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BAsU Universe

» Current galactic magnetic
fields ~10° G

* Current magnetic fields
in voids ~ 10-° G

* Problem of magnetogenesis in Early Universe

* Perhaps during the electro-weak phase transition
—10%° to 10> G (~ 1 GeV to 100 GeV)

L - a
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Fsl Dense baryonic matter

* Magnetized dense baryonic matter
— 1019 t0 1013 G (10 keV to 100 MeV)
* Magnetic field may affect
— Competition of ground state phases
— EoS of dense baryonic matter
— the M-R relation of compact stars
— Transport and emission properties

— Evolution of supernovas & protoneutron stars

[— talks by Yasufumi Kojima & Teruaki Enoto]
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FsU Little Bangs

* Magnetized QGP at RHIC/LHC
~“B~1081t0 10 G (~ 100 MeV)

[Rafelski & Miiller, PRL, 36, 517 (1976)],
[Kharzeev et al., arXiv:0711.0950],
[Skokov et al., aerv 0907.1396],

[ Voronyuk et al arXiv:1103.4239],
[Bzdak &. Skokov arXiv:1111.1949],
[Deng & Huang, arXiv:1201.5108]

» Using Llenard Wiechert potentials,

eE(t,r) = ZZ Mg an‘\’rn)3(1—v’%‘)
i Z? L o ;ﬂ%vn)f‘ o

[— talks by Kazunori ltakura & Ron Belmont]
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AsU Dirac/Weyl materials

* High magnetic field lab
— 105 G (~ 100 meV @ vF=c/300)

* Graphene

* 3D materials with Dirac/Weyl qua31partlcles

— B1, Sb_alloy (at x = 4%)
— Na;B1

— Cd;As,

— ZrTle,

— TaAs, NbAs, TaP, ...

[arXiv:1502.03807, arXiv:1502.04684,
arXiv:1504.01350, arXiv:1507.00521]

Z.K. Liuetal., arXiv:1310.0391]
M. Neupane et al., arXiv:1309.7892]
S. Borisenko et al., arXiv:1309.7978]

[
|
[S.
[X. Lietal., arXiv:1412.6543]
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CHIRAL SEPARATION EFFECT
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FSi Chirality & Anomaly

* Chirality/helicity of a massless (or ultrarelativistic)
particle 1s (approximately) conserved

) Right-handed > P
12 ande Z_,qu=sign(p0))/5qj

Ipl
Left-handed =

* Conservation of chiral charge is a property of
massless Dirac theory (classically)

* The symmetry 1s anomalous at quantum level

2

€
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n,-n)
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FSi Chiral separation effect

» Slowly changing electric/chemical potential
uiz)=e®(z) = ek = —8Z(e<I>) =—d_u

* From the anomaly relation,

e’ e’

2 BZ Ez 7
27 27

* Suggesting that for massless fermions,

\ B
<.]5> = _Zeﬂ:z U

ST B d.u

s

[ Vilenkin, Phys. Rev. D 22 (1980) 3067]
[Metlitski & Zhitnitsky, Phys. Rev. D 72, 045011 (2005)]
[Newman & Son, Phys. Rev. D 73 (2006) 045006]

» This can be easily derived in free theory

7 T T
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FSU4  Landau spectrum at B0

* Dirac equation with massless fermions

[iyOaO —iy-(%ieix)]w SVNLITES e

* Energy spectrum

|

E,(,l3+1)(p3) = i\/Zn‘eB‘ + p§

P3

[ =i % (spin)
f)\ 1
n=s+k+—

- _J
2

k=0,1,2,...(orbital)

where

Nl

T
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FSU4  Landau spectrum & pA0

En ( p3) Right-handed:

] ]

Left-handed:

Li

e A "7 partially filled?
P3

= L
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Fsl Partially filled LLL

* Spin polarized LLL i1s chirally asymmetric
}) are R-]
}) are L-

— states wit]

— states wit

1 p;<0 (and s=

1 p;>0 (and s=

nanded

1.e., a nonzero axial current 1s induced

@@@
o sh o

\4

\4

3‘1' Nonzero
axial
current

—

Y3

Js

v B
> 26752 #

TP3

isTs s
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P3
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FSU  CSE in Dirac semimetals

* Model of Dirac semimetal with a slab geometry

H = fd3r1P+[vF&- (—i§+eﬁ)+y°m(z)]1p

where A =(0,Bx,0) and

m(z) = M O(2* —a*) + mO(d® - 22), N :

with vacuum band gap: M — o (broken chiral symmetry)

* Boundary conditions:

Y (F,a) =W, . (F.a) and W, (7 ,~a) =¥, (7 .-a)

vacuum vacuum

[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev. B 92, 245440 (2015)]

_— 7
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FSU Quantization of axial current

» Axial current density 1s non-uniform when m#0

m=0 m=0.05 eV
VF:2'5 eV A VF:2.5 eV A

* Note that axial charge density vanishes: < ]50> =0

[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev. B 92, 245440 (2015)]

= L = - ¥
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BSU Axial current as a standing wave?

» Recall that LLL is spin polarized L

» A perfect chirality flip at the boundary

[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev. B 92, 245440 (2015)]
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PSU  Partially filled LLL @ p#0

* Spin polarized LLL i1s chirally asymmetric
— states with p;<0 (and s=|) are R-handed electrons
— states with p;>0 (and s=] ) are L-handed positrons

1.e., a nonzero electric current 1s induced
=B
S 2.7'172 Us d
A
P; 3¢ ' |
Nonzero Ts TS TS
i sif sib oy, (I V
]iﬁﬁr‘éift Tos I

K j QQQQ
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FSU4 CME in heavy ion collisions?
* Chiral charge can be produced by topological
configurations in QCD

d(NR_NL)= gsz de

dt 167°

* A random fluctuation with nonzero chirality
could result in

N,-N, =0 = u.=0

a

uv ra
Xul @

 This should lead to an electric current

2
= B
<J> B ;nz Us
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rsu Dipole CME

* Dipole pattern of electric currents (or charge
correlations) 1n hea\g 1on collisions
&

® T@IB
®

[— talk Ron Belmont]

&
©
®

©

v
GG}@@

[Kharzeev, McLerran, Warringa, Nucl. Phys. A 803, 227 (2008)]
[Fukushima, Kharzeev, Warringa, Phys. Rev. D 78, 074033 (2008)]
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Experimental evidence

%107
ks YA ST A T NGANTRET e WA T
-y 0.4 K Au+Au 200 GeV o
A ¥ STAR X
o & O HIJING 3
N ) s & HUING + v, 7
'»0.2F F%’““' © UrQMD 5
= J 2, [ MEVSIM -
+ E R n -
o° L AD N g
SRl 0 S S =t et ﬁ ................. C\@ ¥-”==:¥€€€§v¥
8 L : % _________ sas@pmeem = M
o AT i N : M 7
~ 0.2 _Hl’ ’ ¥ Y
0.4 3
i Red : same charge i
A + Blue: opp charge Al
-0-6 1 I A Li L1 1.1 I Ll I L1 11 I L1 1.1 l Lab L1 l 1

70 60 50 40 30 20 10
% Most central

[B. I. Abelev et al. (STAR Collaboration), Phys. Rev. Lett. 103, 251601 (2009)]
[B. 1. Abelev et al. (STAR Collaboration), Phys. Rev. C 81, 054908 (2010)]
[Adamczyk et al. (STAR Collaboration), Phys. Rev. C 88, 064911 (2013)]
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CHIRAL MAGNETIC WAVE
al’ Ny
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<]5>=2€E2‘u < >=2652‘u5
Phy
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iS4 CMW/Quadrupole CME

* Start from a small baryon density and B;éO

2 ~ B
<j5> e32 u <] > . Zeﬂz

&

 Produce back-to-back electric currents

[Gorbar, Miransky, Shovkovy, Phys. Rev. D 83, 085003 (2011)]
[Burnier, Kharzeev, Liao, Yee, Phys. Rev. Lett. 107 (2011) 052303 ]
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AsU Experimental evidence

» Elliptic flows of n" and n~ depend on

charge asymmetry:
[Burnier, Kharzeev, Liao, Yee, PRL 107, 052303 (2011)]

% ~ N.[14+2v,cos(29) T A,rcos(29)]

[H. Ke (for STAR) J. Phys. Conf. Series 389, 012035 (2012)]
[Adamczyk et al. (STAR), Phys. Rev. Lett. 114, 252302 (2015)]

Saeden SN L St S ———
A‘é’“f‘su <2OO Sg\; (33'2\‘/"/?;% [ r=3.1985 +0.2903 3} |
: -:}’Fr)c_ + . g 0.1 -
3.3F o7l P r T I
oo e {,—""I’
~— [\ .
Q é > ,."
Z 3 T L 4
3.2 é . -’é\ .
: é [N b :
[ (a) 1 1 1 d —O [yl 1 I | (bl)_
2 —-0.05 0 0.05 -0.04 -0.02 0 0.02 0.04
Observed A, A., [— talk Ron Belmont]
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FURTHER DEVELOPMENTS

* Dynamical chiral shift
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Fsl Chiral shift at B#0

* The axial current (CSE) 1n free theory
eb
(Fr'rw)-

2
27
[Metlitski & Zhitnitsky, Phys. Rev. D 72, 045011 (2005)]

u with B=(0,0,B)

+ interactions should induce a chiral shift
parameter A associated with the condensate,

OL=AYyyy

This 1s a perturbative effect: there 1s no
symmetry to protect A =0

[Gorbar, Miransky, Shovkovy, Phys. Rev. C 80 ()328()1(R) (2009)]
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FSU  Chiral shift (@ Fermi surface

 Chirality is = well-defined at Fermi surface (|p;| > m)

 [.-handed Fermi surface:

2 Bl
n>0: p3=+\/(\/M2—2”‘eB‘_S¢A) -m’ | |n
>
2
P; = "\/ (\/ W =2n[eB|+s, A) -m
| ¥
 R-handed Fermi surface: Pt ¢
2 I “'\?:l
n>0: p3=—\/(\/u2_2n‘eB‘—slA) —m’ H‘n
>
2 4
p, =+ (\//ﬁ —2n‘eB +s, A) —m’

[Gorbar, Miransky, Shovkovy, Phys. Rev. D 83, 085003 (2011)]

- v _— -
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FSU4  QED in weak field (B—0)

 The result has the form

>V (p)=yy’A(p)+7’y’ u.(p)

Near Fermi surface (p,—0, [p|—pg)

N : \
/o N ETAR 9

o’ - 2u(pl-p,)

aebu p, : m’ _1\

1
wm” pg| HZM(\p\ -pr)

[ Gorbar, Miransky, Shovkovy, Wang, Phys. Rev. D 88, 025043 (2013)]

_— 7
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Dispersion relations in QED

* Let us use the condition (for a small B)
Det[l S ( p) + Z(l)( p)]

BTN L—handed !

pa/u

P/
[Gorbar, Miransky, Shovkovy, Wang, Phys. Rev. D 88, 025043 (2013)]

¥ E =
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FSU  QED in strong field: op;

Model fit: aleB] eB|n
p3—p§0)=i # 0.76+0.49 ,uz

P34
3.OX10_4-|---lr-'l"-l-..l..,l'.'m.it\\
- N=2x10’ L—handed ]
2.0)(10_4 }M

A

4T b

- 10X 107" i
— - ] AP
S j ]
R oo———— 2+ L. ”,

| i 1

< _ : P3t—-

T —10x107*F -

.
-
S -
——pe——
-
.

_2°OX10_4}W
i R—hande v
B0 e

/
—”///
n I

[Xia, Gorbar, Miransky, Shovkovy, Phys. Rev. D 90, 085011 (2014)]

AL

T W— = v E__2 T

March 8, 2016 Ist CORE-U International Conference: Intense Fields and Extreme Universe, Hiroshima, Japan 29



FSU  How large is the asymmetry?

In QED:

MeV/c

a\eBLM/ B \(100MeV
R e

In QCD:

04
s

B
10°G

400 MeV
u

eB‘ Lon

) MeV/c
u

may have some observable consequences...

¥ T T
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FURTHER DEVELOPMENTS

* Anomalous Maxwell equations for
chiral plasmas

[Boyarsky, Gorbar, Ruchayskiy, Rudenok, Shovkovy, Vilchinskii, to appear]
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FS4  Magnetic field/helicity

* Magnetic helicity evolution (inverse cascade) 1n the
Early Universe

—_

~ 4T = ~\ 1 0FE

VxB==—(0E+CuB)+-—
C c dt

=S klgob

VO B s
c Of [ Vilenkin, Phys. Rev. D22, 3080 (1980)]
£y afd [Joyce & Shaposhnikov, astro-ph/9703005]

V' E = 47‘[p ; V:B= 0 [Giovannini & Shaposhnikov, hep-ph/9710234]

* For specific helicity eigenmodes:

[Boyarsky et al., arXiv:1109.3350]
dB, ck
L [ Tashiro et al., arXiv:1206.5549]
o — .
d (4‘7-[ CSMS Ck) Bk [Manuel et al., arXiv:1501.07608]
[ O [Buividovich et al., arXiv:1509.02076]
|

Hirono et al., arXiv:1509.07790]

- -
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Fsi Feedback on u(t)

» Constraint of the total helicity conservation

s s

fermion gauge

 Common “homogeneous’ approximation:

ns(k',t)z<n5(§,t)> , Ms(t)z3—c3<n5(?(,t)>

space T 2 space

* In other words, the value of |, remains constant
on distance scales

Ax ~ (kcrit)-1 i CUS)-I

E_ T o T T s
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FS4  Magnetic field/helicity

* Magnetic helicity 1s transferred from short to long-
wavelengths modes, while the value of p, decreases

10 . -
From [Hirono fitﬁ_‘.al*.a,_\%erV. 1509.07790]_ Ky t=0
‘ \ — Kk, t=0.05
1 & 2 e
= — k, t=5
i
N’
=)
0.1}
0017

T[GeV] _
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FSU Open questions

 Will the cascade survive if there are variations
of order oy on distance scales (k)7

* How large oy can be tolerated?

* Will dynamical fluctuations of . stay under
control?

 How to account for inhomogeneities in the
anomalous Maxwell equations?

n (%,6)=" j,(%,)=7

» How to obtain equations for p(z,x) and p(2,x)?
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ASU Framework

* Chiral kinetic theory as a starting point:

a 1 — — — —
Vi) Dlise (E+17xB+(E B)Q, )
gt 1+Q,B &

af;
ap

J
a{A ~ I coll
X

(v +ExQ, + (- ,»)E}

where
fA (O)+ (1)+ (2)

1
exp(cp;u")+1

1S an expansion 1n powers of e-m field & ?ul, ou,

(D
A

[Boyarsky, Gorbar, Ruchayskiy, Rudenok, Shovkovy, Vilchinskii, to appear]
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FSU Equations for chemical potentials

o Resulting equation of motion for p,:

o ( g £ 25
U EIC G B, |+ Sl B 2 | A (f )
&/,t ot 3 3r°c dx ) 4m’c
where 7" = 4L AN e
3r°c’ y e 0x
The corresponding equations for the currents:
CME drift & diffusion Hall type
( AB\ (T 3(M2 ':\Mz) N [ R
]’=€M5 +€IT 1+ ? eE—d‘lf eT Y ¢E — il x B+ |
27%c  9c 7’ T? x| 3xa’ JX oSl
— 2 3 2+ 2 2
= euB erT (M Ms) dus, ~€TU U u) -
]5=2 7 VL 9 1+ o3 ) d*+ 3 72 eE_d_ i
 2me, J¢ aT X, 37c X)
i Y Y
CSE diffusion CESE

2 T B T T
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FSU New types of currents

 New contribution to the electric current:

—

q’ =_277MM5 §M5_372M5 aMSXE _672(3M2+3M52+772T2)&E
3a°c dx 3a* | 9x 9mc ot
rY- & Y
Chiral diffusion  Hall diffusion

new

\

e New contribution to the chiral current:

Chiral Ha)l& diffusion Chiral Hﬁll effect

s NG \ —
]~. i eru Ju, < B +€T2M5 eE—é)—M XB_ZeTZM,uS OE
Vig" 3x° | dx 37 ox 3xic Ot
. et | = Jdu
e There 1s also a term 6 Ex=Z =
T’ X

L T o = E T T T
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PFSU  Question about Hall current
* Note that we had

M) € T U & B
J = ExB
37

e Why is this proportional to 72 ?

 What do you observe 1n the usual experimental
setup (J,=0 and j,70)?
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PSU  Question about Hall current

* Enforcing j,=0 gives
atE =br’E B,

Then, 1n the approximation used,

2

2 (ar)z
j,=arE +bT'E B = ,+bT’'E B i S

P i bB y
]B
+ +

AQQQQQ
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FsU Plasma drift

Plasma as a whole experiences a non-dissipative
drift. Can this be included in f”?

A

Why should plasma drift? B

Consider £ L B (with £ < B): =

E
<€
B v B v
E / 5 T B /*
: o qv>;B q(vx P qg

¥ E =
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Fsl Frames of reference

Another viewpoint

i

Positives Negatives
&

Drifting frame: O © O A

@ Magnetic field

Lab frame: w o - m -
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Fsi

f," for magnetized plasma

* Consider a special case

— Plasma consists of only e-m charged degrees of

freedom
— Fields so that E 1 B (wit

n £ < B)

 No electric field 1n the ¢

e [.ab frame: use |

rift frame

hoosted Fermi-Dirac distribution

1

lab
e

exp

cp—p-

—_—

+1

with
ExB
BZ

—

Y& S = G

=)

drife S0 )

March 8, 2016
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FSU 1% Perturbation in drifting plasma

* Charge density

on'” (9 >
D =y 2 ol -V

7
a M}L (9 z_ drift

0)
|+ T (V vdnft)+

* Current density

](lab) (0) EXB )Le‘u)LB_FAe‘u?L E (EB) B I B+E o
: B* 4x’c 4°c Hf\ \2E- 2B ey
an(o) e(E'.B) i 3 . aM _}
_Ta‘u); & B2 B-vu, +gzvdriﬂ(vdrift'viux)+g3 6‘: T, |\
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FSU Drift in QGP plasma?

* In QGP, gluons play a profound role
— Gluons are neutral and, thus, are not drifting

— The zeroth approximation is the usual Fermi-Dirac
distribution 1

(0) _
A

cp-H,
T

exp +1

* Expansion in small e-m fields and gradients 1s
well define

f=fO4fO4 D,

* Expansion of the 15t type (no drift) may be better

- L 2 e
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FsSi Summary

* Chiral plasmas have widespread applications
— Heavy-1on collisions
— Cosmology
— Dirac/Weyl semimetals

— Neutron stars
* Anomaly plays a profound role in such plasmas

* Many interesting chiral/anomalous effects are
triggered by a magnetic field

« Experimental search for signatures 1s underway

E_ T o T T s
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