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Motivations: - how large is the viscosity in QGP around T ?

- how can we determine it ?

Binary Ionic Mixture (BIM OCP)
S. Bastea, PRE71,2005,056405

n/no(I) has an U-shape in I'!!

What about the shape of n/s(T) 7??
What about the properties of sSQGP ? d, as=2.0

What about sQGP ?
SUB), Ne=2, d=16+12+12
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Answer in dense plasma physics:

n(T) has a U-shape! n/s?

12 ™

Fat & I
0y w0 1800
i So0mE W24 | W AEND
'P & 10 =0
® 10 30
"QH o 10 1080 ELLCD
co20 e
ﬁifﬂh A 20 B9E0 ¥

LI L L LA

didE b i g & siaal ik b kagasl

PR T T

normalized temperature T'=T_/ T

10 100

200

Z. Donko, J. Goree,

P. Hartmann, K. Kutasi:
Shear viscosity in 2D
Yukawa-liquid

PRL96(2006)145003

Molecular dynamical
simulation with a
finite number of particle.

Can we do it in YM case?
How large is the viscosity
in other models?

Danielewicz-Gyulassy:
n/s ~1 PRD31(1985)
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Viscosity of ~free massive fermi (q) gas [1 degree of freedom] 4

A, constant mass, mg= 0.35 GeV

B, temperature dep. mass, mq(T Y=g T3 [g=1.77, «=0.25]

T) : Maxwell viscosity = n=
’7( ) y 3 \/E

8T ld=2r]
nd* \mm, [r,=031fm,o=3mb]

s(T) = (&(T) + P(T))/T for free massive fermi gas, s(T) ~T3

2 3T/T,

Maxwell
viscosity
(1 d.o.f)
rp=0.31 fm

NO Minimum (?)
nls=1/4m at T=3T,
nls=02-2at2 >T/T.;>1

Did we find the wanted
“perfect fluid”

in the classic description of
a free massive gas ???

[Where is the U-shape ?7?!]
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Viscosity of ~free massive fermi (q) gas [1 degree of freedom]

A, constant mass, mg= 0.35 GeV

B, temperature dep. mass, my(T) =g T/V3 g=1.77, x=0.25]
m 8 T :d =2 I’q]
T : . . 9 — q ] B
n(T) : Maxwell viscosity = 1 W 1 — o=mria(gT) ]
1 hc 1
2m(T) gT
3T/T,
A & B : Constant volume
Moxwel » Volume saturation
(s0n’ nis~(1/4m)2 at T~5T,
n~T°,s~T°
rlDStmd 7 C. ———-
’ n B
—=const.
1/4n §
Volume sat. .
o More T-dependence is

107 ') needed in n for the U-shape



Viscosity in weakly coupled QGP [SU(3), gluon + N¢=2, g=const.]
A, constant mass, mg=0.35 GeV, m,=+v2m,
B, temperature dep. mass, my(T) =g T3 [g=1.77, x=0.25]
T’ [k=86.47]
g'Ing™ (Arnold, Moore, Yaffe, JHEP 2003)

s(T)=(&(T) + P(T))/T for massive fermi and bose gas, s(T) ~T3

n(T) : AMY viscosity = n=«

1 2 3T/T,
m,=0.35 GeV NO Minimum

AMY viscosity If T »oo then
e nls » 20(1/4m)

n 102
"a,“
(=

10

me(T) ~— |
1 At 1<T/T.<2

nls = 2-3

This matter is not a
10 - “perfect fluid” !




Viscosity in weakly coupled QGP [SU(3), gluon + N¢=2, g(T)] 7

A, constant mass, mg=0.35 GeV, m,=+v2m,
B, temperature dep. mass, mq(T Y=g T3 [g=1.77, a=0.25]

iscosi T’ k=86.47
n(T) : AMY VlSCOSltY 9 Nn=kK y — [ ]
8 In 8 (Arnold, Moore, Yaffe, JTHEP 2003)
C, = 2-100p renorm. g(T)_zz 9 21n r + 4 zln(ZhIl)
81T Hy 9T M

|1, =0.03GeV |

2 31/T. C: Minimum at
T ~ T nls=20 (1/4m)

AMY viscosity
(N,=3, N,=2)

1<T/T;<2, nls~2

: ' T >, nls~ In2T

So far this is the best candidate
o b 1 /4 but it is not “perfect fluid”.

“Low-viscosity matter”

10 - Csernai, Kapusta, McLerran,
10 1 T (GeV) PRL97, 152303, 2006




Lattice-QCD results: EOS for strongly interacting QGP

Testing g2-loop(T) = &(T), P(T) in SU(3), N¢=2
my(T) = g(T)T/V 3 ; my(T)=+v2mg (T)
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(Karsch et al. 1992)

T [MeV]

g2-loop(T) is maybe good asymptotically, but not for T <2 T,

Non-ideal EOS »> quasi-particle picture of strongly interacting QGP
Can we extract viscosity in the quasi-particle description ???



Introducing quasi-particle picture;:

SU(3) Gluon EOS with free quasi-gluons + B(T) bag
Fix degrees of freedom (d=16)

d . P’ Vprem(Ty?
P(T)= d —1| —B(T
(7) (27T)3f NPy | —BT)

- d 3 2 2 \/p ‘|‘M(T)2 -
e(T)=——] d +M(T) [exp —1] +B(T)

(2) r
€(T), P(T) »» M(T), B(T)
Mass + Interaction

P.L., U. Heinz, 1996, PRC51, 3326.
A. Peshier, B. Kampfer, ..., 1996,PRD54, 2399.
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Extracting g(T) and B(T) from lattice-QCD results:

SU(3) Gluon EOS with free quasi-gluons + B(T) bag
Fix degrees of freedom (d=16)

@ €M), P(T) > M(T), B(T)

z\“mmm T>2T,
| M(T/T =cg(T) [c=1/V2]

i 15 2 25 3535 4 45 T- 5TC s O =g2/41T —0.15v

/T,

Mg(T)/7

B(T) is small (=0)
Free quasi-gluons !

T<2T,

1 1.5 2 2.5 3 3.5 4 4.5 InteraCt]ng quaSI-gluonS

/T,
Or new excitations ?
Or both ?




Quark matter formation in heavy ion collisions 11

Lattice-QCD results around T_, SU3), N=0,2,4 u=0 (1990 - ...)

Fig.9. SU(3), N=0,2,4 === M/(T), M,(T)

Fig.11. SU(3), N,=2,4 ——— R,(T), R(T)

0.6

0.2 R,y (Ni=4)

0.1 0.1 1

1 1.5 2 2.5 3 3.5 4 4.5 0 |
T/T, 1 1.5 2 2.5 3 3.5 4 4.5

THTs
Massive quasi-particles: Mg =300 MeV, M= 500-800 MeV
Dilute system with the suppression of the heavy gluons: (Rg = Ng/(Ng + Ng + Napti-g)
[L.P, Heinz U., 1996, PRC51,3326]
=» Quark and antiquark dominated matter (QAP)
HADRONIZATION < QUARK COALESCENCE  (ALCOR '95)
('Cross-over' phase transition) [T.S. Biro, P.L., J. Ziményi]
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Model for interacting massive gluonic quasi-particles [SU(3), N=0]

B(T) < interaction between gluons

P (T) = Py, (M(T),T) - B(T)
Eot(T) = &,;,,(M(T),T) + B(T)

B(T) > attractive (effective) scalar field

1 1
B(T) = = m, 0" = = g2 n
2 2 m

o

M(T) > effective mass
M(T) = M(T) —go = M(T)-=5 n

2

(oa

U(r) > effective potential between octet gluons

—m _r
e ° 3 e
———

2 r

—m_r

o

Ul(r)= <AiAj>O(s
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Numerical results for interacting massive gluonic quasi-particles

&(T), P(T)
E
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0 e
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10

o, T)

>>»>>» M(T),B(T) »»>»> oyT), my(T)

Uncertanties (0-2-4 %)
in the lattice results:

o,(T) is robust

m, (T) is sensitive
[Yukawa-int.]

m, (T) is diver gent,
where B becomes negative

We can compress infinity
into a finite T/T; region.
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AMY formula for the quasi-gluon gas [SU(3) N=0]

s 101
. 10°
7 102
6 a, (T) in SU(3)
> N,=0
% 10
; : ' 1 : :
¢ 05 1 15 2 25 3 35 4 45 : :
10 '
7 127 0 05 1 15 2 25 3 jjTj’T
M= 4 (2.765/¢) #
& M2 1Do1E n/s=0.9 at T=1.75T,

T>»>T, >»»>»»> o(T)becomes extremely large

If 0 (T) > 1, then the simple viscosity formula does not work.
AMY: formula is good for ¢ (T) <03 !!! T/T.=1.8,n/s =0.9
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How to improve quasi particle description,

especially in theregion 1<T/T;<1.5

1. Multi-gluon and multi-quark states around T
E.V. Shuryak, I. Zahed, PRC70 (2004) 021901.
P.L., A. Nemeth, in preparation [10-15 % ]

2. Width of the quasi particles .
A. Peshier, W. Cassing, PRL.94(2005)172301. [Diverg.]

3. Mass distribution of the quasi particles (spectral function)
T.S.Bir6, P.L., P. Van, J. Zimanyi
JPG31,2005,711 [Interaction in
hep-ph/0606076 the F(mg).]

OR: Molecular dynamical simulations for SU(3) quark matter!
P. Hartmann, Z. Donkd, G. Kalman, P.L.
Nucl. Phys. A774, 2006, 881
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Classical strongly coupled plasmas 6

The simplest system: classical one-

component plasma (OCP). ions
OCP: charged heavy particles immersed into
a homogeneous neutralizing background.
) electron

interaction (Coulomb) potential: V(r)=Q7 background

particle density 72 plasma coupling parameter I~ =Q*/|aysk,T|

particle massm . .

electric charge Q> sphere radius ays=V3/[4 mn]

plasma frequency

Temperature T wp:\/4 mQ” nim

investigated properties:

 structure (pair correlation function, static structure function)

* thermodynamics (internal energy, compressibility, equation of state)

e transport phenomena (thermal conductivity, shear viscosity, diffusion)
 collective dynamics (density and current fluctuations, dispersion relations)



The numerical simulation is based on the classical molecular dynamics scheme:

Our sQGP model is rooted on the classical OCP model. The links are:

classical OCP QGP model
ions SN quarks (massive)
electron background gluon background
(neutralizing) interacting !!!
2 (AA)a
Vir) =% — Virg)=—t=
2
/_: Q > /—: C S
yskpT ayok, T

calculating the forces acting on each particle due to all other particles
integrating the equation of motion for all particles in each time-step
using periodic boundary conditions to handle long range forces
implementing color rotation due to random gluonic interaction

17
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Potential model for QCD interaction

color dependent interaction potential between quarkiandj: V =

(Ahj)—

Tz'j

possible two-quark states (R, G and B are the single-quark color states):

RR) W — W, (R)Wa(R)
GG) U= (G)W,(G)
BB) U Uy (B) Yy (B)
RG) v = %:‘Dl(R)‘Dz(G) + W (G) W2 (R)]
RB) v = %:‘Ijl(R)‘Ijz(B) + U1 (B) Vs (R)]
GB) b= %_‘Dl(G)‘Ih(B) + U (B)W(G))]
RG)ami V= Z[U1(R)Vs(G) — U1 (G)Va(R)
RB)aw W = S0, (R)Us(B) — Uy(B)Ws(R)
GB)ami ¥ — [Vi(G)Vs(B) — 1 (B)Vy(G))]

color factor:

) = 5 (O + 200 =

>

+1/3 symmetric (6)

[N}

2y - )] <

- 2/3 antisymmetric (3)



MD results for pair correlation’

In the following we present molecular dynamics results
for quark plasma with physical parameters:

 Kinetic temperature, 7,= 180 - 350 MeV
* particle density, n =5-100 quarks / fm?3

e interaction strength, o = 1-2 L e o :E: Dy "'
+ quark mass, m = 300-400 MeV 2 e TR pes
and technical parameters: . °° ?:':; Y
3 . s W9 _ "
* number of particles, N = 300 TNl 8 e ey et
e starting positions = random T 1 ° ced . 'f,: O S
. . _ 641 b'@;,ﬁ“’ .
e initialization time, 7, = 105" alt . . % ..
 measure time, 1, =2x10° dt I R Py o
* time-step, df =5x105fm im,-»"ﬂ' ., eg
0 S N

measured parameters are:
* Kkinetic temperature, 7{(t) XL 11
* pair correlation function, g(r)
* viscosity, 7

9



d(r) pair-correlation function:

repulsive species:
attractive species:
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MD measurement for viscosity — 1

/14
/

Z.Donko, B. Nyiri, L. Szalai, S. Hollo,
Phys. Rev. Lett. 81 (1998) 1622.

Periodic boundary condition.
(Separation into 8 bin.)

Sinusoid velocity perturbation
(artifical shear in the system):

Av (x,t=t))=v,,sin(2mx/L)

21
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MD measurement for viscosity — 2

1.0

I I I
0.8
0.7 -
08 5
©
3 =3
0.4 B 0k
E.
.h-'-x
0.2 madulation
0o - |
1 1 1 1 1
0.0 2 4v107 3o010" 4.0xi0"
0.0 (0.2 0.4 0.6 (0.8 140 ' ' '
time [a.u.] time [s]

The relaxation of this shear is exponential (see Navier-Stokes):
v (t)=v sexp(—(t—t,)/T)
Here T is related to the dynamical viscosity np :
pm,
-

(L/2m) p : density [1/fm3]

L : simulation box size [fm]

Np—
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RESULTS from MD simulation for viscosity (90 000 part.):

2T/7,

MD Sirmul.

0.2 0.3 0.4 0.5 0.6
T (GeV)

'ay' MD simulation: Minimum

T =T, == n/s ~ 10 (1/4m)

Result is smaller than others.
[NoMDfor T < T,]

1<T/T;<2 =n/ls=0.6-10 !
'by' and 'cy' simulation:
T/T. < 1.3: result is the same

T/T.large: free gas limit

n~ 1-2: large or small ???



n/s

RESULTS from MD simulation for viscosity:

If Yukawa > 0 at T/T; >
‘ 21 then n/s » 0.8 =~ 20 (1/4)

Smooth change at T/T, ~ 34

from dilute quasi-particle gas
to dense gluon field
[n/s =0.8~20 (1/41)]

MD Sirmul.

Dense gluon field:
G Anomalous viscosity (na)

in turbulent gluon fields,

10 i - 1 /4n |

0.1 02 03 04 05 0.6 na < n
T (GeV)
What happen at T/Tc > 1 ? nals = C (1/4rt) C=?? (2-3)

Cross-over phase transition in MD? [aqakawa, Bass Miiller,PR1.96,2006]
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Summary:

1. Viscosity can be calculated in many ways:
Classical description can give very small value for n/s
seems to generate “perfect fluid” (?)

QM and QCD give nls~2 at T/T,=1
Quasi-particle picture gives n/s =0.9 at T/T;=1.8
MD for quark matter gives n/s =0.6 at T/T.=1.1

Further studies are needed, especially close to T..
2. How large is the anomalous viscosity, na/s?

3. Viscosity and jets, direct experimental measurement ?
Especially, if the viscosity is large: n/s =0.6 at T ~ 200 MeV
n/s >=1.5 at T >250 MeV!



