ﬁlj\ﬁEJ:U:b 1 2 *ﬁ*%b\ Shear viscosity

' T=0.78 10° |
s AT= {+0. 014 1
= b i Eg[ +0.012} 2107 4 ETpny's ;
A 1.6200.m00 —— nE - - _ _
f‘g T A— = a G R~ e e S
= 0.02 2.82(.0.008) —— w10 e '
- 500,002 = F —
_:E- x = 1 E_E.;-.‘E--_‘ E--'E t%g D
< 0.0 100 |+ al=T L=64 O
i phys Jeon
m'ﬂ' -1 uﬂ 1 1 1 1 1 1 1
- 01 02 03 04 05 06 07 08 09
0 - — (24)"2
0 R s, L 3000 Matsuda, Kunihiro, AO, Takahashi, in prep.
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Exotic Hadron Yields
in Heavy Ilon Collisions

YiTP«®
|
m"sm o YUKAWA INSTITUTE FOR -
- THECRETICAL PHYSICS

YITP Kyoto 32,5
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Schematic picture of HIC

# HIC picture based on the first order phase transition
@ t=1., T=T_ , V=V . — QGP start to hadronize (quark coal.)

@ t=1,, T=T =T_, V=V, — Hadronization is over (stat. model)

@ 1=1,, I=T, , V=V_— Hadronic Freeze-out  (hadron coal.)
t =Y
RHIC LHC
N,=N; 245 662 Hadron
N.=N: 150 405
N. = N: 3 20
Ny =N;  0.02 0.8 Mixed
Ve o 1000 fm® 2700 fm®
To =Ty 175 MeV 175 MeV
Vi 1908 fm® 5152 fm’ QGP
pup 20 MeV 20 MeV
s 10 MeV 10 MeV
Z

Ve 11322 fm® 30569 fm®
Ty 125 MeV 125 MeV

L.W.Chen, V.Greco, CM.Ko, S.H.Lee, W.Liu, PLB 601('04)34.

YiTP«®
|
m"sm o YUKAWA INSTITUTE FOR 1
- THECRETICAL PHYSIC

YITP Kyoto X2
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Statistical Model

# Statistical model
“\*Et at

(N, = dN, /dy (y=rapidity),

9h

D2
V_ =Chem. freeze-out vol.)

p?dp
LeEn/Tu 4

/\.x
0 rh

— Successful to predict the hadron yield ratio at RHIC

# Fugacity factor y
@ u,d,s: chem. equil.

@ ¢,b: enhanced by initial
hard processes

Fugacities of ¢ and b quarks
are set to reproduce expected
¢ and b quark numbers.

~MNe+Ng,

/“I. f—
/ h o

r
|

ATt L (up B4psS)/Ta

Ratio

\

10

10

10

L effects: Kanada-En'yo, Muller ('06)
N\

b

O STAR
PHENIX -
" BRAHMS

— T=160.5, u;=20 MeV
T=135, n,=26 MeV

===

-

.

+ L1l

P AZ dd o KA AY

T KpAZQaarnagrapp KKAPD

A. Andronic, P. Braun-Munzinger, J. Stachel, NPA772('06)167.
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Coalescence model

# Yield = Overlap of const. dist. & Hadron intrinsic Wigner func.

(Sudden approximation)
Sato, Yazaki (1984), Hwa, Yang (2003), Greco, Ko, Levai (2003), Fries, Muller, Nonaka,

Bass (2003), Chen, Ko, Lee (2003)

“" 1 p - do. d.‘! _

reoal | | i 1 Pi Ty

N - [ { ; (2m)?  E; fxipi) | x fY (21, 20 11, 5 Pa)
. 1

e Dist. of constituents Intrinsic Wigner func.
8 Yield in HIC

@ Quark & hadron dist. = Transverse Boltzmann + Bjorken
Chen, Ko, Liu, Nielsen (2007)

@ Hadron intr. Wigner func. = s-wave and p-wave HO w.{f.
Kanada-En'yo, Muller (2006)

n r n— 3/ 7 [4
Neo S H N; l—f (dma?)3/2 dp;Ta?
e 95 V(14 2p,To?) [3(1+2p,To?)

o = Gaussian width, p=reduced mass, N = constituent yield

@ Available structure information — o (or ho)

- . \VQS#
- Y TP y Ohnishi @ Hyp 2012, Oct.1-5, 2012, Barcelona, Spain 71
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Coalescence / Statistical Ratio

Coal. / Stat. ratio at RHIC

\\\\\\\\illx+ = __..I_ﬂ =3 q_m|
o 00
(‘IO NNE : m wwaq..M

B —
(ToM)Ng 11115&1&%:11 - a3 o3
(bp) 4L
(1O )(ZLBE)
R (be)N 9

(TOWIN e, ui (b9)™e
ﬂﬂwﬂuzhﬁ_ﬂ frII|.||JJ|IJ|I|rr.m,H|||U||H'|| _”.n_muzumﬂ_nﬂ
(PWNNp —_ o (D) NN 31
- (PWH 1 |.r,.r — E Ligzra

(TOW) (D9FT) M o
ﬁ.ﬁEﬁE:ﬂHHHMﬂ..Fu? .’/EEE:

ﬁ.ﬁw__ﬁ_ﬂm.am T | ..ll||4||||’..!rr _”_EF... Dm

l I_ I_ _”...._ n“..._

p— —

_
1eysNV/reooN=god

vggo et al. (ExHIC Collab.), PRL106('11)212001; PRC 84 ('11) 064910
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Coalescence / Statistical Ratio

# Normal hadrons: Rcs = (0.2-2) Normal band

# Extended hadronic molecule: Large yield is expected, Res > 2.
A(1405)=KN, KNN, KKN, DNN, ... (ho=(6-50) MeV)

8 Compact Multiquark states will be suppressed in HICs, Res < (.2
fo/ag(qqqq), O (uudds), H(uuddss), O (uudsc), ...
Nonaka et al. (2004, ©@7)

N(1535) ‘:Z
E
;
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Enhancement of Hadronic Molecules: Why ?

# Simple estimate: 2-body, Gaussian w.f. + Thermal dist. of constiuents
—-D/2

d’xd"” 4
Ny [EXEL r o (x,p) fulx, p)=|| = | (A pP+uT|l(Ax)+ 2R
(2mh)” 7
Intrinsic Constituents (thermal)
- D - x2 B pz ) ~ 2 DI2 . 2 pz
fW(x,p)— AXAp) eXp 2(Ax)2 2(Ap)2 fth( :p>— ZMTRZ exXp 4R2 2T

# Ny is large when f,, shape is similar to f;; in phase space.

- Y
Ax:Ap={2R:AuT > Fo={KT/2uR’ A
A
@ Example: T=170 MeV, u=500 MeV z
(red. mass), R =35 fm (source size)
>

fy
BN
7 : _Qi D 2R
arge source size & Moderate T Jur
prefer extended hadrons
- = Y TP"‘\VQS

Ohnishi @ Hyp 2012, Oct.1-5, 2012, Barcelona, Spain 74




Why are Multi-quark Configs. Suppressed ?

# Hadron yield is sensitive to the structure in coal.

@ Additional q penalty factor

1 N; (—1?*5 )3/

s-wave g 2 Ta?) ~0.36

1 N, 2 (4702)3/29,,To?
-wave — — ! - L ~ 0.09
P % V3 (1+2u,To?)?

10

g

Nonaka et al. (2004, @) 100 ﬁ STAR Preiminany —Sum
Kanada-En'yo, B. Muller (2006, A(1520)) || s K2

Large V disfavors multi-quarks ! 1

s STAR data (2003): N(f,(980)) ~ 8.4
[ £,(980)/ p° ~ 0.2, stat. N(p°) ~ 42]
Stat: 5.6, 2q:0.76-3.8, 4q:0.1, Mol: 13
— Tetra-quark picture
underestimate the measured yield of f_ . o O ariantMess (Gevic )

P. Fachini [STAR Collaboration],
Nucl. Phys. A 715,462 (2003).

o ¥ B E...E.

LTYETPasty
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QCD —RIEEFEIZHED EOS D softening

Gossiaux,

3 | +w P. Danielewicz, P.B.
5 ¢ nR.A. Lacey, nucl-th/9808013
2l (Les Houches 1998)
105
0.95 - —
e R T R R TR ¥ R R TR Y
py (fm™)
0.8 r T T
i lle=ﬂ
F [ ---- EOS O
06| — SM-EOSQ i
*-E H. Song, U. W. Heinz,
=04 PRC77('08)064901 .
2
0.2f ]
% i 2 3
e (GeVim )

Pressure [MeV/fm®]

Pressure (MeV/fm®)

1500

| T
" B. A. Li, C. M. Ko,
" PRCS58 ('98):1382

1000

500

supersoft eosl .-+’

I
0 1000 2000

Energy density (MeV/fm®)

HQEoS T=100MeV

—EoS

------ Maxwell

| B Metastable
0] Unstable

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

- J. Steinhei up, V. l_’foch,

4

Density [p]

10

Previous analyses: p ,=(3-10) p,, P=(80-700) MeV/fm’



Directed Flow with Attractive Orbits

Nara, Niemi, AO, Stocker ('16)

[27GeV | 040% | eSTART |
m STAR pmtnré I I

- 27 GeV protons i
: o 0.02

e
=
P

B I R R
y y

mid-central (10-40 %) central (0-10 %)
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Mean Field + Attractive Orbit

Nara, Niemi, AO, Stocker ('16)

111.5 GEVE protons

pions

IAMMS i
—JAM/MS Attractivel | *STAR 1y
—1 0 1 ~1 0 1
y y

MF+Attractive Orbit make dv /dy negative at \/SNN ~ 10 GeV

y 3

A. Ohnishi @ Kyoto U., Dec. 13, 2018
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At which density is the softening required ?

100 JAM — 7.7GeV -

—1l<y<1

JAM Attractive (b) |

8-, - = 11.5 GeV 1
T %

B - =0 19.6 GeV ]
I _

4;,ﬁ ....... 27 GeV

2k ™ ]

: (d)
0 2 4 6 8 10 12 14

time (fm/c)

Softening is
required at

p>3p,

A. Ohnishi @ Kyoto U., Dec. 13, 2018



OCD phase diagram (Exp. & Theor. Studies)

31=50 MeV in Asym., g /g_=0.2
HIC BH: Shen EOS, 40 M__]
LR”“'E ‘é’rna LR®2
- C . BLC11 [ LC08
> U TR
% hfg:’ ., T74pg™/3 n=const. |
iy N f,,f
Stat. - .
50 I CP(models) © ;
CP(Lat) ©
0 CP{Asym.) = . |
0 300 600 900 ™ 1200
Up (MeV)

OCD phase transition is not only an academic problem,
but also a subject which would be measured

in HIC or Compact Stars

AO, PTPS 193('12)1
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AA correlation and AA interaction I

EMNER
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Lednicky-Lyuboshits (LL) model
# Lednicky-Lyuboshits analytic model

@ Asymp. w.f. + Eff. range corr. + Yo = [yh]*
e~
o(r) D VPasy(r) =

sin qr e
d +

sin(qr +9) =S™!
r

ACLL(q /d"“Slz (|€asy ()] = [do(gr)]?)

| Fy (T;ﬂ:) 4 QP\{/Q%CEQ) Fl(ilf) . Im];g(Q) FQ(CU)

(r = 2qR, R = Gaussian size, Fi, Fy, F5 : Known functions)
# Phase shifts

- 2R2

1 1

qcoto = P + §Teffq2 + (’)(q4) — 0 >~ —apq + O(qg)
0

sin(qgr + ) >~ sin(q(r — ag) +-- ) Node atr ~a,

for small q

w5 YTP “‘ﬂ% A. Ohnishi @ Kyoto U. Seminar, Dec. 13, 2018 83
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Interaction Dependence of Correlation Function

>r
/ No b.s.

v
ao<0<R

loose b.s.

Vv
a >R

0

0

2

q cot 0 =—1/a

T Yeff qz/ 2 + O(q4)

w.f. node
suppresses CF

>T

deep b.s.
0<a <R

uuuuuuuuuuuuuuuu
rrrrrrrrrrrrrr
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Constraints on EOS from GW170817

s Abbott+, PRL119('1 7)161101 1 Abbott+,1803. 11579 — rwcrnir |

10 - s " A _ 3OO+§§8 — PhrocmDNRT
2 R1 ;< 13.6 kam N g

= 1500

1000 k. \

500 E B
0 . T — T T 1
0 500 1000 1500 2000 2300 3000 090000000 (e vy N R
‘-'IL._ L LK LALE) 1-LKE 1 AH3
r 5 i . ]_l}"'F"'"""1""""'-"|'r'"'"—""r"""'-'" — T =
w00t WY N\ X% E.Annala+,
N EPY AN e © E
AN _ 1w PRLI20('18 |
7R\ MR E |
Q00 Ly ?.f. - = ~
| |? A 222+420 Z 10k A < 800
= el _ 138 T
= 600 8 1; 1= B &M pax > QM@
89km<R<132km = 10
- — R f 13.6km
300 ;’ | 7
De+, PRLIZT1'18)091102 g S i
; 102 10° 10
I:In 300 E'n'.illl 900 1200 energy density ".".-'Tr!\-'..-’fm'i]
L0 |
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http://inspirehep.net/record/1675316
http://inspirehep.net/record/1630824
http://inspirehep.net/record/1669647
http://inspirehep.net/record/1634819
http://inspirehep.net/record/1675316

Another way to use Cold Atom EOS

s Unitary gas EOS [& ab initio pure neutron matter EOS @
lower bound Z5ZXTL\3&ELIICR XS, (Conjecture)

Epyumi(n) = Eyg(n)

3 FhAkE2 o
Evpglu) == Ep(n) £ = — £ —El ou” /3
5 10m,
ZI-:_':I:- I].}-Ir|n|e1:¢1.luznl|rsl| b
(§~0.37, u=n/n)) PEE e
- | — TT(2013)
s CRMELLVED. nf(, g
\ < = [l #PHil"ﬂH]
HHIRILF—~OFRA
5EZbNDDTIL? H:
] g
L. Tews, J.M.Lattimer, AO, E.E.Kolomeitsev “5' B ¥ R Y
(TLOK),ApJ 848 ('17)105 n [fr)

A. Ohnishi @ Kyoto U. Seminar, Dec. 13, 2018 87



http://inspirebeta.net/record/1499680

Unitary Gas Constraint on Symmetry Energy

s WHIRILFX—=

P FPEIRILY— - HIREPEIRILY—

S(u) = EFNM_{}L} — Esnnm(u)

Esnm(u) =FEo + K (u — 132/18 T O[(“ _ 1)3]

K

S(u) >EQ u?/? — [ED + 3

50
s S ~D IR
So = E{q — Eo = S§°
a S, >S° TIlX.
L ~DFIRE

S(u) (MeV)

1. Tews, J.M.Lattimer, AO, E.E.Kolomeitsey () DAL A

(TLOK),ApJ 848 ('17)105
0 2 ViTP S

40 -

30

20

(u — 1)2} = SUB(w)

u,=0.5-1.1

10 I

02 04 06 08 1
u=n/ng

1.2 14



http://inspirebeta.net/record/1499680

(p, T) during SN & BH formation

EOSY, Y=0.4
100 S fﬁ-lﬂ | | Shen EOS
80 B 5 _ + hyperons
E 60 f j.f'f - "{':,H"“Y{B=10 Yo -
E 7 ?'m BH H"xh H"..
= 40 [ - f-,—’! ' H"‘“n--h H*az
' /. > 1% >
J _"f..-"" ------ = ol _.-"‘ . c T
20 f::- P neats L J ‘ Ya 1
0 e sN 0.1 %:
0 0.1 0.2 2.3 0.4 0.5
pp (fm™)

Ishizuka,AO, Tsubakihara, Sumiyoshi, Yamada, JPG 35('08) 085201;
AO et al., NPA 835('10) 374.
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FrEMAB - FEFEYE 1 (2012-2017)

High p (Group A)
head: Tamura, Takahashi

Hypernuclei, Kaonic nuclei
YN & YY int.,
EAff. Interaction
(Heavy-ion collisions)s

Hyperons, mesons, quarks

Asym. nuclear matter
+elec.+p

Nuclei+neutron gas+elec.
Nuclei + elec.

Low p (Group B)

head: Murakami,
Nakamura, Horikoshi

Sym. E, Pairing gap,
BEC-BEC cross over,
Cold atom, Unitary gas

J,

NS Obs. (Group C)
head: Takahashi

Radius, Mass,
Temp. (Cooling),
Star quake, Pasta

Theory (Group D)
head: Ohnishi
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