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Fukushima-Sasaki (2013)
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2 sQGF
Gusynin-Miransky- §
-Shovkovy (1995), E,
many others...
Hadronic Phase “‘ Quarkyon;c~ el T
Magnetic Catalysis 1 Regime gy
Magnetic Inhibition '-iq“id'Gaé\ '.| Crystalline States
Chiral Spirals —
Nuclear Superfluid Chemical Potential ug
Chiral Gap Effect  Fukushima-Flachi (2014)
H1 R Gravitational catalysis

Pion Condensation
FFLO States (with mismatched Fermi surfaces)



Finite Density + Magnetic Field

Chiral Separation Effect

2
. Qe ,uq
— B
JA 272

Anomalous current?

Metlitsky-Zhitnitsky, many others...
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Quick Derivation

WSO NS0T NSO R NS RSN RO RS RSN NS0T NS0 e

Axial rotation by 0

) 2
5S:/dm6’(a:) 0,5 12625“’/”"FM,,FM
L
_ i . q2 ..
:/dm@ﬁ(m) —]2 QGQSOZJkAoajAk
T m—

Anomaly induced transport?
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Current vs Polarization
IR, WP, PG RO RO, WD P0G P0G OO MR WRG SP

i = (D' ys0) = phaidr + ol oler

e B
2« C]eﬂ

27T T
Density of states 1D charge density

Static phenomenon?
Physical interpretation?
IR dependent?
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Chiral Magnetic Effect

STAR, 200 GeV
—&— same charge, AuAu
—&— opp charge, AuAu

~— same charge, CuCu
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More structures from more experimental data
Something flows or static polarization???
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Chiral Perturbation Theory

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

Kaiser (2001)

/\B WZW action in ChPT Fukushima-Mameda (2012)
Y
Nee?tr(Q?) .o _
PV [,p — 8Nf 7-(-2 G’UJ P [Aﬂ(é?yAp) + ‘A/JFVP} 809

Identified as a chiral chemical potential

Derivative w.r.t. 4 : Electric current (Chiral Magnetic Effect)

or
Vertex of photon-photon-theta (77 meson)

Dynamical (kinematical) problem!

March 10, 2015 @ YITP 8



Serious Difficulty

The formula for QCD reads:

2
: q¢H5
J = Ne Z Y72 b

f=Havor

What 1s s in experiment???
Possible to control us ???
Some alternative of 1s???

March 10, 2015 @ YITP



Alternative Setup

SR, BRSPS PG RO B0 SR 0G BR T SR SR SR, P

B

Electric currents flow
in directions perpendicular to E

CME

Ohm’s Law

Hall Current ,
E - B provides a CP-odd background

(corresponding to (s)

March 10, 2015 @ YITP 10



Reality in Heavy-Ion Collisions

Color Glass Condensate (CGC)

TS1/Qs ~ 0.1fm/c

Color Glass + Plasma = Glasma
T < 19~ 1fm/c

(s) Quark-Gluon Plasma
T S 7p ~ 10fm/c

Hadronization (quarks — hadrons)

March 10, 2015 @ YITP 11



Parametrization of B

RO, R RO, R, RGBSR, TR, R RO, O, P

B/Bo|

0.8

04 r

External magnetic field
created by “spectators”

1 fmy 2
eBy = (47.6 MeV)? (Tm) Zsinh Y
b

° 7 2sinhY

o 2 4 Life-time < 0.1fm/c at most

March 10, 2015 @ YITP 12



Initial Gluon Configurations

04

ST B ——
2
™ \ T
03 r\ 1
=~ T
i T
. 02 ¢ i

0.1

Characterized
by Os

CE ] (EPw, @B (8w

decays quickly
due to expansion

Topological charge density ~ £ . 3 ~ Q;l
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Pulsed Electro-magnetic Fields

Pulsed magnetic field

~ a few GeV B
y

<0.1fm/c

Glasma
~ 1-2 GeV
<0.1fm/c

March 10,2015 @ YITP
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Analytical “Benchmark”

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

Y K’ y K" Y K Fukushima-
| A A — -Kharzeev-
. XN é" Y., B S -Warringa (2010)
B/ . — . —)j -/ j
/ </ Yy —

=L J éE

5! < 9 Z >

J E’//

Schwinger process in K’

2 1 D/ / 2

¢*E’ B B m2m
I' = 2 Z coth | =& _

irz (E’W>6Xp< \qE;\)

z
Current generation rate

Ot Joy = q2By gngg coth %ﬂ' ex _2m27r
Hy = Tom B2y g g ) P\ T el
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Strategy for Numerical Simulation

[Particle production in strong ﬁeldsj

Pair production of particles and anti-particles

[Momentum asymmetry caused by a CP-odd background]

Difference between particles and anti-particles

(Real—time dynamics of the Chiral Magnetic Effectj

March 10, 2015 @ YITP 16



Particle Production in Strong Fields

In a simple case with E only:

E=-V¢—9,A

Background with
P Energy Source 4

Pair production when energy conservation satisfied
(Schwinger Mechanism)

March 10, 2015 @ YITP 17



03

025 r

02 r

0.15 r

0.1

0.05

Pulsed Electric Field

Scalar QED (fermion 1s not much fun; soon saturated)

Produced Particle Spectrum

2
eE=nm,

w=m,

Non-perturbati

Fukushima-Gelis-Lappi (2009)

ye tunneling

\

EoM has all processes

/

-y
'''''
-

6 4 2 0 2 4
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Perturbative pair
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Example of EoM solutions under a pulsed £

1 MAMM BN 1
AL /v
>

. SRR RN

-100 -50 0 50 100
Time

ezwt o 6zwt 14 5 e—zwt
Pure anti-particle in the past Mixture of particle in the future

05\2 & Produced Particles)
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How the CLE (stochastic quantization) works?

¢-integration

VAAANN

Wy

t

VUV VY

|

e

¢-1ntegration

Wy

—

Stochastic
evolution
(boundary
value prob.)

Ordinary time evolution (initial value prob.)

“Boundary condition” at the final time needed

March 10, 2015 @ YITP
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e (p(0))

Closed-time Path

qb nte grat10n ¢ 1Iltegrat1on

o LA AN /\/\/\/\M
\\/\/\/\/\/\A/\/\/\/\/\/\

I

| Reproduction of
“free time evolution”

| already needs closed-time paths

U v Natural requirement in CLE

Anzaki-Fukushima-Hidaka-Oka (2014)
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wp(t.0)

1.5

0.5

-0.5

-1.5

Example in scalar QED under a pulsed £

(without gauge quantum fluctuations)

| | | S(;lution ofe.lo.m. —
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Time ¢t
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Small damping factor
for better stability

Frequency changes

Stochastic process
“solves” the EoM

Fukushima-Hayata (2014)
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A remark on the positiveness

WP WP NP NPT NP0 P NPT NP NP NPT NP0 NP

/ D¢ e l0[¢] = / D¢rDér Plor, d1] Olor + id1]

In a free scalar theory P 1s calculable:

. L e '
P[¢Ra gbl] — NeXp —€ %(¢R; ¢I) ( w?2—m ) (qu)
- o 1t (w2—m2‘)2 1

Real and a converging Gaussisn (with the ig prescription)

Why real? Always real? Interaction effects?

still many open (and interesting) questions...

March 10, 2015 @ YITP 23



What to be calculated numerically

Put them for a finite period
B Z+B)’ (pulse — sudden switch on/off)

Jy

E;

March 10, 2015 @ YITP 24



Particle Distribution

Results:Momentum Distribution

Particle
Right-handed sector Anti-particle -
1.0
In a vector theory
0.8 T this excess in R-sector

is canceled by L-sector

P W

/2

n/2 T2

March 10, 2015 @ YITP 25



Results:Produced Net R-particles

2.0 N
PR L TKFE
s b = "y -
- +
D
3
— .
1.5 \
.
.
N

i%/ny 1.0t

0.5 r
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Results:Chiral Magnetic Current

27

March 10, 2015 @ YITP



Weyl Fermions (right-hended sector)

WO, NS O NSO WS W NS0T NS0 NS0T RS0 NS0T, S

Two-component chiral fermions

(ia“@u — ea“AM)gbR =0

G0pa) — _ Pa Py

Free solution (with constant vector potentials) VIR + ()’

_|_ z

Very singular at zero momentum — Berry’s phase

Chiral anomaly from monopole singularity
Son-Yamamoto / Stephanov-Yin (2010)

March 10, 2015 @ YITP 28



Bogoliubov Coefficients

NPT NPT NPT NPT NPT NP NP0 BP0 NPT NPT NP0 e

UR(PA)G_“IDAlwoﬂ.p'ac N / d’q -a UR((IA/)G_ﬂqA/lequ — B UR(—(IA/)ei'qA'xOHq'm]
V2|P4l ) emE V2|q4| e V2|q.4| 7
UR(P—A)GHP_AMO_ipm > / d’q _a* ’UR(CI_A/)e“q_A,|xo_iwC + 5 UR(QA/)eiqA/mOiq‘m]
V2[p_ 4l BNCZORN V2lg_ 4/l o V2lg_ 4/l
ilp_ 4|z’ —ip-x
fo(z ~ —co,x) — Ur(P_a)e Similar formulas:
vV 2|p_ 4 Gelis-Kajantie-Lappi (2006)

Shuryak-Zahed (2003)

T 'L'|qA/|x0—|—iq-:13
u q, )€
Bq,p _ /d3$ R( A ) f_p(az’o,a:)

\/2‘(1,4/|

2 _ d’p 2 Particle from “pair” production
Bq|” = Bq.p|

(2m)3 Repeat the same calc. for anti-particles
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Particle Distribution

Results:Momentum Distribution

Particle
Right-handed sector Anti-particle -

n/2 T2

March 10, 2015 @ YITP
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Particle Distribution

Remarks on the doubler problem

T ilq 4 |20 +iq-x
Up(qa)e’94
Bq,p:/dgm i f—p(ﬂfoaw)

\/Q‘QA"
d3
|5q‘2 E/ﬁ ’Bq,p‘Q

Integrations of p and ¢ limited to a half Brillouin zone

OK... as long as momentum distributions are localized
(Note: dominant contribution comes from IR singularity)

Particle

Anti-particle ---------

For larger fields, we need to
approach the continuum limit more

/2
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Density and Currents

L T S T R S R

JH = eV/ (dgp |Bp’2 (PA Jotur(par) — eV/ T pr (P )0 uR(P_ar)

2m)% 2p | F 2m)3 20p_u| T

0 . d3 2 n 12 e . d3 2 2
e = [ SRl - 15 . g = [ )<|pA||ﬁp| |pA|wp|)

4

Excess of particles due to CP-breaking

Anomalous currents
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Results:Produced Net R-particles

20 r . .
P i e Perpendicular B does

S ) not change the situation
=N \ qualitatiVEIyo oo

D
B
— .
. .
-
.
.

j%/ny 10 F

.. -
AufN -

05

Net particles are produced as soonas E - B # (
(vanishing if doublers are all picked up)
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Technical Remarks

To treat the momentum with manifest reflection symmetry:

—N,; to + N, = (2N, + 1)-lattices

To treat the IR singularity in a symmetric way:
27k

2N; +1
k*=—-N;+1/2 ~ +N; +1/2  No zero mode

Anti-periodic = p'a =

To treat the CME current without artifact from induced E:
A*=BY(t)z — B*(t)y, A*=—FE~°(t)t

j¥ is not contaminated by 0; AY
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Both B’s are necessary

Results:Chiral Magnetic Current

Lattice size: 173 : 213 : 253 s

35
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Results:Pulse Duration Dependence

Lattice size: 25° , 29° By = B = Fy/2

0.3

0.2 r

A delay needed for

the wave-function to evolve
from a plane wave to a 0.1 |
Landau-quantized one

0 0.2T \0.4T 0.6T 0.8T T

Duration

CME current shows
a better convergence  Analytical Benchmark (with an offset)
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Future Extensions

BT P PN NPT NN D NPT NPT NS0T WP NP0y ety

P Backreaction from the gauge sector

0 Solving the Maxwell equations numerically —
chiral plasma instability (Akamatsu-Yamamoto) could be
simulated to find a stable configuration

B Introduction of finite baryon density

0 Equation of motion slightly changed —
chiral magnetic wave (Kharzeev-Liao-Yee) could be
simulated

B More realistic background profiles
0 Real-time counterpart of instanton (Luscher-Schecheter

solution)

0 Convolution with the Glasma simulation for HIC
Dec. 16, 2014 (@ Heidelberg 37



