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w-.u Anomalous transport in chiral matter
| -

m  Anomalous transport (for Weyl fermions): chirality=helicity

| | 1[5 sHL Jv=Ja+ls
Chiral magnetic effect (CME) : JV — B ‘ J-=Jp—-J;

A. Vilenkin, 80
D. E. Kharzeev, L. D. McLerran, H. J. Warringa, 08 P—Odd T—even

K. Fukushima, D. E. Kharzeev, and H. J. Warringa, 08

m Chiral anomaly : E-B E.B S Ader, J. Bell R. Jackiw, 69
A2 D72 K. Fujikawa, 79
CME: Ju — — B CVE - 1
V= o : JV:pussuvw

1 2 2 2

CSE: J-— — ,uB by t+ps T
° T gtV J5_( oz 6 )¢
A. Vilenkin, 79

K. Landsteiner, E. Megias, F. Pena-Benitez, 11



'{II{'.N Anomalous transport in the real world
| -

m Heavy ion collisions : S L
“a C STAR, 200 GeV i
B*m 1-_ —&— same charge, AuAu
u —&— opp charge, AuAu 1 y
Resction / Yoo — ssociwrgs,Cuu ] See H.Z. Huang'’s talk
— = L o —&=— opp charge, CuCu ]
plane B +d 0.5[ " i
(\pR)\ y A r t\\\. L T i
4 i/ B s . ]
= . E g [ T - -n‘,. s B ¥ e
- \O/ L ° .O o} Q.
L ] . o
1 os- & 7 ¢ n
U 2 [ 5
y ___ — HIJING: solid (Au+Au), dashed
X (defnes ¥, 1 (Cu+Cu) g
Bk ll llllllll l llllllllllll ll Ll
70 60 50 40 30 20 10 0
: . % Most Central
m Weyl semimetals : °
' 0.06
E E 204 (b) o

1.54

< N/ 7
/ TaAs B \// &/
€
7 Noas  —3 NN, BRI
£ \b NbP E \ 3
¢ \ P A Bl
charge pumping via parallel
E & B : generate us~ns~E - B

p (M cm)

Qiang Li, et.al., Nature Phys. 12 (2016) 550-554




LM Non-equilibrium transport

m CME in thermal equilibrium : independent of interactions

m CVE : coupling dependence when having dynamical gauge fields
D.-F. Hou, H. Liu, and H.-c. Ren, 12. S. Golkar and D. T. Son, 12.

m  Non-equilibrium cases : interactions could be involved
m E.g. AC conductivity of CME :

blue : real part D. Kharzeev & H. Warringa, 09
g (time-dep. B field) red : imaginary part D. Satow & H. U. Yee, 14.
1O solid : kinetic theory D. Kharzeev, et.al., 17,
I dashed : AdS/CFT
| : 2 W
olw)=09|1l— =———

" @ =a(1-355=)
0.4

| TRt~ 1.3a2log(1/as)T (2 —flavor QCD)
0.2

w “The magnetization current plays an
0 1 2 3 4T important role.”

m |n practice, most of systems are non-equilibrium or just near equilibrium.
m Weakly coupled systems : chiral kinetic theory (CKT)



® Outline
RIK=H

m Recent development in chiral kinetic theory (CKT) : (QED with BFs)

» Covariant CKT with background fields & collisions from QFT

(Wigner-function approach)
Hidaka, Pu, DY, 16

m Applications : non(near)-equilibrium transport for chiral fluids

> Non-linear (2"9-order) responses for anomalous transport

Hidaka, Pu, DY, 17 (2nd-order anomalous hydro)
Hidaka, DY, 18

» Angular momenta of chiral fluids by, preliminary resuits

(I will focus on R-handed fermions.)



® Chiral kinetic theory
RIK=N

m Standard kinetic theory :

0

ua_qy>fzc[f] = QMJ‘U’:O

q" (c% + F,

m CKT : D.T SonandN.Yamamoto,12 — aw]u _ iE ‘B

M. Stephanov and Y, Yin, 12 2 (for right-handed fermions)

*» The semi-classical approach : classical action + Berry phase

<1+hB'ﬂp)6’t+<ff+ﬁE><ﬂp+h<fr-np>B)+(E+ff><B+h(ﬁ:.B)np)'% f=0
Berry curvature : Q, = P V=0¢/0p
Olp[? B =E-de,/0x 5w

Lz =0
¢ Lorentz covariance : modified L.T. and side jumps *@‘Bxi
p

(responsible for the magnetization current & part of CVE) 2|p|
Lout =<« Souy =>

J.-Y. Chen, et.al. 14 J.-Y. Chen, D. T. Son, and M. Stephanov, 15

* QFT derivation (WF) : limited conditions (steady state or high density)
J.-W. Chen, et.al. 13, D. T. Son & N. Yamamoto, 13
% A more general version : (non-)equilibrium + collisions Hidaka, Pu, DY, 16



=
® Wigner functions (WF)

RIK=N

. Im
m less (greater) propagators : _» Dirac or Wey A Imt
S> (x,y) = (Y(2)PUT (AL, 2, 9)9T (y)) ,
S<(z,y) = W' (WPUAL,z, Yo(z)) 2 St e

gauge link (C. Y
(Co)
X=22 y=x—
ﬂ 2 * Y to- 1B
review : J. Blaizot, E. lancu, Phys.Rept. 359 (2002) 355-528
Wigner functions : S<®)(g, X) = /d‘lYeiqﬁY §<(>) (X + %,X - %)

d4q
(2m)*

m  Wigner functions are always covariant : j» — / tr (gﬂ5*<)

m Kadanoff-Baym-like equations up to O(%) : (g » 0 : weak fields)

1 . i \ \
o (q,u, + %/_\“) < — % (E<S> _ E>S<) , A, = 8, + F,,0/0q,

e systematically include collisions

ih N ih /- .
~ 2N, ) 550t = -2 (87 e — 8<%~ .
(q“ 2 “> ’ 2 ( ) (R-handed fermions) .



S
® Quantum corrections for WF

RIK=N
m WFupto O(h): §< =g,5<#,  Hidaka, Pu, DY, 16,17 CME in equilibrium
T 09 (q )
[8% X) = 2me(q - n) (q”é(f)fé”) 080 Sy D e, Foy T >),

v
Dafs” = Asfi™ —Cs, Culfl=X5f—S7f  side-jump term : magnetization current
o CVE or non-equilibrium effects
€

spin tensor : S¢% = mqana Stm @ , £i™ : from inhomogeneity

> Frame vector n* : choice of the spin basis ¢° =1 (n* = (1,0)) = nyo¥ =1
m  The modified frame transformation : Y
ith J.-Y. Ch L14) | fD = g 4 e qo‘nﬁn”p R

(agrees with J.-Y. Chen, et.al. 14) q = Jq 2(q-n)(q-n’) vJq
m  CKT (for n* = n*(X)) :

s(a2—n224),. Py it —L 2D, + B8 (0, F )08 + h(8,51%) Dy | £ = 0
q i q-n q q-n pt pv (n)/ =¥|Jq
v

- B . . _ N praf3 L=
energy shift Dﬂ.fq(n) _ A“'fén) - C,u CH = CH + hE n (fén)A>E§ _ f(”)A<Z§)

ol q o

2q-n



® L ocal equilibrium
RIK=N

m Local equilibrium (T, u #const.) :
f can be nontrivially defined in n* = u#(fluid velocity) such that C[f] =0 :

hq - wl -t 1 1 v
= fol = (exp {B(q-u—uH +1> LWt = e, (Daug).

J.-Y. Chen, D. T. Son, and

spin-vorticity coupling M. A. Stephanov, 15
Hidaka, Pu, DY, 17
4 4
m Near local equilibrium : 7w :/ FG v ouben | wid T / d°q g
T (2ﬂ)4[q5 +g"S<¢], Jt=2 (27T)4S :
T = utu’e — pO" + 1S + 110, JH = Nout + ofl + ol 0 =g —uru”
(1) o(r)y o()+0(m) O1) o o) +on)_
our focus

m Equilibrium anomalous transport : £, ; = —¢,,,3B"u” + usEq — uaEp

vh.,, = hopB" + how" e = hé, (w“u” + w”u’“) + hép (B”u” + B”u“)
T? 31 1L NS T2 372\ (agree with different approaches,
Ouw = E(l Tt 0BT o o = ?(HJ + —Q)a B = ﬂ(l T ?) e.g. Son & Surowka, 09.
K. Landsteiner, et.al. Lect. Notes,

CVE CME Hidaka, Pu, DY, 17 13.) 9



_“K_QN RT approximation & matching conditions
I -

m 2"d-order anomalous responses : Hidaka, Pu, DY, 17 Hidaka, DY, 18
> Solve CKT for f\") — fe4=5f, = 6f9 + s fi?
> Relaxation time approximation (RTA) : (g, X)fé“) = Cull,

(neglect R-L int.) Ceull = —Tgl(q )0 fy

h
» Constrains from hydrodynamic EOM : 0, 1"" = F*"J,, d,J" = 4—7T2(E -B)

(to satisfy *charge & energy conservation) == DT Dy, Du". D=u-0

m Matching conditions for RTA :

h U, 0JH (TR K
no__ 7! K [1% Vi H

*charge & energy conservation =—=) [ uu(SJ““ — uM(STW — 0 ]

No non-equilibrium corrections on charge density
& energy-density current (same as standard KT)

10



w-.u Non-equilibrium charged currents
1 =

m 2"d-grder corrections on currents : VI'=PIVY PR = gtV iV
7! 2
Joi | O09) O(67)

O(h) | opB" +o,w" | T [6“”0‘51@ (’?E@aEg + 4, Eo0s1
Vg EadsT + 41(@aT)(Ds10)
+oopr0B* + ooyt B,

+d6,, 10w + (55@]{7‘(‘“”&)4

0=0-u Hidaka, Pu, DY, 17 \ Viscous corrections
Hidaka, DY, 18 for CME/CVE
T = PHPY(0Pu’+07u” —2nP70/3) /2

m 2"d-order quantum transport coefficients : P, 7T — odd

m The origin of viscous corrections : time-dep. B

O, M = ()

= [u 0B + BP0 -u— B - ou” + u’B"u - auﬂﬁ ePHad (uBaﬁ,,Ea + u, By - au/@) =0

= Recall that AC conductivity of CME is int.-dep. _ ggfgvzvegvfl'j_-;’gjfﬂg_a’ 09

D. Kharzeey, et.al., 17, 11




=
® High-temperature limit

RIK=N
m Viscous corrections on CME/CVE (g < 1):  Jy, =0 B, + 0ol w,,
Hidaka, DY, 18 v [z
o s | puv 10P 0_ 27
A GB h2ﬂ-2 [ + TR ( 0 7 !
B hits . TP 107H
JZ B pro Hv s 7 T
272 oo = M | PR T e 0 e ) |

d,u* <0

us >0 >

12



@ Rotating fluids with spins
RIK=N

m  Global polarization of A hyperons : /

{ / Ao e I—)l; 6 A
STAR, arXiv:1805.04400 \//\ S v sBc
3 @ i 7z
Nature548.62 (2017)

&
n_I oA OA
quark-gluon ’
PRC76.024915 (2007) plasma / /
*A wA STAR, 07 " forward-going
beam fragment
this analysis
*A AR Theoretical studies :
¢ Spin-orbit coupling model
Z.-T. Liang & X.-N. Wang, 05
< Wigner-function method
\ 5 Q. Wang, et.al. 16
UQMDHLLEA """"""""""""""""""""""" ) s Statistical-hydro model seee.g. QM 17 review
B r +v ,
L ——primary -- - primary+feed-down F. Becattini, et.al. 13 by Qun Wang
 AMPT, A o _ _ _
| primay - ooprimarysfeeddown | 3> Relativistic hydrodynamics with spins :
10 10?

charge/energy-momentum + angular-momentum
Vsw [GeVI  conservation Florkowski, et.al. 17

13



RIKEN

® Angular momenta for relativistic fermions

Considering just fermions : e
- J] Lz@b(ﬁ “ﬁ —m)zb

Canonical EM tensor (from Noether’s theorem + EOM) :

_ h - [ <=
T =T+ T4, T = iy D,
Canonical AM tensor :

Méuy _ M)\,ul/ L M)\,u,l/

spm orbit?

1% 1% h 1%
M = w{v S = — = Phrys ),

M, = R (B — 2 B Y = 4T -

, th— =2
T = oy DY

review : E. Leader & C. Lorce, 13

A
gV T + T — 2" T*

Conservation (in global equilibrium) : 9, 7" =0, 9\M>" = 0.
In relation to the Belinfante one : A7 = MM + 9,V I

(using EOM) "
MB

= g TN — /T

14



W_QN Angular momenta in Wigner functions
| -

m Phase-space distributions in terms of WFs :

T (g, X) = TIVS5 (¢, X),  TH" (¢, X) = TS5 (¢, X),
M) (q, X)) = —heM* S5 (¢, X),

spin

MR (g, X) = XPT™(q, X) — XY T™(q, X) +[ﬁ(35V” — OV S 4. X)J

2

h .
V, = au 4+ Fyuaq” . ﬂ(ﬁpaﬁf)?lfwaﬁj i O(h4), quantum corrections on OAM

h? ;
L, = g, + 50,05 F,0; + O(R).

m AM-tensor density : "

M) = =55, (X) + (XUTY(X) = XV TV(X))

= Relativistic angular momentum (or polarization) : (depends on the choice of

a temporal direction)
ng (g, X) = ﬁAM)\MU(% X)

Pauli-Lubanski pseudo vector : Wg(q,X) — —%e“vaﬁﬂy(Mc)aﬁ(q,X) .5



=
AM conservation in global equilibrium

2

RIKEN

= Global equilibrium (no collisions) : 9 J“}/5
(wWH #£ 0, B*+#£0)

m Conservation of canonical EM & AM tensors :

0, T" =0, soin (" orbit
oM =0, £_§€ Wpakkp}L Y

1 I . | . . .
= Massive fermions : T%" = (0 ==) spin alone is conserved Fokows

m Weyl fermions : (quantum corrections from just f)

= 9,T" =0,

h .
T’““’ [2 N4 (w“u w”u“)J from side-jumps wlheYl S % w
h
= 56)\”’/'0 (NAup -+ [haBABp + ﬁawAwJ)
CSE & CVE
m (O(h) : spin-orbit cancellation
m Higher orders : we need higher-order WFs.

16



@® Near local equilibrium

RIK=N
m Local equilibrium : (collisions are involved)  (R-handed fermions)
2 N3
J]%:NRuu—l_TR(SO-wR_Zl—)g?{J‘—l_O( ) 8R#:E”+T8MIIR
PR
h het" P, T W
T = ~5En(us” = ') — S (o, Ty + N — P

=  Th7 ;é f eMNVPONTR, = o, T‘“”” £0, 9 Mélg’ +£ (. evenfor E;B=0

r Suggested by KB equations :

h uaéJRL@)J

v h vo o
[TjR = Ze“ 5(8aJR5 + 2] ((q n)Criy — 1 - CR(]J_M)) = ZGH 7 (anRﬁ + =
q

0
=> g\ MA = Xl g, Yo xlser) —&a;\(X[Mevlwu‘*a(‘]f*)mi
T TR

~spin-orbit int,

17



e
® Conclusions & outlook

RIK=N

We have presented a covariant CKT with background fields and
collisions for Weyl fermions from the WF formalism.

Novel 2"d —order non-equilibrium anomalous transport including the
viscous corrections on CME/CVE is found.

Nontrivial spin-orbit int. in chiral fluids.

Outlook :

|
>
>

Phenomenological applications : HIC, Weyl semimetals, etc.
Realistic collisions beyond RTA
Inclusion of dynamical gluons/photons

Theoretical issues : how to go beyond the weak-field limit?
Landau-level WF : subjected to constant B (no Lorentz sym.).

Perturbative sol. up to O(h2) . new phenomena expected, interpolation
with L.L. (IR singularity could be more severe), OAM of chiral fluids
18
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RIK=N

Thank you!

19



® Solving WF perturbatively
RIK=N

To derive anomalous(quantum) corrections .  Hidaka, Pu, DY, 16
work in Weyl bases ( §< = 5&%’5, for R-handed fermions).
solve for the perturbative solution : 57 = 271q,0(q%) f + hoS;;
usually choosing a basis for ¢® = I.

a more general choice : n,a* = I with n* being a frame vector.

B VvV VvV v Vv 1

The frame vector can be regarded as the zeroth component of a vierbein.
Local coordinates: 5% — ([J o-i) ) Global spacetime : ot = GgO'a

" = (I,—c") nt =l flat ef(X) = o
(local spin direction) n?2 =1 n* = (1,0)

m Global spacetime coordinate transf. «— Frame transf. n" — n't
m KB eq. . D . SY< — O7 q - SY< — 0’ Dﬁfén) _ Aﬁf(gn) _ Cﬁ,

7(6) (4 1Dy — qun - D) f = ~2eopuon®q 65<9, S = 00+ Fudlon

ave Colf] =S5 -5

WF 2T €30 (*)nq"DP f = 2 (q : ncSS; —q,mn - 55‘<) .
20



R"EON Origin of side-jumps

m  An alternative way to derive WF (no background fields & no collisions) with
a “scalar f”. Hidaka, Pu, DY, 16

m  Nontrivial phase for massless particles with helicity:/ Helicity dep. phase
S. Weinberg, QFT, Vol. | ) P (. A
LT vy (Ap) = @2 (A, (p)

L d*p b
- _ —"Lp.:L
m  Second quantization : ¥ (x) = / 2n)? 2|p|e vy(p)ap (neglect anti-fermions)

d3 dd ! ’ iln’ —p)- X — % (p’ .
(27r)3\2;ﬁ/(%)%iﬁm(pm(p)<C‘Lfap>€(p Py
_—» Helicity dep. phase
= Underthe LT.: N(p/,p) = (a,ap) — e_i(q’(A’p)_‘D(AW’j)(a,;r),a,p)

m Could we define a scalar distribution function?

Introduce a phase field : ¢(p) — ¢'(Ap) = &(p)—P(p, A)
Reparametrize the wave function and annihilation operator :

vy (p) = €W (p)

5<(a,y) = (W (y)(a) = f

21



=
® Manifestation of Lorentz symmetry

RIK= N

From a, — e~ ?*®)q, , we may define a scalar distribution function :
scalar non -scalar Hldaka, Pu, DY, 16

N(p,ap) (#(e)- = (g, )/ (qz_jqurg)e—iﬁ.X

2
N(p',p) = (aff ap)
The derivation of WF implicitly involves the contribution from anti-fermions.
0 1
T Bk ki3

Keyeq.: Im [Ci(Q)UkaTqﬁci(Q)] Falot = 5o Bu; from ey (p)ct (p) + c—(p)el (p) =T

(2m)?

= 57(q, X) = (2w>9(q°>6<q2>[(qﬂ (1= (326 — a*)d,) +h(5mez—jk%ak)}f (4: ).

covariant scalar

m  Compare to the previous expression :

Ny 0 . i ijk 4
S<H = 270(¢°)6(¢?) ( o+ hoHe 2q |8 ) f(q’le “the origin of side-jumps’

= f(Q3 X) = f (q/“ Xﬂ[— h@gcb( ) -+ ha%) non-scalar
m Choices of phase field corresponds to the gauge degrees of freedom for the
Berry connection.
m  The perturbative solution could be uniquely determined by Lorentz symmetzrz}/.




® A no-jump frame
RIK=N

m Conservation of the angular momentum : COM frame = no-jump frame
J.-Y. Chen, D. T. Son, and M. A. Stephanov, 15

m A phenomenological argument for side jumps in collisions :

—> 3
ggrr'\lﬂe + T i O(IB)
Sin =0 / R side-jump
- > — Sl i = corrections for C
BXp
2|p|

N
E.g. 2-2 Coulomb scattering ( n* = (¢" +q¢'*)/\/s ) : Y — M %
- %

|

1 / M [ 703 g o) (') Fone () F (i) — =) (g O (g ) = g ) ()]

#Oul1) = 3

Hidaka, Pu. DY, 16 no side-jump corrections 23



=
® The no-jump frame in 2-2 scattering

'!II{-N

h

%—_uﬁﬁwaﬁuyqa (aﬁf +E>ﬁf - 2<ﬁf)}

m Introducing a frame : S; = 274(¢°) [q,uf -

m Conservation of the angular momentum : COM frame = no-jump frame
J.-Y. Chen, D. T. Son, and M. A. Stephanov, Phys. Rev. Lett. 115, 021601 (2015)

m Choosing the COM frame : u* = (q¢+¢' )" /\/s

1 1 2
P(d kK _464( + ) .
@, ) (q—if)2 (g—Fk)2) ~

f /dS 'dSkdk’ Vg+q —k—K)
a’ kK 8Ey EpEy '

= 57y = 2mb(e?) / P kK (k- ) (a- ') x f (q)f(“c () f (k) F L (k)

q’ .k Kk’

5= / P(d', k, )52 () (85 (k) - 8<(K')),
g’k k!

= No “explicit” O(h) corrections in C, : 0,S"< =218(¢*)¢"C, [f(“«)],

i / kk[WQ ><[f(““)(QJf(“c)(q’)f(“")(k) ) () — £ () £ () ) (k) f(u,.-)(k/)ﬁ
q’ .k,

N no side-jumps

¢"Cu ] =

m The final expression is concise but not pragmatic.

m u,. is momentum-dependent : hard to write down f®c) with different ¢’
24



=
® Anomalous Hydrodynamics

RIK=N
= Anomalous hydro : (T, =, u": free parameters)  ggpB: n'F — E,,
1 Lo 1
constrains : 9,7 = F*°J,  9,J" = 4—72(E .B) 5€n, Fog = B
™

T _ - _
— 80T = ne - (TyB+TwT), oi=he - (B +iwT), & =B, +T0,f

in the local
rest frame 0)
u* %~ (1,0) dou = Gou™” + hdpou, Hidaka, Pu, DY, 17
VT  NyE ~ -~ Ex VT -
oou® = — 2= 4 02 pasu=h| TuV X E 4 Uit L T,E x Vi
T 4p s

m Free to choose a different frame in hydrodynamics :
h&wwu + gBB'u

e.g. Landau frame :

w = ut + :
€+ P
MY ~p~V NV
Tletzl_UJT"’E p® ) 801]:_VTT—|—‘]ZUS—ZJMLUXB
- - - p P
J{éq = Nou" + ho,w" + hop B, (yields Chiral Alfven waves)

N. Yamamoto, Phys. Rev. Lett. 115, 141601 (2015) 25



WQ Non-equilibrium distribution functions

m Solving CKT for non-equilibrium fluctuations of £ : ) — fi4 =6f, = 6 £\ + ho f\?
.LW classical quantum

f(u) = Cfuu, 8”8&13 = ﬂllj + ﬂg

q

S . .
q- A+h( )A v 4 WS (0, F )00 + (1T +115) A,

Nz
()1

(q-u)
i (q-w)u" (g -w)g"
q-u (q-u)?

1
Cral = —— (q U+
TR

gtAy
PR

G’U'VQ-‘B Uyq qp
+ (QOZK:BV - . (0',6’,9 + KSp))

" Crunt Con=q"Cu+ Co + 19,50 ) Cu )

RTA

1
0,50 = =
(u) 2

2q - u q-u

m The perturbative solution : Hidaka, Pu, DY, 17

v

S E . .
q-A+h (((;.) u; A, + hS{ (0, F,,)0) + (11 + 115)

A, | o

m Different contributions for hdfé@;vdff—kcsz+5f§

from CKT from hydro EOM  from collisions

N (neglect nonlinear classical responses)
m  The non-equilibrium four current :

/) d4q - 1 vas Yrda vo aV c
(5Jé = 275,/ WE(Q : u)(g(q?) [q%fq@) _ - (e“ 6—Ag + e BFQB%) 5f(§ )]

2 q-u 26



"
® Anomalous Hall currents

RIK=N

m  Non-equilibrium (quantum) charge currents : Hidaka, Pu, DY, 17

hTR 7MR/L 1 12#R/L _
0Jor/L = ey pr/LV X E + 5T — §E X Vg1 + n EVMR/L) X (VT)] . prip <1
e
emerge from hydro.
hrg | 72T? 2pR/L 2 Q”R:} 1
STop = + V x E - ——E Vi — [v VT],‘ >
QR/L 7 | 3 bt = 3B X Vg — == (Viryr) x ( HR/L

m Some observations :
B and w do not contribute to nonlinear corrections in the inviscid case.

The transport coefficients are parity-odd (charged currents from chiral
imbalance).

m A caveat : part of anomalous Hall currents vanishes without hydro in the “naive”

RT (tz = const.) approximation. __, exist without hydro.
TR(TMM) : 6JTR —

= 192 (([L@TTR — [laﬁ’TR{(V/L) < (VT)] (could exist in Weyl semimetals?)
0

+ [(j105TR — TaT’TR — 1(0uR)E X V,u)

27



w-.u Matching Conditions & Entropy Production
I =

m From CKT :

h 2
O J" = —(E-B) + 2/ [6(q2)9‘“‘ +he' P, 5 OO\ )]Cu
A q 4

heonap

7 (?73 (4300 + Fap) + 4" aﬁaqo)}cﬂ

0, T"" = F"" ], + 2/5((12) {q”q” +
q

m Matching conditions for the classical RT approximation : u,0J" =0,

u, 01" =0
= Entropy currents : gn _ %(pu” Ty, — uju) +h(DpB* + Dyt
T = utu’e — pPPY 4 115 4 TIEY
m 2" |aw is protected by classical parts :
9 s = % W Duuy — (B + TOmSI"|

28



