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* High energy HIC
N
Y = VImeE
« Electric field in cms frame

of nucleus,
e
EI EI‘

+ Boost to Lab frame (v,= 0.99995 ¢ for 200GeV), Scale ofstrong

P interaction
Ze?

B=—yv,xE—eB— quzﬁ ~|1.3m2 |~ 2.6 x 10™® Gs

Kharzeev, McLerran, Warringa (2008), Skokov (2009), Deng & Huang (2012),
Bloczynski, Huang, Zhang, Liao (2012); many others ......
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centrallty %
(cos(py + ¢ — 2Wgp)) = (cosA¢, cosAep)
— (sinA¢,sinA¢pg)  P-violation term
H.Z.Huang'’s talk
STAR Collab., PRL 103, 251601 (2009); PRC 81, 054908(2010) X.G. Huang’s talk
ALICE Collab., PRL 110, 012301 (2013).

The interpretation of STAR and ALICE data is under debate. The
mechanism behind the Charge Separation Effect is still inconclusive.
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A positive charge moves in z direction
Lienard-Wiechert form

o Q YTT
" A v2(z — Ut}2 + I%]E’f?
r _ 9. (2 —vt)
= 4r 2 2 213/2
[v2(z — vt)? + x7]
Q VYIT
B = . — E‘]‘"
* T W e —wp e
Es = 0
B,. = 0
1
As t—~ E and B decayas E, ~ By~ 3
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In conducting medium with conductivity g,

E and B can have inducting contribution
and make fields last longer = 10
E 1
1 “ 0.1
Er ~ By~g 0.01
0.001
Also we have to include 0.0001
. ) 1073
the effect of chiral magnetic |,

conductivity o, o7

Mclerran and Skokov, 2013; Tuchin, 2014
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In conducting medium with o and oy

Pext < External sources
? " E c 1

V-B =0,
V x E —f‘:—EE,
VxB = 3E+Je HoE + 0y B, |

Inducting current

Source terms

Taking curl of last two Egs _

(V2—=0? —00,) B+ 0,V xB ==V X Jex,
1

(V2= 07 —00,)E+ 0,V X E =|=Vpexi + O Jext.
€

Differential operators L
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Both Egs have same structure, in momentum space

L —ioyk, ioyk, F, Ja
ioy k, L —i0y kg Fy | (wk)=1 fy | (w, k).
—?:D'xky iﬂx;ﬂx L F;: f,?:

L=w!+iow—k*

The formal solution in momentum space

1 |
F (w,k) = 75— o [LE(w, k) — ioyk x f(w, k)]

[l
&

[-‘( k) B —ik x Jext(w: k) for B
w, k)= ik’ﬁﬁ?jf—iﬂext(%k)* for E
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Positive point charge moves in +z

pl(t,x) = Qo(x)o(y)o(z — vt), plw, k) 2mQd(w — kyv),
J(t,x) = Qui(x)d(y)d(z — vt)e,. J(w, k) = 21rQui(w — k,v)e,

momentum space

Magnetic fields in momentum space . .4gitional constraint

/

B, [6(:;;.: ] — oy kzk,
( gy ) (w, k) = —ZWEQU[ ]( o {kziix;:;)k
z X

dwd’k
(2m)*
(a) k, integral to remove delta function; (b) w integral on contour; (c) k; integral

B(t,x) = e WITTKXB (4, k) poles

=
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Four poles from

2

w
L*(w,kr) — Jiﬁ — ::rih% =0

Upper-half plane poles 1w, > o

Imw; >0 — f dwe™ ==V B(w, k) — 6(z — vt) Advanced
—ee contribution

Lower-half plane poles mw. < o

Imw_ <0 — ] dwe_iw{t_zfvjﬁ{w,k} — H(L‘t . z) Retar.ded.
oo contribution
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Four poles

Wayay = Way + Sgcrxcﬂ] + r:ric{ﬁ]', (51,82 = £1),

1
wi = i“ﬂ’"‘;‘E [L"’}‘ﬂ' + \/{L"’}'J}E + d:h‘}:"n]

Two poles w, ,, w, _are in upper half-plane,
w__is in lower half-plane,

but w_, Is in upper (k;<o,) or lower (kr>0,) half-
plane.
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(Im w)/(10°a,)

k; large k; large
6} w, ,
af
21
K+ small K, small K+ small
. (Rew)/(10°
10 | 05 10 Rew)(10°0y)
| w,,
k; large ' k; large
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(Re/lm w)/ g, 0 =5.8 MeV, 0,=3.5 MeV

0.5|
e _ﬂx 1.} 4t3f2+4::i[,(2
-0.5| “

-1.0} T \
~1.5 — e e
2.0/ N
-2.5,

':
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Algebraic solutions for magnetic fields

Gursoy, Kharzeev, Rajagopal

ng, (t,)[) = f . 12;’? m\/ﬁ)e:’l / 1401.3805
w
4 5 ~
By (t,x) = _ng?r ' v‘za}? l"}f’(tﬂt —z)+ 41\/3} e
_ Q 2 U’U"}’ gi'_,*-}f
B, (t,x) = JXS 53;’2 [’;r (vt —z)°(1 + 5 V”E) + A1 - \/_)]
~ /
where we use \ Our new result:
Li, Sheng, QW,
A = (z—vt) 2 1602.02223
= 7=z U } + Ip =X -X \
1 ;L o B
A = S(evh(et—2)—VA] <0 X =)=l o)
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Algebraic solutions for electric fields

E¢, = —I.JBT
2.2,
By = ngr tsgff [“f(’”f — z) +AV‘E} el /v/' y>>1
4 Q[ yrr CT’U’I v(vt — z) A I
Er = 4?r{&3f?( "/_)_E[+ VA ”‘?
k. = % {—E NE [fr(*vt —2)+AVA + —”ﬁ] +— —”“—zf’vﬁr(o, —A)}
- Y,
where we use Our new result:
Li, Sheng, QW, 1602.02223
A = Y(z—-vt) 425 =x-%X
1
A = =(ovy)[y(vt —2z) — x/E] <0

2
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The exponential factor exp(A) plays a major role. The
advanced field is exponentially suppressed.

1
tae = Lo _ G <o
1
e = oo [FE ) e <o
Advanced 9
Aragy — Apet = —ovy |*ut—z| — Retartded:exp(—av’}f vt — z|)

This indicates the time reversal (T) symmetry is
broken: retarded solution dominates in conducting
medium. This is dissipation effect from o:

electric energy — heat
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Charged particle moves v ——

in z-direction, exp(A): z
_ o ) z<vt | z>wt
(1) v<1, A_,, Is finite | '
here | van r
there Is advanced part A = S
(2) v=1 and y=«, we have Y vy
Aagv=-° — exp(A,q,)=0 < 0

no advanced part!!
fields cannot move faster than particle
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« Instability occur
when k<o, , then

w_, Is In upper half-plane,

leading to instable mode.
 Butif R<1/ o, the 1/k>R

which is not realistic.

>

For small o, and finite system size R, instable
mode can be avoided
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Relativistic limit v=1

Be(t,x) = 6(t—2)Q cki }

81T(t o2 ¢ [ At —2)

2 p—
oL E.':If
x{{rsm[ x—T —chcusl T ]} — ()

—2)

By(tx) = 6(t—2)Q ikl }

81T(t — 22 P [ 1t —2)

o[22 ] oy [ 22 )

B.(t,x) = 6(t- EJQ—M(;— ) {_4(?:_2)]

gy =0

(o | o [} — o
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Collision geometry

z=0 y

—ba.';Z b/2
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(a) y (b) AY

BZr/;\\Bh
By By, B, +B,
C2 B,+B,  C1 c2 " C1
= o = o
X X
B1r+BZr
B2r B1r
qu/bsﬁ
By+B,,
Azimuthal components Radial components
Same sign Different sign

» » effects of o,
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 To describe dynamics of chiral fermions, we
have to explicitly know their helicity
(equivalently p), therefore we need to know
Information of (t,x,p), that’s why we use
Kinetic approach

« Classical kinetic approach: f(t,x,p)

 Quantum kinetic approach: W(t,x,p)
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Gauge invariant Wigner operator/function
Vasak, Gyulassy, Elze,

W(x,p) =<: W(x,p) :> Annals Phys. 173 (1987) 462-492

d4y
e
(2m)4

Wag(a.p) = 2 (w4 Su) PU (At Zyx— oy ) (o - Su)

2 2

. 1 1 1 1
Gauge link PU (A,:c+5y,x — Ey) = PExp (—iey“/o dsAy (m — 2y+sy))

Dirac equation in electromagnetic field
[ Du(x) —m](z) = 0, () |ir"Df(x) +m| =0

Quantum Kinetic Equation for Wigner function for massless
fermion in homogeneous electromagnetic field

phase space derivative

I
Vi (p“ ™ §Nu) W(z,p) =0 Vi =0y —QF* oy
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* For massless and collisionless fermions in constant EM field

T (p“ ok %N”) W(xz,p) = 0.

 Wigner function decomposition in 16 generators of Clifford
algebra

1 1
W = 1 [94’ + iy P + YV + ’y%“gﬁzﬁ + 50“”5@,,]

scalar p-scalar vector axial-vector tensor

= [dtrr, = [atparr, T = [dtppry

Vasak, Gyulassy and Elze, Annals Phys. 173, 462 (1987);,
Elze, Gyulassy and Vasak, Nucl. Phys. B 276, 706(1986).
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 P.Zhuang and U. Heinz, Ann.Phys. 245, 311-338(1996)

Relativistic Quantum Transport Theory for Electrodynamics™
P. ZnuanG' axp U. HEINZ

Institut fiir Theoretische Physik. Universitat Regensburg, D-9304() Regensburg. Germany
Received February 21. 1995; revised May 23, 1995

We investigate the relationship between the covariant and the three-dimensional (equal-
time) formulations of quantum kinetic theory. We show that the three-dimensional approach
can be obtained as the energy average of the covariant formulation. We illustrate this state-
ment in scalar and spinor QED. We especially emphasize the importance of constraint equa-
tions in the three-dimensional formulation and explicitly derive via the energy averaging
method a complete set of kinetic equations, which contains the BGR equations by Bialynick-
Birula et al. as a subset.  © 1996 Academic Press, Inc.
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- The solutions to (F,)! and (d,)* encodes a lot of information !!

AL(x,p) ="+ sd?
j{%)s(%ﬁ) = prsf-s(ﬁz)
g6 () = —s0p, T ) — = QFprf.8(p°)
(1)s 2 dpo p2
 where ‘/7 Fermi-Dirac Distr.
2
fs(z,p) = @n)? ©(po) fr(po — ps) + O(—po) fr(—po + ps)]
o = Lo,

Hs = p+ Sps

~ 1
an — _Egnygﬂya QMU -

2 ('al.-'uﬂ' - 60“1,-')

1
2
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. T z p p
Vector current  j# = nput 4wt +£EB J.H. Gao, Z.T. Liang,

S. Pu, QW, X.N. Wang,

1
CME: {8 = —5is CVE: ¢ =iuu5 PRL 109, 232301(2012)
272 2

« Axial current j§ = nsu” + &swt + Eps B

-Chiral separatlion effect:
A
{Bs = 2k

€l

-Local polarization effect

6= -T% + 5 (i + 1i2)

6
e Conservation laws
0,T" = F*j, Ot = 0, Oujt = CE - B.
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« Covariant Chiral Kinetic Equation in 4D (CCKE)

Vp =0 mmy 4 (P2) (@amfs dp”apfs) =

A" prof dp* pv I
— = P =+ se buFyg, - =F"p,—s(E-B)b

Berry Curvature  pu — P!
In 4D p2

« Chiral Kinetic Equation in 3D
] dpoV, Fh=0 =y Ofs + g + s vpfs =0

dx _ Pp+s[(p- MB+ExQ dp_E+pxB+s(E-B)Q

dt 14+s02-B ’ dt 1+s02-B
J.W. Chen, S.Pu, QW, X.N. Wang, PRL 110 (2013) 262301 P
D.T. Son, N. Yamamoto, PRL 109 (2012) 181602 :Be;g Curvature ) = 2
M.A. Stephanov,Y. Yin, PRL 109 (2012) 162001 n p
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« Particle and energy density with ps(z,p) (ts = p + sps)

ne = /d3pfs+/d3p2E2(v B — [ dpg-(v B dép :
3
2 (;l )3\/%[]“1; (E — ps(x, p)) fr (E;—F#s(%li)))]a

c: = [PpEpfi+ NPpg-(v B — [ d®p

2F, dEp

N o) 1 (5 )]

+ Phase-space measure: /ys = (14 s82-B)
 Berry curvature:

0= P J.H.Gao, QW, PLB749 (2015) 542.
2p2
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Effective Energy of Chiral Fermion:

E, = |p|+ AEp

Energy Shift:
AEp = —p,, B

Magnetic moment of massless fermion:

u s
" |p s=+1

) S
Spin: § = —p
P 2P

|
ms =—

Son, Yamamoto (2013); Manual, Torres-Rincon (2014); Satow, Yee (2014)
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« Effective Energy of Chiral Fermion with magnetic energy shift:

sQ

f f -~ ‘ﬁQ L : SQ — :|:1
Vo = vap:P+2 ;(2pp—1)-B
P
o Qo - o
viep = 1+—(p-B)>1 for sQ(p-B)>10
g 2|pl*

Superluminal

« Can E;; be regarded as quasi-particle dispersion relation? Is
this a problem?

* In our formalism, we don’t have such superluminal problem. It
appears only when re-writing the number/energy density in a
‘quasi-particle’ way in weak field approximation
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« Particle and energy density with y,s(ac,p)

Ns

43 f d3 s
/ pfs — dEp

3
(;lw)g) {fF ( — ps(z, p)) fr (E;g + ps (e, p))] 3

&

d
dE,"”

€Es — /d3pEpf3 — fd3p%(v . W)Ep

d3
(2

X

omy3 D [F7 (Bp = ns(@.2) + fr (B + ns(2. )]

« No phase-space measure, no Berry curvature

. Effective energy: / AE, = —w-S

/
Ep — E'p + AFE, J.H.Gao, QW, PLB749 (2015) 542.
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p,uag(l) -|-<5”“fs(;9)
cuno |08.717 4 667 g 07

Formal solution:

Expansion in (F )" [ notin (d,)"!]

, the first order equation:

0, ot 7P +scr g8 =o,
iy (p” 7Dy, js(;)) 5 {(m# 789 s, j(m]

.&.Eap'agr

S

2p - Oz
1

(1)
spt

A

o i (5

2

)

°
S

(1) —
S (kap) _ ?’2pk
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ewpaam) FAgP f(o)aJ

.-

3wp 30(2)13"”\8]’/(0)

( Fodd g9 - F, aAj(O))]

Parity-odd part of the Wigner function in momentum space:

euvpok?p” AP (k) jo(A) (K - 8p) [fs6(p?)]

J.H.Gao, QW, PLB 749 (2015) 542
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« Chiral Magnetic Conductivity: J.H.Gao, QW, PLB 749 (2015) 542

Jwto = [atp ( AV + D) = o (. 0B

(w+ie +1[p| — (w+ |p|)2]

< [apise) T @lpl+ )i (& F ie+ ol = (= [p))?

t==x1

Ix 167 2|k|3

« HTL/HDL results from Wigner function: w, k| < |p|

2
— - w w owt K|
v \ ( |k|2) [ 2k w [k
(0) 1 M.Laine, JHEP 0510 (2005) 056;
— 52M5 D.Kharzeev, H.Warringa, PRD80 (2009) 034028;
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« We derived algebraic formula for electric and magnetic fields
of a moving point charge in conducting medium with o and
o, , which can be used in simulation.

« Dueto oy, Iin HIC, the symmetry of fields w.r.t. y-direction is
broken.

« Thetimereversal symmetry is broken due to o, advanced
solution is highly suppressed: dissipation effect

* One-line solution to Wigner function encodes: (a) CME and
CVE; (b) Covariant Chiral Kinetic Equation; (c) Berry phase
and monopole in 4D; (d) Magnetic energy of chiral fermions;
(e) Spin-vorticity coupling of chiral fermions
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