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Fluid equations are frequently applied to the electromagneticpla)

@ot to the quark-gluon plasD
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Real hydrodynamics of QGP
Real hydrodynamics describes systems in local thermodynamic equi@

Local equilibrium is a state of maximal local entropy C=0

i
Local equilibrium is achieved at the time scale of hard collisions ~ (g “In(1/ g) T)

Color redistribution occurs at the time scale of hard collisions ~ (gzln(l /2) T)_1

Whitening occurs at the time scale of soft collisions ~In(1/ g)/T

Manuel & Mréwczynski, Manuel & Mréwczynski,
Local Equilibrium of the Quark-Gluon Plasma, Whitening of the Quark-Gluon Plasma,
Phys. Rev. D68 (2003) 094010 Phys. Rev. D70 (2004) 094019




Real hydrodynamics of QGP cont.
Real hydrodynamics of QGP is c@

—1
4
@mz 4 hard coll ~ (g hl(l/ 8 ) T)
@is no QGP analog of magnetohydrodynamics of EM@

Delayed mutual equilibration of electrons and ions m . >> M. von




Chromohydrodynamics

Fluid approach to QGP at time scale shorter than soft collisions
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@nless regime of kineticthE




Kinetic theory

Distribution functions of quarks Q (p, x ) and antiquarks Q9 (p, x ) are N _x N, matrices

Distribution function of gluons G (p, x ) is (N Cz —1)X (N Cz — 1) matrix

Transport
equations

DHQ { W,a‘;Q}:C quarks
fundamental
DHQ -I— { e a‘;Q} = C | antiquarks
adjoint DG - g { w s 8;,G} =C ¢ | &luons

D" =0" —ig[A",...]
free streaming mean-field force

Mean-field generation

D,F™ = j'[0,0,G]

D" =" F" =" AY — 9V A" —ig[A*,A"]

({)llisionless limit: C =C = Cg =0
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Derivation of chromohydrodynamic equations

Transport equation of quark distribution function Q( )22 x)

puD"Q(p.x)= 7 p*{F,,.03,0(p.x)} =0

Taking into account antiquarks
and gluons is straightforward

d4p 2
dP = 20 B
@ 2m) (po)o(p~)

Dun”(x)zo n“(x)EJde“Q(p,x)




Derivation of chromohydrodynamic equations cont.

puD"Q(p.x)= 7 p*{F,.03,0(p.x)} =0

fappt S
4

D, T" (x)- i{FMv,n”(x)} =0

T (x)=[dP p" p*Q(p.x)




Chromohydrodynamic equations

Dun”(x)z 0

D, T (x)- ‘g{F“V o, (x)} =0

Postulated form of 7n*(x) and T""(x):

n*(x)=n(x)u"(x)
7 ()= L (e () pl)u (D’ () = p(x) g™

n(x), e(x), p(x), u* (x) matrices!



Chromohydrodynamic equations cont.

Gauge transformations of n (x ), € (x ), p (x ), u (x)

n(x) — U(x)n(x)U_l(x)

@, e(x), p(x), u" (x) cannot be simultaneously diagon@

n*(x)=[aPp“Q(p,x) 0(p.x)— U(x)Q(p,x)U(x)

n(x), e(x), p(x), u* (x) do not commute with each @
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Chromohydrodynamic equations cont.

Dun“(x)z 0

I matrix equation

DMTMV (x)— g{F v , nM (x)} =0 4 matrix equations

5 matrix equations

n*(x)=n(x)u"(x)

7 ()= L (e () plou? (e’ ()} = ple) g

n(x),e(x), p(x),u“(x) 6 matrix functions u“(x)uu(x)=1

<The system 18 not closed> 1




Linear response approximation

Small perturbation of the space-time homogeneous & colorless state

n(x)=m+8n(x), e(x)=¢t+de(x),

p(x)=p+8p(x), u"(x)=a"+du"(x)

o

m,€, P, A" unit matrices in color space (gauge independent)

i >>0n, €>>0t, p>0p, a" >>ou"

FY ~ AY < 8n
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Linearized chromohydrodyanmic equations

Continuity equation

(D, dn)a* +n D, ou" =0

Euler equation

(e+p)a*D,ou’ — (D" —a a"D, )ép — gna, F* =0

AW = g gty @xaetly elimin@
@8 p = ( dynamics dominated by the mean @
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Solutions of the linearized equations

® D" — 9" fulllinearization A" ~ 3n

® Fourier transformations

continuity kuﬁ'“ on(k)+n kuﬁu“(k) =0
Euler i(E+ p)atk,ou’ (k)—gnm, F" (k)=0
-~ @t m, kM y
on(k)=ig > F7 (k)
€E+p (T-k)
Solutions <
Sut(ky=ig v FW ()
N\ e+ pi-k
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Color current

1

ﬂ(ﬂ:—i[n(x)u“(x)— ) Tr[n(xn“(x)]j

F)= 7"+ 5 (),

5" (x) = —‘;(ﬁ Sut (x)+a"sn(x))

Tr[F*Y]=0

-
polarization tensor % (x,y) = J (x)
54, ()
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Polarization tensor

=& @@+ ok kot —@-k)”g"

™ (k) = IT™ (k) @“" (k@
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Hydrodynamics vs. Kinetic theory

Kinetic theory result

(p-)(PHEY + p kM) =k p* p¥ —(p-k)* g™

2
| B L :i
(k)=" |dPf(p) i

. .

f(p)=na’8? (p-mu)

\

€E+p Hydrodynamic result

3
Il
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From one- to multi-stream system

There are several streams in the plasma

Transport equation

of quark distribution puDquc (p,x)— 7pu{ " \;Qa (p,x)} -0

function of stream o 2
[ ]
[ ]
[ ]
D,nb(x)=0 ng (x)=ng (x)ul (x)

Streams interact
via mean field
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Polarization tensor for multi-stream system

n

> @@, k)@tkY ) kM —kCata) — (@, k) g™

(04

My = & Z

€, + Dy (it ~k)2

(04

™ (k) = TT™ (k) @W (k):)

fp)y=> 1,

7)8% (p—m u,) my = ¢
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Application

Collective modes 1n the two-stream systems
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Dispersion equation

Equation of motion of chromodynamic field A* in momentum space

(kg™ —k"kY —TI™ (k)]A, (k) =0

Dispersion equation

det[k*g" —k"k¥ —TI" (k)] =0 K = (0,k)
kuH“ V(k)=0 @ e’ (k) =§8" —én"f (k) chromodielectric tensor
2 ~2

det[k’8” —k'k’ -0’ (k)] =0 | @»=7 2 /5

2 2 2 i7 ] i1 i 2 1 2\eiey )

N N 0 j J _ J

e’ (w,k)=0" 1_12’ _gzz My Vuk* + 7k _|_(0) k )VocZa
) 2007 T &, + P o-k-v, (w-k-v,)




Two-stream system

2 2 ~ 2 ~17 7 ~ 1.1 2 ~1~
.. () l J_|_ J k J
e”(m,k)ZS’J(l—g)— &7 (VR , (@ —Kk%p
) 20° E+p n-Kk-v (w—k - v)?

vk 4R (0 —k2)~’~f)
w+k-v (0+k-v)°

22




v=(0,0,7), k=(k,0,0)

Dispersion equation

(0> —0>) (0 -0’ —kz)(ooz—oo2 — k% =)\ kz_O)z]—O
p p p (02 o

table 1 itudinal
stable longitudina 0)2 _ 0)2
mode P

stable transverse
modes » 1

unstable transverse, i
filamentation (DE _ 2(0)?? 2 k2 - \/(wi 22+ k2)2 n 47\,2]{2)

mode
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v=(0,0,7), k=(0,0,k)

Dispersion equation

2 2
(@ —w? —k2)?1- P S+ ®o S |=0
b (0—kv)” (0+ kD)

stable transverse
2= 2 4 k2

modes ®

table longitudinal
stable fongttiding o> :m8+k2172+J(o§+4k2\72
mode +
unstable longitudinal 2

) 2.2 2 2.2
mode =Wy kD —Jm0+4kv
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Conclusions

Chromohydrodynamics is much simpler than the kinetic theory.

S S

Chromohydrodynamics is dynamically nontrivial.

* ok ok

Chromohydrodynamics provides alternative approach
to study nonequilibrium QGP.
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