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CME Current, Chiral Matter and Response to Magnetic Field
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Ohm’s law Normal current

Response to a Electric Field  J ox C E

T—) Ordinary Medium

Chiral Magnetic Effect CME current

Response to a Magnetic Field J X CA B Quantum anomaly-induced process

Strong Magnetic Field | Chiral Anomly . .
Chiral Medium
Chiral Imbalance

A Physical System

Axial Current non-conservation:d,J, # 0
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The anomaly system: QGP
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Hydrodynamic Stage | /B3I *F#75

Kinetic Freeze-out

Time

Pre-equilibrium Stage

Hadronization | Chemical Freeze-out

Time Scale: ~ 10 femtoseconds (1071°s)  Length Scale:
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CME BEiiE A Chiral non-equilibrium
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Strong magnetic field

+

Chiral Imbalance

Topological excitation of gluon field




For Chiral Matter: massless quarks or anti-quarks

Energy

Lowest Landau Level: Electric charges
determine the direction of spin

Positive Charge 6 Spin S aligned along Magnetic Field B
Negative Charge 6 Spin S opposite to Magnetic Field B
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| .Kharzeey, D. E., & Liao, |. (2021). Nature Reviews Physics, 3(1), 55-63.
2.Huang, A., Shi, S, Lin, S., Guo, X., & Liao, J. (2023). Physical Review D, 107(3),034012.




Difficulties in Finding the CME Current Signal

Ry CME signal - vis  Elliptic Flow ...

Event-by-event fluctuations CME signal v.s Various Fluctuations in the Data

CME signal v.s Extracting from Non-equilibrium

Magnetic field uncertainties Theoretical Prediction v Real Situation in QGP

Shi, S., Zhang, H., Hou, D. and Liao, ., (2020). Physical Review Letters, 125(24), p.242301.

Kharzeey, D. E., McLerran, L. D., & Warringa, H. J. (2008). Nuclear Physics A, 803(3-4), 227-253.

3.  Skokov,V, lllarionov,A., & Toneev,V. (2009). International Journal of Modern Physics A, 24(30), 5925-5932.
4 Bzdak, A., Koch,V, Liao, |., & Voloshin, S. (2012). Physics Letters B, 710(1), | 71-175.

5. Wang, G, Huang, X. G, & Yang,Y. (2019). Progress in Particle and Nuclear Physics, 107,237-302.
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Various Equilibriums

which kinds of equilibrium in high energy experiments ?

I (Sanlelai ekl =e[Mi[lo]alilas Macroscopic Properties: lemperature, Pressure, ....,
Chemical Potential

Local Equilibrium = Local Thermodynamic Equilibrium

S(tedgelntidn Sl =e[l[lo]alisa) Spacetime-independent Electric and Magnetic Field

Charges and Currents are distributed in such a way that
the fields are stable.

Chiral Equilibrium

Homogeneous and Stable Chiral Imbalance

The difference in the number of life-handed and right-
handed quarks(anti-quarks) doesn’t vary in spacetime




One Local Equilibriums & Two non-equilibrium

Electromagnetic

non-Equilibrium Hydrodynamic Stage

EM-field varies rapidly !
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Uniform Chiral Imbalance




Theoretical Challenges in CME

Electromagnetic
non-Equilibrium

Chiral non-Equilibrium

: Unfixed
Strong-coupling Chiral Imbalance

Strong magnetic field
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CME Current J¥(g) = 1" (¢)V (¢) + CME(Q)

(q) = ' (q)+J

(q)
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Jeeenerstt®  Uniform Chiral Imbalance BJ BATE X 4 # J =8C U B

Equilibrium

CME AVV

. Yee, H.-U. (201 1). Journal of High Energy Physics, 201 (1 1), 1-18.
Landsteiner, K., Megias, E., & Pena-Benitez, F. (201 |). Journal of High Energy Physics, 201 1(09), I-18.
Landsteiner, K., Megias, E., & Pena-Benitez, F. (2013). Journal of High Energy Physics, 2013(05), 1-20.
Bu,Y., Lublinsky, M., & Sharon,A. (2016). Part |. Journal of High Energy Physics, 2016(1 1), 1-42.
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CME Current A ¥
J' (g =3 (@+J  (q)
- Q1 : (a)l’ql)
d'q, d'g e

S @ = J 22) (2n) 27)*6%(q; + ¢, — @) A*(q;, ¢») A (g)V (q))

Electromagnetic non-
Equilibrium

Full AVV three-point correlation : A"**(q,,q,) = A" (—q, — g», q,)

Jo(~k; — ky)

Chiral non-Equilibrium
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Chiral Anomalies in .// = 4 SYM theory at large N. and Strong "t Hooft Coupling
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Troublesome Backreaction
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Key to Probe Limit
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2 0S5
P OOMCS

MN = ,
kv g No coupling constant
L 1 R 1 -
= (FY) 1 (FV)ne — JIMN (FV) kL (FY)RE+ (FY 5 (FM nr - JIMN (FMro(FY)RE.

“« | p il

|. Freedman, D. Z,, Mathur, S. D., Matusis, A., & Rastelli, L. (1999). Nuclear Physics B, 546(1-2), 96-118.
2. Policastro, G., Son, D.T., & Starinets,A. O. (2002). Journal of High Energy Physics, 2002(09), 043.




Troublesome Back-reaction

K
M—

rrgisng O(1) mep-  Dynamics of gauge fields trigger the back-reaction of metric field

EH

Beyond the AdS/CFT Correspondence, the condition of large V. limit can be relaxed

1
General Gauge/Gravity Duality: Ry — EgMN - Agyn = — xM Tyw=0
EH

A fixed Schwarzschild-AdS geometry and fluctuated gauge fields are obtained in this way

Advantage of keeping the large N_. condition
Super Yang-Mills

Strong-cooling limit of QCD with temperatures H AdS/CFT Correspondence



5| HFIMEIZAEFES“EO” | No Probe Limit !
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CME Holographic Set-up | Leading term of CS-Sector

- o E dimenj\s/.ll]%r\}l)ess Teghs =
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Chern-Simons Sector

g = B SE A AL N V=A=0
Schwarzschild-AdSs B ZS Horizon u = 1
| AdS-Boundary u = 0
2 _ - v, N (TLT) 2 : i\2 1 2 ' 2
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Chiral non-equilibrium: A;(g)




CME Holographic Set-up | Orders of CS-Sector
limV,(q|u) = (0,V(g)); limA,(q|u) = (Ay(g).0,0,0)

u—-0 u—0
Horizon Conditions : in-falling boundary condition & Regularity of Action
Zeroth Order First Order

A = 527+@(1< )— A+@(K )

Zeroth Order of CS-sector,
9 /B 75K Maxwell Eqn.

—NP — MQ —
N9 g PQ\/ =0 A Special CME current: QYO(q | u)\

ON §NP9MQ Npov—3] =0
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CME N4 v

¢ | V2 %

0005 A = 0; a%gzio = 0 » Ay=au+ b a time-independent ; b time-dependent.




CME Holographic Set-up | Axial Chemical Potential

Zeroth Order First Order

A Special CME current: <f/(q | u) |q_)0 . th7+@(K )— A+@(K )

Jemet®) = |~ K (FV)S'M \/7 \/_ — ehP° of JFV), ] ----------------

u—(

0,0 A (X)) = 0: 02 (X) = 0 * 7 a time-independent ;
i it ol SEE gy time-dependent.

? i g e Horizon: u=1
Axial chemlc.al poi.:entlal wit e J' 9 A, du = A, o Ao
gauge invariance u=1

Boundary: u=0 u=0

Q[O(Q'W)‘ o — HpU
qE

|. Gynther, A., Landsteiner, K., Pena-Benitez, F, & Rebhan,A. (201 I). Journal of High Energy Physics, 201 1(2), |-17.
2. Rubakov,V.A. (2010). arXiv preprint arXiv:1005.1888.



CME Holographic Set-up | Axial Chemical Potential

A Special CME current: & (q|u) |-

Zeroth Order Flrst Order

q—>0

CME = [— K (Fv)sﬂ \/_ + \/_ -

Axial chemical potential with gauge invariance
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doqlw| =o' @ue wp dyglo)| = d@l,_,=
> G=0

= U, K(q)g(q) Chiral Equilibrium Emerges !
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CME Holographic Set-up | Two Kinds of Current

limV,(q|u) = (0,V(g)); 1imA(glu) = (Ayg),0,0,0)
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CME Holographic Set-up | Chiral Non-equilibrium

AXxial Field
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@ = |

g = 0 Spatial Homogeneity: Chiral Equilibrium ‘Q[O(q )

= (2m)*6%(q) py u

g=0

g # 0 Spatial Imhomogeneity: Chiral Non-Equilibrium
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CME Current | Chiral Equilibrium

Homogeneous but non-static magnetic field condition:

% chiral equilibrium # EM equilibrium [@BSEYIZ, ABCME BIG A FE
The essence of CME is nhon-equilibrium

Heun Equation Changes into Hypergeometric Equation

P N 2 e B ot i e
F YD, o; 1 — io;
a7y ) ) 14

2 Fz(l—im)rz(3—im) 1
J(w) = 3y/2x_ s B(w)—— :

r2(l—im)  J,
JxC, B

du




i~k CME Current | Chiral Non-Equilibrium

(/-(ql QZ‘ )__ S(T‘T qu |2A()((I2 ) q B(hl )
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g
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Al (galu) g2 % E(qulu) —iuf—

\‘12|2

Ap(ga|u) g2 x V'(g1/u)

f’CI2|~

%FL;\/J\EB == {6]1, qQ}Aﬁ

FIFEFEHASCMER R B) o= - Ao(g2) (a5 - B(q1))
~7(0)(Q1a CI2) i 3\/5’{08 D(o)(q)D(O) (qz)

10,

%E’fIEE"ESIZ‘@Lu\CME EE,”“,E’] |Ej§_j\§ 2

‘7(0) (Ql, q2) s _Bﬁncs 1?((;5?;2) 210 B(ql) | q(q) (q2 : B(ql))

Diffusive Structure D(o)(‘l) = 110 — |C|\2 »




CME Current | Infrared Behaviours

q, = {m,, q,} proxies the dynamics of chiral imbalance in spacetime

For the case: |q 12 « v, < 1 T 0)(q1, ) = —3V2k_ Ac(q2)B(q1)

The opposite case: o, < |q,]° K 1 T 0)(q1,92) ~0

Match the weakly-coupled Field Theory Hou,D.F,Liu,H., & Ren, H. C. (201 1). Journal of High Energy Physics, 201 1(5), |-24.

Match A Simple Model Rubakov,V.A. (2010). arXiv preprint arXiv:1005.1888.
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CME Current | Infrared Behaviours

(b) 0.10 0-00 (c)

(a) is the transverse , (b);(c) are the longitudinal component with two different (,

Longitudinal Component = , 7
P % qxJ _ (4q;,9,)
4 momenta identity : q=4q;T4q; 4
d'q; d'q, Transverse Component  ( -
T (q) = J n 8 (25, + 4>~ @) P14 P q-J (4,9



CME Current | Subleading Order of d17 = {ml,z, 61,2}

‘1 (] (]
T (q1,q2) = 2(nT)* Lk [] du (1 — u)GY (g1, q2|u) ¥ (q|u) Diffusive Structure
. 0

duu(l — u)M(q1, g2|1) é(q|u
s A )Mias, azlw) é(alu)

+3Vhes o2 |2Ao(qz)(q2 B(q1)) — 3V2rcs Bo(42)B(a1) All t

T(q1,92) ~ J(O)(Q1aq2) T J(U(QHQQ)

Ao(g2) ).
= —3V2k D(of((lqz) {’Lmz [B(Ql) | D(:(q) (qz - B((Il))]

No “direction Singularity”
a9 No “Action at a distance”

In 2
D 0y(q2

- ' 7{'2
. (2m1m2+m§+22m1|q2|2) \ B (Iqll2+lql"’)] 19,/ B(q1)

EC (m2 i, : ) In 2 (m.z iy, o A 2)
+ & | |
+ (1w, 102+ ira)q |21n2—tn|q|21112+"T—Q’im q.° | (9. - B(q1))
2 1iV2 2142 8 1{% - D(O)(q) 9 1

= o . ‘
( 3 1, + E|Q2|2) s X (‘h X B(Ql)) S zln2|q2|2(q2 X E(Q1)) } :




summary

|. M Power Structure BN T B] &0 Large N limit fRl 7 without back-
reaction EI’\:HH'DEK, L_LT SYM 1‘[ Wﬁﬁﬁ?ﬁ&%%\wﬁqﬁf

2. RPN E=ELG o (X) £ horizon BNEVER R T HILFIN, XEF
EF &S CME BRI TafA

3. FUHEFESHEBEIEFESTER CME BiEH =R R E T,

4. BFAE CME Bt EI R NAIMIBRRF1TH, HFNAZE R EE
I SRR PRV R =17,

5. ITTE TCME BN =2 REBVINEI=EF.......




Generated by Midjourney




