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Non-Equilibrium Effect in HIC
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Quantum Effect in HIC
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Quantum Transport Theory
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Classical Transport Theory

Distribution function in phase-space: f(t,Z,p)

The classical Boltzmann equation with the background EM fields

P (fm - F,,wc’?;j) f(t,Z,p) = C[f] 41— collision term
Conserved current: Energy-momentum tensor:
.d3p d3p
H = —pH t; _’7 7 T)m/ = —ph'p” t: _)a
jH(x) | 2Epp f(t,%,p) (z) QEpp p’ f(t,Z,p)

Classical Transport Theory:

One distribution function, one equation! Simple and Intuitive!



Quantum Transport Theory: Wigner Functions

Quantum transport theory for spin-1/2 fermion with Abelian gauge field

xp + 11
. - d* S xr=
Wigner operator: | W,z(z,p) :/ Y e~ PYpg (22) U (22,21)%a (1) 2
Yy=I2—T1
Gauge link: U (z0,21) = PExp (—-ie /mzdm“}l# (g;)) Straight line: zpe ° 11
JT1

Particle density at x withp: | W (z,p) = ¥(2)0% (p — 7(2)) ¥(z)

Kinetic Momentum: 7, =p, —eA,(z) Wy, Wy, Wiz Wiy

Wigner functions: | Wys(z,p) =< W(z,p)yp > Wi Wi

16 independent components due to: 1 i(z,p) = %W (x,p)y°

D.Vasak, M.Gyulassy, H. Elze Annals Phys. 173 (1987)



Covariant Wigner Equations

Wigner Equations: D.Vasak, M.Gyulassy, H. Elze Annals Phys. 173 (1987)
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Background EM Fields ('Y LK — m) W(a:,p) — 0

‘ 1
9 — jo (2a) FHv P

1 1. /1
Kt =nkt+ EiG“ Nt = pt— 53'1 <§A) FHFYob GH

Jo,J1 :Spherical Bessel Functions A=0P.0, 0Oy onlyactonEM fields

16 independent functions and 32 coupled equations:

More complicated, abstract and highly constrained!
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Decoupled Equations under Chiral Limit

Wigner functions spinor decomposition:

1 1
W=217+ iV P A+ A+ e+ 57w

N, =mZ, Glo) = —2m2P, G =0, MWl =0,
1 Yooty
1 .
Gu? — eupeN" 77 = 2md), Mu? + Jeupe G =0,
1 !
5 (G‘u,/y/ij - quf/,u) - E/J,Upo'rlpdo— - my‘u’]/‘ (ﬂ'u,%/ — HVV#) -+ EE#VPO'G'O%J — 0.

Chiral limit m=0

1
MuF + 2G' Sy = O
n*y, = 0, Nt =0, w? o+ G |

1 174
G, = 0, Gl =0, @ EG”ﬁ - NS = 0,
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e,uupchp”f/U = 2Nye, —Nya),) . n,7 + %G,u,upoGVypU — 0

8 functions & 16 equations 8 functions & 16 equations |,



Decoupled Equations under Chiral Limit

Our interest: = /d4p7/ﬂ, b= ]d“pdﬂ, THY — ]d‘lpPW/V

We focus on:

E/_Lyngple(o- = -2 (nuyy — I_Iy/y/‘u,) y
Elﬂ/ngp%O— — —2 (nudy — I_Iydu) .

Right/Left (s= +1) . ;(% + s)

Mgt =0, Gufl=0, eupCG’ JJ=-25(My s~ Fap)

4 independent Wigner functions and 8 coupled equations

S.0Ochs, U. Heinz Annals Phys. 266 (1998), JHG, Q. Wang Phys.Lett. B749 (2015) 2



h Expansion in Wigner Equations

4D Covariant Wigner equations in background EM field:

M =0, Guf"=0,
hepvpeGP J°7 = =2s(My fu — Ny fy)

Wigner functions, G*, [I* operators expand in 7 :
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For odd number k, G&),H(‘;) vanish.  JHG,ZT. Liang, Q. Wang, X.N. Wang, arXiv:1802.06216
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3D vector forms for Wigner equations

4D covariant Wigner equation at O(7™):  HG,ZT. Liang, Q. Wang, X.N. Wang, arXiv:1802.06216
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Wigner Equations at 0 (/")

Wigner equations at 0 () in 3D vector forms: ¢ = 9,+E-v,
Evolution equation #” : ¢® 7O L GO . 7O =
‘ Evolution equation ¢ : GO 7O 4 GO O = _ogzx 7O
@ Constraint equation: po f80 — 5. 7O = o,

@ Constraint equation:
0=-2s 50" -1° fO )= fO = L 4

GO« 70 = o, [ﬁ%(l)—l’o *(1)} jj(l):]%jé1>+%@<o>xj(o)

Remarkable property: -+ @ —+ @ —> ‘

Only 7, is independent! Only & @ are necessary! .



Wigner Equations at O(7™)

With the help of mathematical induction, we can prove that only the time
component fy of Wigner functions /" is independent up to any 0(h™),
Space components 4 can be given by the iterative relation:

n
-,

— n+1
FrD = L g 25 g0 0oty Ly [y g g,y k)
) 2p Po =1 *

0 k=0
{

7 p 7(n+1) _ p 7(n41) 5| z(n)  z(n-1) £(0)
7O = %%0) — S = 2 +0 [0, 8D, A0

Evolution equation for /0(”): Y [ng)(fén_k)-l-@("")‘f (”_k)] =0
k=0
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Constraint equation for /o(n) ;
k=0

At any O(7™), one distribution function and two equations.
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Peel the Last Constraint Equation

From the constraint equation f: [ngf) P ORI I

k=0

0(h°): O = poss(?),
0(h"): 57 = o8 (%) +0(5-7) 570 ()
0(h?): 2 = ol (5%) +5(B-5) 579 (p )+210 (B-9)" 152" (1?)
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Now f(o) ) p(z),---, f(”) - are free functions.

fp — f(o)+ﬁf(1)+52f(2)

The analog of distribution functions in classical transport theory




Chiral kinetic equations in 4D up to 0 (/%)

Boltzmann-like equation in 4D (p,, p)

0(1n°): PO [fens(P)] = 0| 6@ = - F.o
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Boltzmann-like equation in 3D p can be obtained by integrating over p, !
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Wigner Equations in 3D vector forms

wull

Chiral kinetic equation in 3D forms up to 0(A') i = (14+20B-Gy)5- (5 )

Large pl: | (1+RB-p) dify+ |0+ RE x Qp+ 7 (5 p) B| - Vafy
+ | E+ 3 x B+ RpVe (B-Qp) + A (E-B) Q|- Vpfp =0

Small |[p|. New terms appear from infrared region of momentum

B (E-B) (Fo-Go) fo— - (E-9) (B-9) 8 (2~ 17P) f
SR (E-) (B5)8" () o

— 2nsh (E- B) 6 (7) fy -

Where does the chiral anomaly come from ?

ot = M (B (.B)S,-Fufy+ (BB (% Gy) fo— = (B-5) (B-5)6 (A2 72) 7,
>/ \

previous term: (1) New term: (2) New term: (3)

(2)+(3)=0 > (1) contributes. (1)+(2)~[ d3B 7 - (ﬁpfp):() > (3) contributes.
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Summary

Chiral systems in a background EM field can be described sufficiently by
one distribution function and one Boltzmann-like equation up to any order
of 1in 4D.

This property will significantly simplify the description and simulation of
chiral effects in HIC and Dirac/Weyl semimetals

We present chiral kinetic equations in 4D forms up to O(hz).

The chiral anomaly may come from a new source in chiral kinetic equations,
in contrast to the well-known Berry curvature term.

Thanks for your attention!
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