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# Quark Gluon Plasma (QGP)
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High Energy Heavy-Ion Collision Experiments

# Heavy-ion physisists wanted
to create QGP for a long time ...

@ LBL-Bevalac: 800 A MeV

@ GSI-SIS: 1-2 A GeV

@ BNL-AGS (1987-): 10 A GeV
@ CERN-SPS (1987-): 160 A GeV i xaf)
@ BNL-RHIC (2000-): 100+100 A GeV
@ CERN-LHC (2008-):3+3 A TeV

NI V& =
G 1 YITP o725
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How do heavy-ion collisions look like ?

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

\/SNNN 5 GeV \/SNN~ 20 GeV

JAMming on the Web http://www.jcprg.org/jow/
A YITPZRsy ”
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s Directed flow (v , <p >), Elliptic flow (v,)
— FRDHICEon, BEEOREBHFER (EOS) T8

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

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

‘\T/‘ vy = (C0s 2¢)

cal neg. slope

In-Plane Flow
v,>0)
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BEEPEFESHK

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

PRL 119, 161101 (2017)
o EEFM 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 RISEIS, @
— GRB DEIR (D—2) ZHE

@ inspiral (fRRISESLVTULKER) ICHT5IREIME(LEZHA
- chit 7 B 2 E% iR

o MHINE=-PMEOEEIHFEFEDNDRRKEEZHIR

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

@ r- BIETTRER DR

Frequency (Hz)
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FEH RIS A EFEFEAN

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

o KELGERE (ELVEOS) » THRLYPTLY > KELGA
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- ..'JlL I:].-'lillr'_! o l‘_: = #00 "
B 1200 : T 5
°2| Lateinspiral merger post-mérger T e e ey e ]
c 0;’15 f* Pe— > —— i 7 3 400 < A(LAM,) < 800
© oosli A R ﬁ ﬁ 7
7] ofiri < g0 ©  AL4My) <400 .
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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+, PRLI20('18)172703 the orange dashed line A = 2.88 x 10"°(R/km)’ has been

included just to guide the eye.
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Unitary Gas Constraint on Symmetry Energy Parameters

s HMHMIRILF—
o RARGEEBRT—IEAL-KYAH
(Bl : RREZRBEENSD o £EFR L. STRIT EER. Ikeno+('16))
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I. Tews, J.M.Lattimer, AO, E.E.Kolomeitsev (TLOK), ApJ 848 ('17)105
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Neutron Star MR curve
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L7fN— g8 (Sec. 6)(cont.)

s Report 6-2 (BT CTHIMTLIZGELYSHID) B RETREHEAE
BEZZALS BFHYDIRILF—H

27.2 v
E—Shk IozﬁJrﬁ(ﬁ)

O 2m Lo Lo
=Tou®® + au + Bu” (u = p/po)
E5EZNSET D,

v=1/6,4/3,2 DIFE ., BFEE p,=0.16 fm> | BAFITR)LF—
E=-16 MeV ZBHRTB&LSIT/INTA—E o, p RO K, F=C

0) FFICIEEMREE K D{EZROH K,

INFHBICIE K~230 MeV EHIBN TS, v DIEIFENHE
LUTHAHIMN?

(T, [FRAMBEOHHBEYEICE TS FEETRILF—TH
Y, CORMBOEHTIE T,~22.13 MeV TH5, )
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L7fN— g8 (Sec. 6)(cont.)

Report 6-3 (ETHEEIKSVVEETY . 9 FELTIIHMAFTT S,
PEBMSIENLET, )
BB RE B FEX T Tolman-Oppenheimer-Volkoff 52X
P ¢+ P)(M + 47r3P)  dM

ar _ 4l M
dr r2(1—-2GM/r) = dr

ZHRE. P HFEOEE - FEFEMHBE MRHEE ) EZROTHEKD,
RO 3DNDEOS [TONWTHIDFEEZELSE. EAONEOLL
HBEFE. BLUERKEEETRD L,

(1)P = € (causal EOS), (2)P = % (massless free particle EOS),
2 O(E/A)
op )
&1{5 (iﬁzo)%,o) (RFIERR A, Report 1-2) TEA=HLD%EF
LT &KLY,

GM?
. N =5.9x 1077, My = 1.9884 x 10%° kg, hc = 197 MeV - fm,
C

m = 939 MeV/c* = 1.66 x 10727 kg, rq = 1.07 fm

= 4mr?e, P = P(e) (EOS)

(3)E/A = m + Tyu?/® (non-rel. free nucleon, P = p
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