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Introduction to QGP
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Introduction to QGP

QGP in UrHIC e Elliptic Flow

Shear Viscosity

boundary plate

y dimension

(2D, moving) | velocityu
—_—

fluid

u
" dy

o
boundary plate (2D, stationary)

fluid P [Pa] T [K] n[Pa-s] | n/s[h/kg]
H,O | 0.1-10° 370 [29.107% 8.2
“He | 0.1-10° 2.0 1.2.107° 1.9
H,O0 | 22.6-10° | 650 |6.0-107° 2.0
“He | 0.22- 100 5.1 1.7-107° 0.7
QGP | 88-10% | 2.10" | <5.10'! <04

T.Schafer, D. Teaney, Rep. Prog. Phys 72 (2009) 126001
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Introduction to QGP

QGP in UrHIC e Elliptic Flow

Shear Viscosity

y dimension

boundary plate

(2D, moving) | velocityu
—_—

shear stress, 1,
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A 1QCD: Meyer et al.

© 1QCD: Nakamura et al.
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fluid ‘gradient, 53
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boundary plate (2D, stationary)

fluid P [Pa] T [K] n[Pa-s] | n/s[h/kg] :%
H,0 | 0.1-10° 370 | 29-.107% 8.2

“He | 0.1-10° 2.0 1.2.107° 1.9

H,O | 22.6 - 10° 650 |6.0-107° 2.0

“He | 0.22-10° 5.1 1.7-107° 0.7

QGP | 88-10% | 2.10% | <5.10! <04

T.Schafer, D. Teaney, Rep. Prog. Phys 72 (2009) 126001

Plumari et al: arXiv:1304.6566v1

@ QM:n/s ~ %(p)-r = n/s > 1175

- o - o c . _ 1
Viscosity «— microscopic details ? Q@ AdS/CFT:n/s = 7=

n—=Xo0,(p)...
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Numerical Implementation
Transport Coefficients: Green-Kubo

Transport Theory

Quantum-Relativistic Transport Theory

General Transport Equation

(P 0 + (" (x)3um” (x))3%) F(x, p) = C[] (. p)

@ free-streaming
@ Mean Field: long range interactions — ¢ — 3P # 0

@ Collisions: short range interactions — 7, 0¢/, - - -
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Transport Equation
Numerical Implementation
Transport Coefficients: Green-Kubo

Transport Theory

Quantum-Relativistic Transport Theory

General Transport Equation

(P9 + (" (x)9um” (x))0%) F(x, p) = CIF(x. p)

@ free-streaming
@ Mean Field: long range interactions — ¢ — 3P # 0

@ Collisions: short range interactions — 7, 0¢/, - - -

Cop = 1 / I’p2 1 / 4p] a’py 1l
2726 ) @r)2E v ) (2r)2E (2rn)2E; * 2 gain
| Myrar o P27)* 6@ (b + pj — p1 — p2)
1 d3 1 d3 / d3 /
_—x / P2 - / Py P2 ppy
2E; (2m)32E; v ./ (27)32E] (2m)32E) loss
| My P2m) 6@ (o1 + p2 — pr — P3)
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Transport Equation
Numerical Implementation
Transport Coefficients: Green-Kubo

Transport Theory

Numerical Implementation

Transport Equation

p 0. f(x,p) =C=Cn + ...

@ Test-Particles Method:

f(x,p) = 31, 6*(xi(t) — x)8*(pi(t) — p)
N = Nreal X Ntest 5 g — U/Ntest

@ Sthocastic Method: —
979 ¢.7
Py — ANZ? — 02 At 9'9—- 8 0
2T ANAN; " Neewr Box 0300y
if P, > rand() collision takes place; Ax
/ . 2 _p2m2
Vrel = (b ,l)le)Ez —

exact solutions in the limit At — 0,A3x — 0
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Transport Theory UIEREFIEE ey
N Numerical Implementation
Transport Coefficients: Green-Kubo

Transport Coefficients: Green-Kubo

Transport coefficients: 7, (, x, D, 0o characterize non-equilibrium behaviour of

a system.

Fluctuation-Dissipation Theorem
It establishes a relation between equilibrium fluctuations of a physical observable and a dissipative

process that takes place when the system is perturbed from equilibrium.

0.04
Shear Viscosity oo <] |
5 oot 7
J=7Y=— 8“)( & [
y > 0 .
) E ool
= o ‘ | TR | \‘ A A A
Green-Kubo Relation ?: l‘ ‘H
0,011 ‘
vV oo 0.02- ]
- 7/ dt (=7 (£)7 (0))
T Jo
y -0.03 15 20

10
t [fm]
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Transport Theory UIEREFIEE ey
N Numerical Implementation

Transport Coefficients: Green-Kubo

Transport Coefficients: Green-Kubo

(w7 (O (O) = (w7 O™ =0 = 7 [T de @ On70) = Fia” O J

0T )
\ c=1mb b
. M —==-06=3mb 1
£ R
= T =0.4GeV
(O]
= _23¢3
A V =3"fm
:3, Ax ~ 0.1 fm
“r
2001 At = 0.01 fm/c
v 3 Tomax = 100 fm/c
L Niest = 1000
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1.5
t [fm/c]
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Shear Viscosity: anisotropic and constant cross-section
Shear Viscosity Shear viscosity of a gluon plasma

Shear Viscosity: analytic formulas

pQCD angular dependence i ]
— my=56GeV.
do88 788 a? 971'0@ § ]
= 2 e s 1
(qz(G) + m%) mp 02 ]
cos(6)

Relaxation Time Approxiamtion (RTA)

_ feq 4 = 4 = 1 4 {(p)
= N = —pP)Ttr = — p{P ==
15 T 15 (pouve) 15 (h(2)) oot

f
pHouf =C[f] =

Otr = f do88 788 Sinz Ocm = G'toth(a) < %Utot

with h(a) = 4a(a+ 1)[(2a+ 1)In(1 +a~ %) — 2] a=mD?/s, h(mp — oo) =2/3

D
Chapman-Enskog (CE)
4 4 (p) 1 / [ 1 ] a2
1st g 62
= — ™ = — ————  with a) = — d) + —)K3(2y) — yKa(2 h| —
n SPPT = = 2)om ga) = oo [ dry” |07+ S)Ks(2y) — yKa(2y) 2
a=mp/2T, g(mp — o0) =2/3
v
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Shear Viscosity: anisotropic and constant cross-section
Shear Viscosity

Shear viscosity of a gluon plasma

Shear Viscosity: anisotropic o.

T Ty
FY « -+« isotropic limit I 2 -« . isotropic limit 7
RTA - with 6, <>\ CE - 1st order
i o GreenKubo, T=03GeV| T ‘\ ©  Green-Kubo, T=0.3 GeV |
e o Green Kubo, T=0.4 GeV L o Green-Kubo, T=0.4 GeV
o Green Kubo, T=0.5 GeV v ¢ Green Kubo, T=0.5 GeV

1 [GeV’]

0.1 1 10 0.1
mD[GeV]

1 10
my [GeV]

RTA cs CE: anisotropic case — factor ~ 2

However: RTA vs CE: isotropic limit — ok
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Shear Viscosity: anisotropic o.

FY « -+« isotropic limit B A « -+« isotropic limit
RTA - with 6, <>\ CE - 1st order

i o GreenKubo, T=0.3GeV| T \ o Green-Kubo, T=0.3 GeV | -
e o Green Kubo, T=0.4 GeV L o Green-Kubo, T=0.4 GeV
o Green Kubo, T=0.5 GeV v ¢ Green Kubo, T=0.5 GeV

1 [GeV’]

4T
= E 5 g(a)otot
-z ]
cg ]
--a 1 n}_—sEt OK! in all mp range.
0.1 1 10 0.1 1 10
my [GeV] my, [GeV]

RTA cs CE: anisotropic case — factor ~ 2
However: RTA vs CE: isotropic limit — ok
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Shear Viscosity: anisotropic and constant cross-section
Shear Viscosity Shear viscosity of a gluon plasma

n/s of a gluon plasma

pQCD: anisotropic and energy-dependent cross-section

do88 788 o? 9ra? s
o N2 7 Ot = o ——
dQ (q2(0) + m3) 2mp s+ m?
mp(T) = TVAras os(T)= —*2——, A=200MeV
11in( 22T
10 T T T 4
®  Green-Kubo ]
CE- 1" order 1
.—.— RTA-witho, 1
RTA - with 6, 1 1 T
1 (n/9)rra = £
] 5 (h(a)) potor
P 3
FANTS < 9 L o (,//5)]“ }#
¥ ‘—_1 ——————————————————— ] - 5 g(a)poior
RTA often used in literature: factor ~ 1.5
................................... 1 Green-Kubo vs CE: 3%
0.1 Il Il Il Il Il Il Il Il
703 04 0.5 0.6 0.7 038 0.9 1
T[GeV]
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Shear Viscosity: anisotropic and constant cross-section
Shear Viscosity Shear viscosity of a gluon plasma

n/s of a gluon plasma

pQCD: anisotropic and energy-dependent cross-section

dos8 88 o? 9ra? s
X o = — —————
dQ (q2(6) + m3)? T 2mp s+ m}
mp(T) = TVATa;  as(T) = —AT—c, A= 200MeV
11in( 22T
10 T T T
] 1 T
. Green-sf(ubn ] (n/S)RTA I
- %A{\faf}d.eé“ ] 5 (h(a))potot
444444 RTA - with o, 1
—— NLL 1 L1 T
(n S)lcE =
1 5 g(a)potor

RTA often used in literature: factor ~ 1.5

B
Green-Kubo vs CE: 3%
NLL P. Arnold et al: JHEP05(2003)051
] T3
ne tlng—1
0,1L—L I ! L I ! A A

Transport coefficients of Quark-Gluon Plasma



Shear Viscosity: anisotropic and constant cross-section
Shear Viscosity Shear viscosity of a gluon plasma

Elliptic flow

M. Ruggieri et al. in progress

2 2
Px — P
AUAU@2004 GeV W@ﬂm:<%4%>
‘ px + Py
+—emy=0.7 GeV ]
e gy |
- | How to fix n?
0.2l m,=5.6 GeV
o 1 7 1
> orot(p(x), T) = £ —=——
° 5 g(a) n/s
0,1f-
@ o locally computed
0 \/// ‘ ‘ @ 7 = cost changing o )
0 3

py [GeV]

@ w(pr < 1.5GeV): n/s
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Shear Vi : anisotropic and constant cross-section
Shear Viscosity Shear viscosity of a gluon plasma

Elliptic flow

M. Ruggieri et al. in progress

2 2
Pb+Pb@2.76 TeV va(pr, b) = <px - py>
-30% P = 2 2
i . . 20-30 . . . P2 + p?
0.25F
02k How to fix n?
0.15F .
« [ ] 1 7 1
= ] orot(p(x), T) = - —=——
[ ] 5g(a) n/s
0.1F — my=0.7 GeV , 4mn/s=1
[ — my=1.4GeV , 4nny/s=1 ]
0.051- — m,=5.6 GeV , 4nn/s=1 ] @ o locally computed
0:....|....|....|....|....: @ 17 = cost changing o
0 1 2 3 4 5 o
Py (GeV)

@ w(pr < 1.5GeV): n/s

@ w(pr > 1.5 GeV): sensitive to microscopic details of interaction
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Electric Conductivity

Electric Conductivity

Electric Conductivity in the box
Anisotropic cross-section
Quasi-Particle Model

J =

O'e/E

1
= (B,l) 10 . —
y N et 1k :
.
£ 8 o1 |
= o, \
\ R e - £ \
3 S oorf
S g AN
‘ B ® o001 | g
X 2 _ 0.0001 | T~
Audu, Vs =200 GeV’ -
16:05 . L .
0 2z 4 %fms 0 12 14 0 o5 p s
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K. Tuchin, arXiv: 1301.0099 (2013)

Observable

Y. Hirano, M. Hongo, T. Hirano,

Electric Field = effects on vy:

-

123
PT

)
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Electric Conductivity in the box
Anisotropic cross-section
Electric Conductivity QuERHFErER (e

Electric Conductivity

Jjz = oeEz

&P = aiek;

i .eq
. 1 Pz(t) _ iz
Jz(t) = Vi > eq; ; =  Og = [
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Electric Conductivity in the box
Anisotropic cross-section
Quasi-Particle Model

Electric Conductivity

Electric Conductivity

Jz = oeEz

d i _
Gi Pz = qieEz E
i .eq
; _ 1 . pz(t) _ Jz
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Electric Conductivity

Electric Conductivity in the box
Anisotropic cross-section
Quasi-Particle Model

Electric Condictivity: Anisotropic cross-section

pQCD angular dependence

2
8888 @
doZ= T2 aq T2, 22 S 2\2 —* Otot =
(a2(0)+m3)

Box Setup: m = 0.4 GeV/, oot = 10 mb
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Electric Conductivity in the box
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Electric Conductivity

Electric Conductivity: Quasi-Particle Model

Quasi-Particle Model

R B e e

@ Description of Lattice results in terms of ‘Wuppertal-Budapest quark;

quasiparticles quarks and gluons.

-1

@ interaction generates quasiparticle mass m(T)

Clovaata il
0,6 8

T[GeV] |

i L B B

0,2

E = \/p2 + m2(T)

(e-3pyT*, i’

@ = quasiparticle are weakly interacting.

207y = 4872
Gln= (11N6—2N;)In[7;(.r—7;—%)] 1H

° (3ptt
T

. N1 5 5 00 200 300 400 500 600 |
m2(T) = —S—g? T T MeV | I R B I AR R
2 = Sz MeV) d L

0.2 04 ! 0.8
T [GeV]

2 _ 1.2 1 2
me(T) = & (Ne + 3np) T
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Electric Conductivity

Electric Conductivity: Quasi-Particle Model

Quasi-Particle Model

@ Description of Lattice results in terms of T n — quark -
— WB, 7T ~g Tin(g) ﬂ>) 1 '
quasiparticles quarks and gluons. —— hotQCD 1G]
I |== wB t'~g' T E
@ interaction generates quasiparticle mass m(T) i3 — — botacd

@
= }2111111111016111113
E = /p2 + m2(T X X X X
o T [GeV]
i L B B
@ = quasiparticle are weakly interacting. [N
2 4872 1 L 1 I Y|I |)
g2(T) = = T T
— 1 _ s »
(11Nc 21\/;)|n[,\(.,.c Tc)] 7

2 1.2 1 2
m2(T) = Lg2 (Ne + Ln) T
5(T) = & (Nc + 3N7) S. Plumari et all. Phys. Rev. D 84, 094004

2
2 Ne=1 2.2 (2011) 3
me(T) = ~§g—e° T Lo bl
a 8Ne 0952 0.4 0.6 0.8
T [GeV]




Electric Conductivity in the box
Anisotropic cross-section
Quasi-Particle Model

Electric Conductivity

Electric Conductivity: Quasi-Particle Model

2
Tel 1 q°pqTq
1 = = _ Z LA
T T 7 mgq
J
0,1 4
2
it P s
U U] s
E Tior(s) ~ B —
® ¢ m3(T) (s + mp(T))
0,01 ice: arXi 2(T) = 4rasT?
UL ¢ Lattice: arXiv 1307.6763 mp(T) = 4mas
A ® results
RTA Quasi-Particle
—-— PRL 110, 182301 (2013)
L I I I L I
O'Oob,l 02 0.3 0.4 0,5 0,6 0,7 0.8

"T[GeV]
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Electric Conductivity in the box
Anisotropic cross-section
Quasi-Particle Model

Electric Conductivity

Electric Conductivity: Quasi-Particle Model

e _ 1 ) 9’pary
T 7 mgq

T

i
]

q

1 T T T
3
3
5 )
3t C ra = S (0,
- J
0,11 % o7 -
2
4
% i 2
& / ij i 9 s
[} lr crmt(s) ~ B
/ m3(T) (s + mp(T))
¢ Lattice: arXiv 1307.6763

/
® results
RTA Quasi-Particle
——— PRL 110, 182301 (2013)

1 |
0,6 0,7 0.8

1 1 1 1
0’00}),1 0,2 0,3 0.4 0,5
T [GeV]

agreement with Lattice data above T¢
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Electric Conductivity in the box
Anisotropic cross-section

Electric Conductivity QuERHrErEE Mok

Conclusions

Shear Viscosity:

Relaxation-Time-Approximation (RTA) is in general in disagreement with Green-Kubo results.
Chapman-Enskog is in agreement with Green-Kubo results at 3% of accuracy.

Electric Conductivity:

RTA reproduces isotropic limit

RTA is not in agreement in the anisotropic case

agreement with Lattice data above Tc.

Transport code development to simulate high energy collisions (RHIC, LHC) with fixed n/s (extension to
Vn).

Calculation of 1 of a mixture.

Calculation of bulk viscosity ¢.




Electric Conductivity in the box
Anisotropic cross-section

Quasi-Particle Model

Electric Conductivity

Dynamical Quasi-Particle Model

14 2 2
2 g (T/Tc) 1 2 Nc I
2 M(T) = === (Ne + SN T+?Z—; ,
M, a7
S 10 s
5 M
Qo8 — Myq 2
= Iz
[_: sz(T): c 2<T2+ Q> ,
< 06 — T, a(d) 8 2
0.4
— T ng 2c
02 rg(T)ngC o In (E+1)
L
0.0
1 2 3 4 5 6
1N2—18°T 2¢
T/T, Taa)(T) = T In <? + 1) s

R. Marty, E. Bratkovskaya, W. Cassing, J. Aichelin, and H. Berrehrah
arXiv: 1305.7180v1

Transport coefficients of Quark-Gluon Plasma

Armando



Electric Conductivity in the box
Anisotropic cross-section

Electric Conductivity QuERHrErEE Mok

Correlator Convergence: T .x

4 €T

OPE

v

1= 7 (7 ()7 (0) 7

Tmax = 100 fm/c
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- - . 0.16 T T
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[ ] E 0.12 B
3' 'N>
r 1 O
> T 1 g
E [ 1 2008 } §
w2 1= }_:;_
L .xt_: _________ _§.—§--n
[ e |
e i3 §§n_'50.04_— 7
-... sl IR | " ] -....I vl | "
0 10 100 0™ 10 100
T [fm/c] T [fm/c]
max max
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Electric Conductivity in the box
Anisotropic cross-section

Electric Conductivity QuERHrErEE Mok

Correlator Conv nce: Niest

2.2 rrm e 0.14
i3 7 oaz2f .
1.8F i _ L ]
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b 1 E 0 E
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: 1 5 I ] (r(0)) = BV
T 14F ¢ 1 4 ©.008¢ E
E I ] A r ]
= - - =2 F-—-3—--% --23-35 - _ v Xy xy
e 1.2p $33 z, 006 TEE B 77—?<7T (0)=(0)) 7
[ ] =) r 1
1 1 5 r ]
g 0.04 - 7
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Electric Conductivity in the box
Anisotropic cross-section
Quasi-Particle Model

Electric Conductivity

Shear Viscosity: massive case

Why consider m # 0?7

Quasi-particle model: M(T), reproduce E.O.S from Lattice QCD.

Chapman-Enskog: first order

T M
T

n= h(z) Z=
T tot

15 = [K3(2))?

ha) = 15 (1522 + 2)Kp(22) + (323 + 492)K3(22)

N. Moroz, arXiv:1112.0277 1 dicembre (2011)
Wiranata, Prakash, arXiv:1203.0281 1 marzo (2012)
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Electric Conductivity in the box
Anisotropic cross-section
Quasi-Particle Model

Electric Conductivity

Shear Viscosity: massive case

[ror T T ] 2-5_I""I""I""I""I'"'I'_

8 i [ ]
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RN 1 I ]

— 1.5 B
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20.1F O\ 1~ s ]

(2' L "\ 1o L 4
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L N I T 7] Green-Kubo

£ ]
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L \en [ |-— CE-1storder ]

(\'\ 05F | CE - 2nd order i

L Nl ~L | ¢ Green-Kubo meanf]

\:. L RTA G, ]

I RTAq,, ]

saaal " s a sl | N P T T T
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6 [fm’] z=MT
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Electric Conductivity in the box
Anisotropic cross-section

Electric Conductivity QuERHrErEE Mok

Chapman-Enskog

Chapman-Enskog: first order
T

K3(z)]2 1

— =g(mp, T)

nee = 10T
<00 Ttot

co0 = 16 [wgz) — zilwgz) + (312)710.1(()2)]
©)] 2 /°°d( 2 ) yik(22)
w- = —7F — >4 [og
[KQ(Z)]Z 0 y\y Yy Rjlezy) otr

=2 +ACY, v—%F
o [dQo(s, ©) sin? ©
w
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Electric Conductivity in the box
Anisotropic cross-section
Quasi-Particle Model

Electric Conductivity

Pb+Pb@2.76 TeV

s=4 GeV2 20-30%
T T T T T T T T
025
— my=0.7 GeV
— my=1.4 GeV o2k
— my=5.6 GeV
g «0I5F
S >
3
S 0.1 .
© h — my=0.7 GeV, 4nn/s=1
7 — my=1.4 GeV , 4nn/s=1
I ) 005 — my=5.6 GeV , 4rn/s=1 ]
02 4
L PR I T U U S NN Y U ] 0 L 1 ‘I‘ ! 1
1 08 06 04 02 0 02 04 06 08 -1 0 1 2 3 4 E
cos(6) p; (GeV)
anisotropic cross-section microscopic details become relevant at higher pr
88— 88 2 2
do L % >
_— = 3
d2 2 (q(0) + mp) s
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