Quark-Gluon Plasma (@ LHC

Stanistaw Mrowczynski

Swietokrzyska Academy, Kielce, Poland
& Institute for Nuclear Studies, Warsaw, Poland

* weakly coupled

« strongly collective
P @ LHC
QP @ ) * unstable

_ * equilibrates fast




after

before




Au-Au collisions @ RHIC

s =100+100 GeV/NN

STAR experiment



r

200GeV/NN — RHIC S
\/g .y LHC ~ 30
5500GeV/NN - LHC S RHIC
Initial temperature
(300MeV — RHIC »
T ~1 (30)"* ~2.3
700GeV — LHC




Asymptotic freedom
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Lattice thermodynamics of Quark-Gluon Plasma
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F. Karsch, arXiv:0711.0656 [hep-lat].



Transport equation collisions
st+vv f(t,r,p)+g(E+vxB)V f(t,r,p)=C|f]
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free streaming mean field a =9
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<In weakly coupled plasmas the mean field dominates the dynamD

< Weakly coupled plasmas are strongly collective >




In a weakly coupled plasma, there are many particles in a Debye sphere!



plasma frequency
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charge fluctuation
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E*(t,x) = E, cos(m, t —kx)
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Resonance energy transfer from electric field to particles with v =v,,
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stationary state

A(t) = A, + SA(t)

fluctuation

stable configuration

Instability

SA(t) oc e
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unstable configuration
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@a instabilities — interplay of particles and classica@
@tum Field Theory — no particles, no classical f@

phard ~ T

AN
a I

@ particles — hard excitations, hard modes

@® classical fields — highly populated soft excitations, soft modes
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~ Plasma instabilities

P> instabilities in configuration space — hydrodynamic instabilities

> instabilities in momentum space — Kinetic instabilities

instabilities due to non-equilibrium
momentum distribution , E
f (p) 1S not ~ CXP —?
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~ Kinetic instabilities

p longitudinal modes — kK || E, Sp _ e—i(COt—kl')
. —i(ot—kr)
P transversemodes — Kk | E |, 8] ~ e

E —electric field, k — wave vector, p — charge density, j - current
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I . = 7 7Transverse mOde87 7 = - I
@tabilities occur due to anisotropy of the momentum distrib@

Transverse modes are relevant for relativistic nuclear collisions!
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omentum Space Anisotropy in Nuclear Collision I

Parton momentum distribution is initially strongly anisotropic
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CM after 1-st collisions local rest frame
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< j g (X)> = (0 but current fluctuations are finite
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Ja (X)) Jp (%)) ==9 f(p)dP(x—vt)=0

——
e

]
e ———————————————

Direction of the momentum surplus
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Lorentz force

F=qvxB

Ampere’s law J 7

VxB=j g

NG Nl
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I ~ Instabilities vs. collisions I

Time scale of collisional processes

1
t ~
hard g*In(1/ g)T ~
q

hard scattering: q ~ T

t I soft scattering: g ~gT
0~
o g°In(1/g)T
Time scale of collective phenomena t _ 1
collec g T

2
Q <1l = thard >> tsoft >> tcollec

The instabilities are fast!
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Equation of motion of chromodynamic field 4* in momentum space

[k*g"’ —k"k =TT" (K)]A, (k) =0
ﬁself—energy ’
Dispersion equation

det[k*g"¥ —k"kY —TT"(k)]=0

k" = (®,k)

Instabilities — solutions with Imo > 0 = A" (X) ~ Clmmt

Dynamical information is hidden in IT"" (k). How to get it?
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{ D“Q—g PH{F, (x),0%Q1 =C | quarks
fundamental
HQ + p {FMV(X) a Q} C antiquarks

adjoint pMQD“G — 2 P {T (X)ﬁ\;)G} = C gluons

pv 2

free streaming mean-field force

D* = 0" —ig[A“,....], F" =o"AY—a"A" —ig[A*, A]

DH FH = j Y [Q, 6, G] mean-field generation

@nless limit: C =C = Cg =0
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/[ fluctuation ’

Q(pax) — QO(p)+8Q(p9X)

‘mmstate Q(i)j(p):Sijn(p) ’

[Qu(P) | >>[8Q(p,X)[, [6,Qu(P)| >>],8Q(p,X)]

Linearized transport equations

p,D*3Q(p,x) —gp"F,, (x)2%,Q,(p) =0
p,D*3Q (p,X) + gp*F,, (x)85Q,(p) =0

p,D"3G(p,x)—gp"F,, (x)8%,QG(p) =0
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j*[5Q,3Q,3G]

|

DMD“Ap(X)ZSM)(B

P =TT (KA, (k) f (p) =n(p)+M(p)+2n, (p)
y d’p p* Vk*  qof
G (k)— g J- PP rg}ﬁ»_ Gp — (E)
(27t) E p°k. +10 op

I (k) = 1™ (k), (kT (k) = 0 s




K K K K
(k) = «/\QV\/ + M\i::}«m 1

Hard loop approximation: K" << p'”l

y g’ ¢ d’p pP'r.w
)= j(2n) L9

pk* ]5f(P)
p°k_+i0*~ op”

T (k) =T (k)

St. M. & M. Thoma, Phys. Rev. C 62, 036011 (2000)

k T (k) = 0
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Dispersion equation

det[k*g"’ —k"k" —TI" (k)] =0

k IT" (k) =0

gl (k) = 8" — %Hij (k) chromodielectric tensor
© k" = (®,Kk)

Dispersion equation

det[k?8" —k'k ) —w?e" (k)] =

) 23 i oy
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v=p/E 25
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X Direction of the momentum surplus

i=00,0,)), E=(0,0,E), k=(k,0,0)

Dispersion equation k 2 _ 0)2 gZZ ((D, k) = ()
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H(®)=k*-0°c?(0,k)

do dInH () d=n"
jlo 1 _dH() foo I @)
27i H(w) do -
_ number of zeros of H(w) in C

4 ImH
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There are unstable modes if

H(w=0)<0

Anisotropy!
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Soft fields in the passive background of hard particles

Braaten-Pisarski action generalized to anisotropic momentum distribution:

eff_g I [f(P) (X)( PP

ab prM (X)

(2m)’ D)*

Ce
+iOF (p)\v(X)Dw(X)]

k JI""(k)=0,  k,A"(p,g,k)=Z(p)+Z(q)

St. M., A. Rebhan & M. Strickland, Phys. Rev. D 74, 025004 (2004) 29



SU(2) Hard Loop Dynamics
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A. Rebhan, P. Romatschke & M. Strickland, Phys. Rev. Lett. 94, 102303 (2005)



Direction of the momentum surplus
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Direction of the momentum surplus
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Classical system of colored particles & fields
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A. Dumitru & Y. Nara, Phys. Lett. B621, 89 (2005). 33



~_ Conclusions

QGP @ LHC

weakly coupled
strongly collective
unstable

equilibrates fast

<QGP is not a gas of partonD
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