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@ Color fluctuations in equilibrium (white) QGP are small but
the fluctuations can be large in non-equilibrium unstable QGP.

@ QGP from the early stage of relativistic heavy-ion collisions
1s unstable with respect to magnetic modes.

@ QGP becomes spontaneously chromomagnetized.

@ What is the structure of chromomagnetic field in the plasma?
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Q: Why the chromomagnetic field in the plasma matters?
A1: It controls plasma transport properties.

A2: Weakly coupled magnetized plasma can behave as strongly coupled.

Example: Viscosity of magnetized plasma

1
anomalous viscosity: 77, ~
g’ <B ? >/1
I 1 1 .
—=—+— A - size of magnetic domain
M M Tlc

M. Asakawa, S.A. Bass and B. Miiller, Prog. Theor. Phys. 116, 725 (2007) [arXiv:hep-ph/0608270].



@ Equilibrium methods are not applicable.

@ We deal with the initial value problem.

The kinetic theory method by Klimontovich & Silin, Rostoker,
Tsytovich, see E.M. Lifshitz and L.P. Pitaevskii, Physical Kinetics

St. Mréwcezynski, arXiv:0711.2003 [physics] Electromagnetic Fluctuations
St. Mréwcezynski, arXiv:0801.0536 [hep-ph] Chromodynamic Fluctuations



QGP is assumed to be weakly coupled, QGP = pQGP, g?<< 1

O(x, p), Q(x, p) - distribution functions of quarks and antiquarks,
gauge dependent N, XN, matrices, x=(t,r), p=(E,,p)

The gauge transformation:

Q(x,p) > U(x)Q(x, p)U " (x)

G(p, x) - distribution function of gluons, (N*—1)x(N*—1) matrix
p C C



p,D*Q—-=p“{F,
fundamental
p,D*Q +5Pﬂ{

(x), a;Q}Z C[Q,Q,G] quarks
ﬂv(x), a;é} = 6[Q, Q, G] antiquarks

adjoint (D“G——p“{TV,(x)B;G}=Cg[Q,Q,G] gluons

free streaming

D" =o" —ig[A",...],

mean-field force collisions

FYW =0hAY —9VA* —ig[A*, AY]

DMF Y = J v [0, Q ,G| | mean-field generation

@nless limit: C = 6 Cg =
6




Time scale of processes driven by parton-parton scattering

1
thard -
4
8 ln(l/ 8 ) r ~ hard scattering: g ~ T
q
1 soft scattering: g ~ gT
4 soft ~ 19 /\
g’In(l/g)T
Time scale of collective phenomena toollec ™ !
gT

2
Q <<l =t q>>t g >> tcone>

The instabilities are fast!




Transport equation

(D° + V-D)Q(t,r,p)—§{E(t,r)+ vxB(,r),V 0(t,r,p)} = 0

v=P
EI’
Yang-Mills (Maxwell) equations

D-E(t,r)= p(t,r), D-B(t,r)=0,
DxE(t,r)=-D"B(t,r), DxB(t,r)=jt,r)+ D"E(t,r)

d’p
(27)’
d’p
(27)’

g pa(t,r)z—gj Tr[z'“Q(t,r,p)]

vTrlz“0a,r,p)]

\ja(t,r)=—gj
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/[ fluctuation ’

Q(t,r,p) =Q,(p)+ 00 (t,r,p)
‘msmw QJ(p)=0"n(p) ’

1O, (@) | >>100(t,r,p)l, IV O)(p)|l >>IV o0(,r,p)l

E(t,r),B(t,r), A’ (t,r), A(t,r) ~ SQ(t,r,p)




Transport equation

(%+ v Vj&Q(t,r,p) - g(E(t,r)+ vxB(t,1))V n(p)=0

Yang-Mills (Maxwell) equations

V.-E(t,r) = p(t,r), V-B(t,r) =0,
VXE(t,r)=— IB(t,r) , VXB(t,r)=j(t,r)+ JE(,r)
ot ot
3
“p (t,r) = —gj d - [r*60(t,x,p)|,  Fully Abelian problem!
(27)

Gauge dependence

d’p .,
27[)3 vir [T oQ(t.r, p)]’ discussed a posteriori

10

\ja(t,r)=—gj(



Initial value problem

E(t=0,r,p)=E, (r,p),

5Q(t - O’r’p) - 5QO (r,p),

B(r=0,r,p)=8B

O(r’ p)

r

oo+ O

fen= |

—cot+{ O

O<oeR

dw

f(wk)= Tdr j d*r & £(1,r)

d’k

2T

J

e—i(al—kr)f(w, k)

(27)’
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I Transformed linear equations

Transport equation

—i(lw-v k) (w,k,p)
- g(E(@.k) + vxB(@,k))V n(p) = 80, (k,p)

Yang-Mills (Maxwell) equations

ik E(w,k)= p(w,k), ik -B(w,k)=0,
ik xE(w,k) = ioB(0,k) + B, (K),
ik xB(0,k) = j(0,k)—ioE(w,k)—E, (k)

fpa(a),k) = —gj (62117[];3 Tr[z'aé'Q(a),k,p)l
< »
@k =-g[ = LovTr[rso(@.k.p)]

(27)
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From transport equation

oQ(w,k,p)=i

g(E(w.k)+ vxB(@,k))V n(p)+380,(Kk,p)
w—vVv-K

j, (0,k) = —gj (62117[])73 VTr[T“é'Q(a),k,p)]

= . =—iw(é(w.k)-1)E(w,k)
L8 dp v vxB (k)
2°Q2r) o-v-k o

—1 00, (k,
B(a),k)zng(a),k)-kgBO(k)

-V n(p)

el g V! iy vik! |
£ (@ k)= J.(27z) - V- k((l j5 @ ijn(p) 13



From Maxwell equations

(0> -k2)07 + k'K’ |E' (0,k) = —iw j' (0,k) +iwE! (k) +i(k x B, (k)
From transport equation

jl(@.k) = —iole’ (0.k)- 6" )E/ (,k)

g2 d’p V! vx B, (k) v V! K
T 27)’ w—v-k P (P) = lg'[(2 )’ 5Q0( )

[

’
(2)60—

k267 + k'k7 + 0 (0,k)|[E/ (0,k) = —¢ j 30, (k.p)

g dp v vxB,(Kk) -
i o o vE o -V n(p)+iwEy(k)—i(k xB(k))
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Y (w,k)=-K’6" +k'k’ +w’ e (w,k)

'Y (o.,k) =2

Isotropic system

i1 J i1 J
e'(w,k) =€, (w,k) kK +8L(a),k)£5"j — kkk2 j

k2
Y 1 k'k’ 1 ;o k'k’
(Zl)](w’k): 2 T 7| 07 ==
wE, (w,K) Kk w e (w,K)—Kk k
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The solution

El(@,k)=E") (@,K).... 50, (K, p) + . E,(K) +..... B, (K)]

The correlation function

(E' @0 (@ k)= "] (@) ) (@, k)]..... (50, (k. p)6Q, (k',p")
+ o (00, (K, PIE] (') +..... (60, (k. p) B} (k"))
oo (EJ (K)E) (K') +..... (E (k) Bj (k"))

4o (B ()B] (k)]

<- . > - statistical ensemble average
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From Maxwell equations

g B(a),k):kxE(a),k)+LBo(k)
a a

< p(wk)=ik-E(@k)

. J(w,kK) =i0E(w,k)—-ikxB(w,k)+E,(K)
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color indices i, j,k,[=1,2,...,N,
A/ /
i M ' '
(60, (r.p) 80, (r',p) ="

Assumption

The initial fluctuations are given by <§Q ' (t=0,r,p) 00 ! (t'=0, ID
free

colorless state

50" (t,r,p) =0’ (1r,p)=(Q" (r.p)) =0 (1,1, p) =5 n(p)

Classical limit

(80 g 80" (. p)) =8"5"(22) 57 (p-p)(22) 87 (r-r v(t-0)n(p)

free

r=r+v(t'-t)
\

o(t,r) 18



Keldysh-Schwinger formalism x=(t,r)

iA (x,,x,)= i<¢i (x,) @;(x, )>

) A(x,p)EJ.a’4ue"””A(x+u/2,x—u/2)
iA5 (x,.x,) = (05 (x,) 9,(x)

O(p")iA;(x, p)=——68(E, - p°)( 0" (x,p))

’ o' (x.p)=0" (x.p)—(Q (x.p))
S(E,+p*)( Q" (x-p))

<§Qij(x1’p1)§le(x2’p2)>: Py pJ. ( 1)1&@(]91 )J.d u J.d u,e ! (Pt pau2)

XWijkl(x1+u1/2,x1 w12, %, 1y 12,%, —u, /2)

ngz ('xl’ X'y, Xy, X )E < ®; (x )@, (x,) ¢1 (x',) e, (x2)> _< (0; (x'))e, (x1)><§01* (x',), (x2)>
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< ¢;(x'1 )@, (x;) (01*()6'2 )P, (x2)> = < I, ((Dj(x'l )@, (x;) ¢1* (x',) o, (xz))>

!
L, L .
> &
. . D 1
[ —— . - A
min < < )max

* '
ot
Wick theorem (lowest order)

< I, (¢;(x'1 ), (x,) @, (x',) 9, (xz))> <T (¢] (') @ (x)) )><T ( ) (X)), (xz))>
+HT( 0, e ) WT. (0 (), (x))

(@; ()@ (x) 9 (¥)9, () = (@, (x'))@,(x) N @) (x5 (x,))
o (D (x) 0.9 (x,))

20



I Fluctuations of free distribution functions cont. I

<Q ' (x,p)> =0 ijn(p) fluctuations around colorless state

i I d3q E E o
5 9 5 . ) > = §ll§Jk 2” i 5(3) — P L) elq(xl )C2)
< © (xl pl) C ()C2 pz) free ( ) (pl pz)J (272')3 Epl—q/zEp2+q/2

xn(p,+q/2)[1+n(p, —q/2)]

Classical limit: D Ix,=x,I1>1/Ipl = Ip,>>lql, 2) n(p)<<l

(80" (xp) 80" (v.p)) =8"5"(22) 8 (p-p)(27) 8 (K'-r = V(1)) n(p)

free

x=(r), x'=({,r")
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(60, (k.p) 80, (k',p"))="6% (27) 6 (p—p) 27) 6 (k + Kk )n(p)

(k - v')v'-k

(E; (k)7,50¢ ('.p") >:i§5“b ay ok k) = )
‘ b ' ' : ab 3 o3 \ k ' '
(B, ()7;007 (k'.p") ) =i £5 (27)' 5k +k )(k-v'>)<2V—k2 n(p')

i,j,k — color indices of fundamental representation; a,b,c of adjoint representation
22



Fluctuations of E field

(EX(@.K)E) (@ k)= (") (@K)E") (@ k).

<5Q0 (k’ p)5Q0 (k'7p')>
(80, (k,p)B] (k"))

+ o (00, (K, PIE (K1) + ...
oo (E) (R)E) (') +..... (E (k) B (k"))
+..... (By (k) By (k)|

I,j,k — coordinate space indices; a,b,c — color indices of adjoint representation

Isotropic system

1 k'k’ 1
_|_

> (w,k) =
( )( ) w’e, (w,k) k>  o’c.(w,k)-k”’

23




3

2
(El(@.K)E{ (@ k")) = %Jab (27) 67 (k + k') (‘zi L owp)F(w.k ok, p)
T

)3

F(a,k,w',K',p) has poles at:

w—v-k=0
particle-wave resonance 0—v'Kk'=0
g (w,k)=0
collective longitudinal modes .
g (w,k')=0

w’e. (w,k)—k’> =0

(()'2 ST((()',k')—k'2 — 0

collective transverse modes

24




o +io dw wtio da)'J- d3k d3k' e_i(a)t+a)'t'—kr—k'l")
(27)" 27)°

x(E}(0.K)E} (@' k"))

2r Y2

particle-wave resonance  , Im@

<E; (t, r)Ebj(t',r')> ~ flr-1)

(E{(@,K)E] (@', k"))~ 5% (k+k')

i P o\ collective)( -n - ) particle-wave) 7
<E“ (t.0)E; (1.1 )> ~ \ modes e ore + resonance Ja=r)

y=Imaw >0 25




Long time limit

(EL(t,0)E] (1

Fluctuation spectrum

t,t'— oo <E;(t,r)Elj(t',r')> = f(t'—t,r'-r)

.k

w.k

(EIE]) = 8 5o

00 3
R
j 4 p (p) 270 (@—K )a)—2
2 @z P VK

w’k'k’

X
L w’e, (0,K) I’

. (kvk' —Kk*v)(kvk’ —k*v/)

|w’e. (0,K)—K* I’

|
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Long time limit t,t'— e (E(t,r)E](t',r")) = f(t'—t,r'r)

i (' 1 = E <k
<Ea(t,r)Eb (t',r )>m N jzyaz)j (27)’

—00

e—i(a)(t—t')—k(r—r'))<E; Eb]>

o,k

2 3
Ime, (w,K) = 8 w_[ d p3
2Tk 7 (27m)

np)2zo(w—-kv), Ime, (w.k)=...

Fluctuation dissipation relation

57 i7.J
(ELE]) =25abTw3{kk Imé, (@.k) +[5if_kk ] Im ¢, (@.k) }

ok k> o', (w.k)I’ k> Jlo’e, (w.k)-k* I’

27




Fluctuation dissipation relation

(B.B/)

.k

= 26“Tolk*6" —k'k’)

Ime, (@,k)

| o’e, (w,k)—Kk*
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Two-stream system | n(p) = (27[)3 nfo® (p — q)+ o (p + q)]

Longitudinal electric field: @, (K) - stable mode, @_(k) - unstable mode

(E{(@.K)E} (0. k")) = %M 2z2) 8% (k + k')lfz'klf;
o 1 1 j d’p n(p)
£, (0,k) €, (@.k")° 27)° (@—v-k)(@—-v'k')

k™ 1 (12 +ku)?)
e’ kK (-2 %
x|(72 + (ku)? )cosh (3, (¢t +£7))+ (72 — (ku)? Jcosh (7, (¢ =19)]

(Eit.OE] (') = %25‘”? n|

unstable

u Ei, . =Ima (K)
! 29




for massless quarks

n(p) > n(p)+n(p)+2N_.n, (p)

30



Generic correlation function: L, (x,x") = <Ha (x)K,(x' )>

Infinitesimal gauge transformation

H (x)>H,(x)+ f, A (x)H_ (x)

L,(x,x")>L,(x,x)Y+f A (X)L, (x,x")+ f, A ()L (x,x")

colorless background

Actual correlation function: [, (x,x')=0 PL(x,x")

L,(x,x)= (8 + £, A )+ f, A (x))L(x,x")
L (x,x")= (ch — I)L(x, x') - gauge invariant!
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@ The method allows one to compute fluctuation spectra of
chromodynamic fields in stable and unstable pQGP.

@ Computation of <B;(t,r)Bbj (t',r')> in a phenomenologically
interesting, anisotropic (unstable) configuration is under way.
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