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How to compute § in unstable QGP ?



- Jet quenching @ RHIC
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away-side Away-side jet is suppressed

in central collisions

J. Adams et al. [STAR Collaboration], Nucl. Phys. A757, 102 (2005) 2



Radiative energy loss of a fast parton is controlled by

d(Ap; (1))
dt

Baier, Dokshitzer, Mueller, Peigne & Schiff 1996
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From experiment: (.5 GeV?*/fm g <15 GeV?/fm Is QGP strongly
b v d b ~ g coupled ?
pQGP ?
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<Anisotropic QGP is unstable due to magnetic plasma moD
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Momentum broadening in anisotropic QGP

> P. Romatschke, Phys. Rev. C75, 014901 (2007) Anisotropic (unstable) QGP
was treated as a static medium
> R. Baier and Y. Mehtar-Tani, Phys. Rev. C78, 064906 (2008) q — const

Unstable QGP is generically time dependent

Numerical simulations q ~ 627/t

> A. Dumitru, Y. Nara, B. Schenke & M. Strickland, Phys. Rev. C78, 024909 (2008);
B. Schenke, M. Strickland, A. Dumitru, Y. Nara & C. Greiner, Phys. Rev. C79, 034903 (2009)



Wong’s equation of motion

dxﬂ(r):uﬂ(r) _
dr Initial value problem
1L - g0, () R (XD, ()
S0 __gf == p, () A/ (X(D) Q1)

<

Gauge condition

p.(DA (X(T)) =0 = Q,(r)=const

Parton travels with constant velocity: u* = (¥, v) = const

p“(r) = p*(0)+9Q, [d7 F” (x(?))u,

A. Majumder, B. Miiller, and St. Mrowczynski, arXiv 0903.3683 6



(p*(2) p" (1)) = p*(0) p"(0)+ gZCIdrl]dr2<FaW<x<r1>)F;f’(x(r2>>>uaup

> pﬂ(O) = (E,0,0, pz) ﬁ — fundamenta 1
parton travels with speed of light C=1 N
along axis z: v(t) = const = (0,0,I) NZ_y diomt

t t

(Ap? ) =(p2®)+(p2®) = g°C dt, [dt, ((F/(x(t,)) — F2 (x(t)))(F (x(t, ) - R (x(1,)))

0 0

(Ap2(®)) = 6°C [ dt, [ dt, { EX (x(t DL (x(t, ) + {E2 (x(, DEL (x(t,))) ~ (EX(x(t DB (x(1,)))

+(E ((t)B(X(1,))) — (BY (x(t))EX (x(t,))) —(BI (X )EZ (x(t,)))
+ (B2 () B (x(t,))) + (B (x(8)BY (X))




@ 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. Mréwczynski, Acta Phys. Pol. B39 (2008) 941 - Electromagnetic Fluctuations
St. Mrowczynski, Phys. Rev. D77 (2008) 105022 - Chromodynamic Fluctuations



fundamental {

adjoint

P, D“Q +
p,D*G-=

p,D*Q —3 p*{F,.(x).8"Q} = C[Q.Q.G]

quarks
p {FﬂV(X) an} C[Q Q G] antiquarks
{Tﬂv,(X)avG} C [ Q gluons

free streaming

D" = 8" —ig[A“,....],

D.F" =j'[Q,Q,G]

mean-field force collisions
FRY =M AY — 0" A" —ig[ AY,A]

mean-field generation

C=C,=0

@nless limit: C =
9




I Time scale of collisional processes I

Time scale of processes driven by parton-parton scattering

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 if QGP is weakly coupled
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The distribution function of quarks /[ fluctuation ’

Q(t,r,p) =Q,(p)+Q (t,r,p)
‘mmstate (i)j (p) = §ijn(p) ’

|Qo(p) | >>| R, r,p)|, |V, Qp)| >>|V XRALr,p)|

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

quarks only, inclusion of antiquarks and gluons: n(p) — n(p)+n(p)+2N.n (p)
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Transport equation

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

Yang-Mills (Maxwell) equations

V-E(t,r)=p(t,r), V-B(t,r) =0,
Vst =—BED goptr) = i)+ 22D
ot ot
d’p a
= — T oQ(t

Pa(l.1) gj (27)’ r[r R ,r,p)], gauge dependence

d’p discussed a posteriori
jo(tr)=—g[ v Tr[raQ(t.r.p))

(27)
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E(t=0,r,p)=E,(r,p),

5Q(t — O,l’,p) = 5Q0 (l’,p),

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

One-sided Fourier transformations

o+io

f(t,r)= j

—oo+io

-

O<oeR

dw

e 0 _
f(w,k)= j dt j d’r e (t,r)
0

3
I

27

I

(27) \/ R;co
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Transport equation

—i(w—v-K)RQA@,k,p) - 9(E(@,k) +vxB(e, k) )V ,n(p) = RQ, (K, p)

Yang-Mills (Maxwell) equations

Ik -E(w,k) = p(w,k), Ik-B(w,k)=0,
Ik xE(w,k) =10B(w,k) + B, (k),
Ik xB(w,k) = j(o,k) —10E(w,k) - E, (k)

:_gj

\ja(a)ak) — _gj (272_

_Tr[r20Q(w,k,p)]

)3 v Tr [raé'Q(a),k,p)l

14



[ k*8" +k'k! + 0’e (o, k)]E’(oo k)——gooj.(2 S 5Q0(k,l3)
V' vxB, (k)

9 i E i |
j(zm v V() +io By (k) —i(k x By (K))

>(w,k)=-k’0" +k'k! + 0’ (w,k)

Isotropic system

e (w,k)=¢ (o, k)klkj+g (o, k)( —klkzjj
, i ) g
E Y@= [ or - XX
w'¢ (w,k) k w e (w,k)—Kk k
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The solution

E'(w,k)= (2—1)ij (C’)ak)[ ''''' oQy(k,p)+..... Ey(K) +.... Bo(k)]j

The correlation function

(E'(@,K)E!(0'.k)) = (") (@.K)E")" (@ ,k)[.... (5Q,(k,p)dQ, (k',p")
# e (0Qy (K, P)ES (K1) +..... (8Q, (k. p) B (k"))
#oe (EJ(R)EJ (KY) + ... (EJ' (K)By (K"))
+.oe (B (K)B] (k)]

<- . > - statistical ensemble average
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From Maxwell equations

: B(w.,k) = 5xE(w,k)+iBo(k)
(0 0

< p(w,k)=ik-E(o,k)

. j(0,k) =loE(0,k) -1k xB(w,k)+E, (k)
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Using Maxwell equations

E (K), By(K), py(K), jo(K) can be expressed through 5Q,(K,p)
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color indices 1, j,k,1=1,2,...,N

(8Q, (r.p) &Q; (.p')) =

C

Assumption

@ﬂucmaﬁons are given by <§Q : (t=0,r,p) Q ‘ (t'=0, FD
free

colorless state
y'd

X' tr.p)=Q" t,r,p)—~(Q" t.r.p)=Q" t.r.,p)=5"n(p)

Classical limit

<(9Q "(tr.p) Q" (t',r',p')> =5'5*(22Y P (p-p)(27) 5@ (r'—r — v(t'—t))n(p)

free

o (t,r) 19
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hoon

Wick theorem (lowest order)

(1.0 00)0,00) 01 ()0 ) = (T, (.06 )0 0) M. (7 (0, )9, (1)
+ <TC( ¢?(X'1 )Py (Xz)) > T, (§0|*(X'2 )P, (Xl))>

(07 (X' (X) @ (X))@ (X)) = (0] (X))o (X)) Ny (X)) (X,))
+(@; (X))o (%) N (XD (X))
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<E;(a),k)Ebj (a)',k')> = 9725% (27[)3 5(3)(1( + k')j (gﬂp

3

n(p)F(o.k,o".k",p)

\

‘ colorless background ’ translational invariance ’

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

w—-v-k=0
particle-wave resonance w'—vk'= 0
: o & (0,k)=0
collective longitudinal modes Lo
s (w,k')=0

w’e; (w,k)—k*> =0

collective transverse modes

0" & (0, k")-k”=0 21




w+io

—oo+io

particle-wave resonance  , Imm

<E (t, r)EJ(t' > j _ﬂw].'“ 'I d’k d’k' e—i(a)t+a)'t'—kr—k'r')

2r) (27’
x(E} (@, k)E] (0'.K"))

—o0+1o

(Es(t.OEJ (1))~ f(r—r)

<E;(w,k)Eg (a)',k')> ~ 5Dk +K')

<E;1 (t,r) Ebj (t', l")> _ (collective

modes

resonance

)(e—yt or e—yt')_l_ (particle-wave)f(t_t,)

y=Imw>0 22




Long time limit t,t'— oo <E;(t,r)Ebj (t',r')>oo = f (t'-t,r'-r)
(EX(t.r)E (1)) = Td“’j d’k e MR (EIES)

Y2n? 2r)’

Fluctuation dissipation relation

. . I j ] i J
<E<':1Ebj> =20"Tw’ ‘ k2 I?EL(w,k)z +| 6" - ‘ kz 2hngT GRS 2 2
vk k® |o¢ (0,k)| k | o &; (w,K)—K" |

Ime; (0,k)
| o’e; (0,k)—K* |

BiB))  =28"To(k’s" —k'k)

a
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Two-stream system n(p)=Q27) n[5 Op-q)+5%(p+ (I)]

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

unstable modes A Im®» k-Kk'

\\ (Ei(@.K)E; (o' k")) = 9725“’ 2z) 6% (k + k')kzkv2

| N ! 1 Idgp n(p)

\/ Re:o Xg,_(a),k) g (@', k") 27) (w-v-k)@'-v'k")

broken time translational invariance

Pk e (g’
2z} K (0P -w’) 7
x[(72 + ku)? Joosh (7, (£ +))+ (77 — (ku)? Jeosh (v, (t =)

<E;(t,r)Eg(t',r')>unstable - 9725% I’]I

u Y =Imo_(k) 24
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Generic correlation function: L (X, X") = <H (K, (X')>

Infinitesimal gauge transformation

Ha(x)_) Ha(x)+ f ﬂ’b(x)Hc(X)

abc

L, (X, X")—> L, (X, X")+ f A (X)Ly (X, X))+ f A (X)L 4 (X, X")

colorless background

Actual correlation function: L_ (X,X') =9 PL(x,x")

acd

Lab(X9 X') — (5ab + facbﬂ“c(x) + fbcaﬂ“c(x'))l—(xa X')
L. (X,X")= (ch — l)L(X, X') - gauge invariant!
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(Ap7 (D)= gzcjdtjdtz {E2 (et DEX (1)) + (2 (X DEY (x(1,)) — (X (X(t ) BY (x(1,)

+(EL(x())BY(x(4,))) — (B (X(4)EX (x(t,))) — (B (x(t )EL (x(1,)))
+(BX(x(t)BI (x(1,))) + (B (x(t))B (X(1,)))]

translational invariance
(EatEJ () = j j (27;) e HETNEE)),

r(t) =(0,0,t) - parton’s trajectory

C o i 4 . [ (w—k )t
—i(o-k,)(t—ty) _ z _
_([dtl.([dtze = k) sm( 5 j —>27td(w—K,)

t—ow
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L uark
C.=C(N2-N)={z2 ¢
N, — gluon

s 2q2C T d’k k; Imé, (k,.k) | k’k; Imé; (k,,k)
g9 Cr 3 2 2 2 2 2
(272-) kzk | gL(kzak) | | kz gT (kzak)_k |

§ ~ g— - m2 T In(1/g)
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P p'=p+q P

. 1

J= ETT[JZZ (P)] g~gT, k~T
3 pl
> 2 1 V<
2,(P)=9 CFI(2”)32E. Gy By D, (@)
q ~ 2g— mé T ln(l / g) Moore & Teaney 2005; Baier & Mehtar-Tani 2008
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Two-stream system longitudinal electric fields only

t t

(ap2(®)) = 6°C [ dt, [ dt, { EX (x(t DL (x(t,)) + (E2 (x(4 DEL (X))}

0 0

a0k K]
<Ap'|%(t)> ~ A CR nJ.(Q,;z')3 e27t k4(0)fT_ ;E)Zyﬁ(kzz +7/13)

<=
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- Conclusions

P> Unstable QGP is generically time dependent
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