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— Quark gluon plasma (QGP)
T >>T. : aweakly coupled gas

T =T, : astrongly coupled liquid

— Strongly coupled quark-gluon plasma (sQGP)

1) The relativistic hydrodynamics
2) N=4 Super Yang-Mills theory 7 _ 1

3) The model of classical strongly coupled colored plasma

:EV: (Ze)? N4z
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— Classical colored plasma
1) A colored Coulomb interaction

g’ Q-Q

472‘?—?'

2) Equations of motion ; Wong equations

ar_p
dt m
d__g°, 9Q-Q
dt 4z C[F-T

YONSEI

UNIVERSITY



i W

Heavy lon Meesting

Color Charges

— Canonical variables

5:(¢1"”’¢%NC(NC1)) 7 (72'1, ’ﬂENC(NC—l))
9., 7m5k=0,, {Q° QY= QY

— Canonical Poisson bracket
(AB, - oA 0B OB aA OA OB OB OA
"TIPE T 5% op, Op; Ox a¢ orn, on, 04,

— Color charges for SU(2)

Q' =cos¢1\/32 —° Q% =sin ¢1\/J2 ~r. Q’=nm
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— Quadratic and cubic Casimirs UEmES LY
N, —1
ZQQ ——(J +J,J,+J3.7)
N, —l
ZdaﬂyQ QﬂQy __(J 2)(J1+2J2)(2J1+J2)
a,p.y
d118 d146 d157 d228 d247 d256 d338 d344 dSSE d366 d377 d448 d558 d668 d778 d888
R I I O U N 3 N O )
3|2 2 W3 | 22 | VB 2 | 2| 2 2| 243 243] 243/ 243 3

— The phase space volume element for SU(2), SU(3)

dQ = ¢, dz,d¢JdIS(I2 —q,)

dQ = c,d¢,d¢,dp,dr,dz,d7z,dd,dJ,

1 1
%00y =5 (3 + 313,43, )3(Gs = (3

J3

_8‘J1J2(Jl + ‘Jz)
1 ‘]2)('-]1 +2‘J2)(2‘J1 + ‘Jz)) 7
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— Integration of color charge(s) UNIVERSITY
[dQQ“ =
(dQ =1

1

[dQQ“Q” =C,6% = v
[d0QQ"Q" = d*

[dQQ QP Q'Q° = A(T d“d ™ + 3" d“"d " + 3" d“*d ")
+ B(n5“ﬁ575 +52‘75ﬁ5 +5“5n§ﬂy)

9,6
2-1"

_i 2 . _i 2 .
B_15q2 . SU(2) A+BB_8Oq2.SU(3)
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Structure factors

— Density structure factor
— 1 2 _ ik T
Soo(k)zﬁ<‘ng‘ > nE_Ze
— Charge structure factor
— 1 2 B 5 iK-F
Sp1(K) :N<‘pg‘ > Pe = - Qe

— The pair and direct correlation function

1 L= =~y Q:Q  5°F,
e T e,
n(F-7,Q-Q) = T (-1 -F)5Q-Q)5Q- Q)>
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— Ornstein-Zernicke relation for each color partial wave

hy (k) =c; (k) +nh, (K)c (k)

— Static structure factor

S,(k,Q-Q)=5(Q-Q") +nh(k,Q-Q)

So (k) =1+ nh (k)
So (lz)_l =1-ncy, (IZ)
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— The structure factor

S;A(K) = S;M(K) =1+2(22

+2(%e )jdism(i( ﬁ—l)j 2

1% g p)afw 11K
J( (,1 )jxﬂ (W)t l’ﬁK-Dj

) _[d/licos
ﬂ

+2
+Z(2|+1)(2—Dj d1— WY
0 W gl+1(W 1)
L (- 1)|+1j' diw, -1{ g,,,(-w, +1)SI+
gl+1(W _1)
+23|+(Wl —1,EL 3, (W 13L
A Ky A kg
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.
(1—(w 1)
A )
1dA W, —133 Wﬁ—l,lkj
oA w, Kp
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With three integrals and w, = (1+ A*(3)?3)Y3 g,.,(s)=e’s"%(s
3 (s,0) = [ dég9,(-9) jy (@)

S (xa) = dss"g,(9) ] (a9)3, (5, @)e

3 (x,@) = dssg,(s)j (as)e®"

1.8
1.6- — =4 4
: = )
1.2 A P =16 | -
S 10- e
o 0 |
/i
0.6- '
0.4 y
4 / 1
4 //'/. v
0.0 ==t—
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— Molecular dynamics simulation : SU(2)
9
. g°l1 /’Lj = =, A
V(r =—=|— —
r,G-Q) i{g(r Q-0
a 2 N2 ¥
dQ:nga,ByQ Q}/ 14—
dt 4x 5 ‘f—F' 12{ 166 A28 |
dQ _ g” QxQ’ 1.0 R e
—> = — —, | 8
dt 4z |-t —~ 0.8- | .
Q? Pazj' ]
— The radial distribution 0.41 4
funcﬂon 02; ﬁ |
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— Density (I=0) and charge (I=1) structure factors

- k* 1 - k?
SOO(k) ~ C§k2 = Cé SOl(k) ~ K—D

124 r~128—__ . 141 r~128 . 166 1
J Py ey ] i \N’\
‘,..;;;" ' 1.2 a4 ’
1 .0 a ‘."“'," . | /a ) :\ |
] 1 0 N "' \: - — i oo I ==~
- & / 1 ~ 122/ I
% 06l ™22/ | &% '
27 N | ?oe{ /f :
0.4 = . ’ < d 0 4 _. “““‘.“l‘.' _.
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- The energy loss per unit length
2
K g im
dr - aw?d ke g (0+10,k)

—Linear response

( 1 —1}5ab A A0 (,K)

g (w,K) '
AR (o,k) =i [ didte™ " (R(33 (t, 1) Ig (t', 1))
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— The fluctuation-dissipation theorem

. b N b N
IM AL (@,K) = & bEsl(w, K)= -5 b?lm S, (z,K)

N 1
s Im =——
& (z, k) K nCDl(k) 51(2 K)
/m _
& (2.k) = 1+ncD.<k)jdp P ¢ (p)
—k - p/m

— The final result

dK q J‘dk KEZ) Ol(k)j wdo Im 1-
k® 1—S,, (k) +-* & (w+i0,K)
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- SU(2) plasmon (k << &)

2
)

3
C()12 (k) ~ W’ [1—| 272- o eKé/Zkzj

(k >>xyp)

2
& (@, k) zl—&El—I%x?’ex ’Zj x=2 -9 mp

& (@,K) = 1—|ncD1(k)\/_ 12

o, (w,k) = NCy, (K) o’ o 2 12v2K?

N
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— Energy loss (k >> k)

2 C()Z 2
_ dK ~ g°Ce 2|o \/Ej'k"dxxzex 2 ||
dr A vV 7T 90

3-0 4 I ] | 4 | b 1 X 1 ) I

1 M =1.5GeV e |l
2.5_ charm e {._..r Al
| T=0.25GeV ]
9.0 /.//" . o x
£ 1.5- P '
%J . : ./'/./‘.“' ]
&2’ 1.0 /r/ o« : =
3 0s- / -
0.0+4+——— e 3

- ’ I'=

-0.5 v Y T v T v T

40 05 00 05 10 15 2.0
log,,(P)
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nmax

Kp
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- Energy loss
dK

— = =312

dr

x| | L—ncy, (CI) —— —NCp,; (CI)W(X)

O dq 1

V
V
x 212

+ 7 n CDl(q)

T4 r——T———

hi

T =0.25 GeV
L=1.2fm

-dK/dr*L/E

=7.5 GeV
ey ]

| EMNEIT R
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— Classical strongly coupled quark-gluon plasma
1) Color charges
2) Structure factor
3) Energy loss

— Qutlook
1) Real SU(3) multicomponent QGP
2) Quantum effects
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— Color charges for SU(3)

Ql = COS¢1\/7Z'32 _7[12 Q2 = Sin ¢1\/7Z'32 _72'12 QS =7 Q8 =7
Q*=C, 7.A+C, 7B Q°=S 7z A+S _rB
Q°=C 7 A- C_nB Q' =S 7 A- S_n.B

21/7Z'3+7Z'1 7{_:,/72'3—72'1

C.. =c0s( (th +V3h £4,) 8., =sin( (¢ + /30, =)
1 Jl—J J,+27, 2J,+J, T,
Am o Oy T B Ty B g
1 Jl—J J, +2J 2J, -|—J 7T,
\/( 3 + 73— =)

> = TN T %

B =
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dQQ QIBQVQ Q _iqzqg(é‘aﬂd yoE +5%d e 5a5d Bre +5agdﬁ75

+57°d 4 57°d P+ 5%d )

— Integration of 6 color charges
J‘dQQaQﬁQngQgQ; :A(daﬁyd&( +d°gd7E +dqre + d¥egrE

+d 4% 4 d M +dFd 1 d VA +dEdo
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