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- The Chiral Magnetic Effect
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Outline

@ QCD topology and the “strong CP problem”

& Chiral Magnetic Effect (CME)
and local P and CP violation (LPV)
in hot QCD

& CME in the chirally broken phase:
the Chiral Magnetic Spiral

Q A new spin-off: P-odd effects in
polarized quark fragmentation
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P and CP invariances are violated

by weak interactions

S S N

What about
strong interactions?

IE I'-.Iau'lrlnnl -Huutnnn 1= Neutrin: Hennﬂ:
ehgciron |m

I 1l l[l

The Generations of Matler

Com ex CKM mass matrix

Y. Nambu, M. Kobayashi, T. Maskawa
dif 2008




Very strict experimental limits exist on
the amount of global violation of P and
CP invariances in strong interactions

(mostly from electric dipole moments)

But: P and CP conservation in QCD is
by no means a trivial issue...

Can a local P and CP violation occur in
QCD matter?




Gauge fields and topology
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Mobbius strip, the simplest nontrivial example of a fiber bundle

Gauge theories “live” in a fiber bundle space that
possesses non-trivial topology (knots, links, twists,..)




Annals of

Characteristic forms and  wenemaes
. . . 1974
geometric 1mvariants

By SHIING-SHEN CHERN AND JAMES SIMONS*

1. Introduction

This work, originally announced in [4], grew out of an attempt to
derive a purely combinatorial formula for the first Pontrjagin number of a
4-manifold. The hope was that by integrating the characteristic curvature
form (with respect to some Riemannian metric) simplex by simplex, and
replacing the integral over each interior by another on the boundary, one
could evaluate these boundary integrals, add up over the triangulation, and
have the geometry wash out, leaving the sought after combinatorial formula.
This process got stuck by the emergence of a boundary term which did not
yield to a simple combinatorial analysis. The boundary term seemed interest-
ing in its own right and it and its generalization are the subject of this

paper.




TOPOIOgy and
= Chern-Simons forms

6. Applications to 3-manifolds ‘

In this section M will denote a compact, oriented, Riemannian 3-manifold,
and F(M) - M will denote its SO(3) oriented frame bundle equipped with
the Riemannian connection ¢ and curvature tensor Q. For A, B skew
symmetric matrices, the specific formula for P, shows P,(AQ® B)=
—(1/87% tr AB. Calculating from (3.5) shows

— ——1—;{013 N\ (}13 N 023 + 012 AN Qm 55 013 AN Qm =+ 023 AN Qza} '
4T

What does it mean for a gauge theory?




Chern-Simons theory

CHARACTERISTIC FORMS

mp (0) = —*—1'?,{012 A O3 A Oy + B.s A Qi + 05 A Qs + Oy A Q) -
(6.1) g 4T

What does it mean for a gauge theory?

(Geometry) «—>( Physics)

Riemannian connection < » Gauge field

Curvature tensor < » Field strength tensor

k 2

Abelian non-Abelian




Chern-Simons theory

k 2
Scs = o Md?’x ek (Aiij — §Ai[AjaAk]>

Remarkable novel properties:

@ gauge invariant, up to a boundary term

@ topological - does not depend on the metric, knows only
about the topology of space-time M

Q@ when added to Maxwell action, induces a mass for the gauge
boson - different from the Higgs mechanism!

@ breaks Parity invariance




Chern-Simons theory and
the vacuum of Quantum Chromodynamics

Equation:

DHFS, =

Solution:

AZ () = Q@ayyilty)<

172 1 ,02

Integer Qz/dauK

|

Ky = 162

Belavin, Polyakov,
Tyupkin, Schwartz;
tunneling events:

‘t Hooft; Gribov;....

-
Coupling of

space-time
and color:
.
€apv v =1,2 3,
Napv = 5au v =4,
_5(“/ lL — 4.

——— €0 (Aa AL + - f WAL A? AC) Chern-Simons current




QCD vacuum as a Bloch crystal
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(©) = 3" f(a) [, D[V]D[P)D[A] exp(iSqen)O(, 1), A)

flon + q2) = fla)f(g2) == f(q) = expl(ifiq)
b

“guasi-momentum” “coordinate”
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Topological number fluctuations in QCD vacuum

D. Leinweber




Topology-induced change of chirality

‘ Right <> Left'

Spin

Momentum

—_—
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Extensive role of topological effects 1n
the properties of hadrons
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- —— phen 4
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7[fm]
T. Schafer and E.Shuryak,

Instantons solve the 1)’ puzzle,
Rev. Mod. Phys. 70 (1998) 323

explain why the pion is so light, etc
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Sphaleron transitions
at finite energy or temperature

1 t
I'=—lim lim [ ((¢(x)q(0)+ q(0)q(x)))d*z

t—oo V—o0 J0

Energy of
gluon field

OCKXX) ’s

(A 'Q‘ 4 by 2
,c’:'.'&’:““:‘ 0% \
SISt o ghhe

Sphalerons:
random walk of
topological charge at finite T:

<Q2> =2I'Vt, t— x




Sphaleron transitions
at finite energy or temperature

17
C.Rebbi, http://scv.bu.edu/visualization/gallery




Diffusion of Chern-Simons number in QCD:

real time lattice simulations

[dix g2 FF /327

Nes=

D 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0 100 200 300

Time (tm)

DK, A Krasnitz and R.Venugopalan, P.Arnold and G.Moore,
Phys.Lett B545:298-306,2002 Phys.Rev.D73:025006,2006




Experimental test of Chern-Simons dynamics
in hot QCD: Heavy 10n collisions

NICA, -' S
J INR F AI R Facility for Antiproton and lon Research {@

-




Is there a way to observe topological charge
fluctuations in experiment?

Relativistic 1ons create
a strong magnetic field:

Reaction
plane

X (defines W)




Heavy 10on collisions as a source of the strongest
magnetic fields available 1n the Laboratory

10° |
104 |

108 |

eB (MeV?)

102 |

10t |

DK, McLerran, Warringa,
0 05 b LS 2253 Nycl Phys A803(2008)227

10°

Fig. A.2. Magnetic field at the center of a gold-gold collision, for different impact
parameters. Here the center of mass energy is 200 GeV per nucleon pair (Y; = 5.4).




Comparison of magnetic fields

The Earths magnetic field 0.6 Gauss
A common, hand-held magnet 100 Gauss

The strongest steady magnetic fields 4.5 x 10° Gauss
achieved so far in the laboratory

The strongest man-made fields 10" Gauss
ever achieved, if only briefly

Typical surface, polar magnetic 10" Gauss
fields of radio pulsars

Surface field of Magnetars 10" Gauss

http://solomon.as.utexas.edu/~duncan/magnetar.html

Heavy 1on collisions: the strongest magnetic

field ever achieved 1n the laboratory
Off central Gold-Gold Collisions at 100 GeV per nucleon

eB(t=02fm) = 10°~10" MeV* ~10" Gauss




From QCD back to electrodynamics:

Maxwell-Chern-Simons (axion) theory

1 C
R 1717 _ poy Z K
Lyics = 4F F v Aw] + 4 B MJCS Axial current

Jg’S _ GMVPUAVFPO_ PM — (“)“9 - (9 ﬁ) !

Photons




E. Witten;

F. Wilczek

Induced electric charge: 4 = € 0 g= 52 0 g = 92 0 (eg) =

V-E=p+cP-B \\ I 720

Magnetic monopole
at finite @ : the Witten effect
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The Chiral Magnetic Effect I:
Charge separation 3 ,

P=V0
E
r N
0 eB-S
1T () (%)
Q J

DK ’04;
DK, A. Zhitnitsky ’06;
DK arXiv:0911.3715; Annals of Physics (2010)




The chiral magnetic effect II:

chiral induction

DK, L. McLerran, H. Warringa ’07;

K. Fukushima, DK, H. Warringa ’08;
DK, H.Warringa arXiv:0907.5007




The Chiral Magnetic Effect

H
* Let all fermions
be right-handed,
‘ Q=Nr-NL>0
‘ this means the spin

¢

* ‘ is parallel to momentum.

Magnetic field pins down
the directions of spins
and thus induces
an electric current

27




Computing the induced current

Fukushima, DK, Warringa, ‘08
Chiral chemical potential is formally

equivalent to a background chiral gauge field: s = Ag

In this background, vector e.m. current
1S not conserved: 9

e
b
O 1672

(FI* Py — FY Fryu)

Compute the current through Olog Z[A,, A°]
po_ Ho - h
0A, ()

The result: Coefficient is fixed

by the axial anomaly,

no corrections
28




What powers the CME current?

Energy of
gluon field .

\1 N b
instanton — O g
sphaleron 5

Power = Force x Velocity




“Numerical evidence for chiral magnetic effect
in lattice gauge theory”,

P. Buividovich, M. Chernodub, E. Luschevskaya, M. Polikarpov, ArXiv 0907.0494; PRD’09

Red - positive charge
Blue - negative charge

SU(2) quenched, Q = 3; Electric charge density (H) - Electric charge density (H=0)




“Numerical evidence for chiral magnetic effect

in lattice gauge theory”,
P. Buividovich, M. Chernodub, E. Luschevskaya, M. Polikarpov, ArXiv 0907.0494; PRD’09

Density of the electric charge vs. magnetic field,
3D time slices Red - positive charge

Blue - negative charge

note:

B has to be
measured
1n units of
the pion
mass/?2 !




Electric current susceptibility

cos(A¢, + Agg) ox ap

2
N. V (J 1 —J ||) K .Fukushima, DK,

H. Warringa, arXiv:0912.2961

L

ol =1 1 @V? 110°GeVe]
-

Buividovich et al >—B—<

Ours =

The fluctuations of electric
current in magnetic
background are anisotropic,
the difference of
susceptibilities 1s UV finite.

Lattice data are well

02 0.4 0.6 08
gB [GeV]

2
|| B : Qf|QfB‘ A

2
L ) q7lasB|
,\~>OVT\ zf: 57

(1+

1

S5

A

reproduced theoretically.

) [1 —n,(wan) — 7 (wM)]

AdS/CFT calculation of susceptibility:
A Krikun, arXiv:1003.1041




“Chiral magnetic effect in 2+1 flavor QCD+QED”,

M. Abramczyk, T. Blum, G. Petropoulos, R. Zhou, ArXiv 0911.1348;

Columbia-Bielefeld-RIKEN-BNL Red - positive charge
Blue - negative charge

DB: g3-imag.eig.0.eigd. BxOBy0Bz0,098175. vk
Cycle: 98175
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2+1 flavor Domain Wall Fermions, fixed topological sectors, 1643 x 8 lattice




Chiral magnetic conductivity

D .K., H. Warringa, Phys Rev D80 (2009) 034028




Topological number diffusion at strong coupling

Chern-Simons number

) ) ( 2 ’\')2 D.Son,
diffusion rate I = IJym-Y T4 A Starinets
at strong coupling 25673 hep-th/

020505

NB: In strongly
coupled N=4 SUSY:

S-Dil_nensi_cmal Confingment @ Small Shear
Anti-de Sitter /T Radius
Spacetime Viscosit
Black hole B oo
R AdS perfect liquid
i Boundar

' @ large rate of

topological

fluctuations

Axial anomaly in
hydrodynamics:

4-Dimensional
Flat Spacetime D.Son and P.Surowka,

(hologram)

arX1v:0906.5044




Classical topological solutions
at strong coupling?

yes: D-instantons in (dual) weakly coupled supergravity

D-instanton as

an Einstein-Rosen
wormbhole;

the flow of RR charge
down the throat of

the wormhole describes
change of chirality

G. W. Gibbons, M. B. Green and M. J. Perry, Phys. Lett. B 370, 37
(1996) [arXiv:hep-th/9511080].

D-instantons as a source of multiparticle production in N=4 SYM?
DK, E.Levin, arXiv:0910.3355; JHEP (2010)
3

3




Holographic chiral magnetic effect:
the strong coupling regime (AdS/CFT)

p/T=0.1

T S

osk 7\

_ost

H.-U. Yee, arXiv:0908.4189,
JHEP 0911:085, 2009

Strong coupling
(st1ll controversial)

0.5 |

w/T
D K., H. Warringa
Phys Rev D80 (2009) 034028

Weak coupling

A. Rebhan et al, JHEP 0905, 084 (2009), G.Lifshytz, M .Lippert, arXiv:0904 .4472;
E. D’ Hoker and P. Krauss, arXiv:0911.4518; ...




Holographic CME.:

1s the current renormalized at strong coupling?

=01

S

0

osf |/ |

H.-U.Yee: No
] =o0,B
A.Rebhan et al: Yes (to zero)

Resolved very recently:
V.Rubakov, arXiv:1005.1888;

_ost

JHEP 0911:085, 2009

H.-U. Yee, arXiv:0908.4189,

EREE A. Gynther, K. Landsteiner, F. Pena-

Benitez, A. Rebhan,
arXiv:1005.2587

CME current is the same at
strong and weak coupling

What carries the current
at strong coupling? ™




CME 1n the chirally broken phase

G. Basar, G. Dunne, DK, arXiv: 1003.3464;
Phys.Rev.Lett., in press

Chiral spiral” in (1+1) theories: v gchoen, M. Thies, hep-th/0008175
Gross-Neveu:

. 1 _\2 _ 2 _
L=qiv"'0,q+ 592 [(QQ) -2 (77°q) ] — moqq
‘t Hooft:

L= giDq - %t.rFWF“” L D=0, +igA,)

because of constraints on Dirac matrices in 1+1, explicit form e.g.

o_(01 L (0 -1
! 1 0 ) K 10

there 1s an intricate connection between the vector (baryon) and chiral

currents
0 -1 -1 -0 v - ohi .
v =34, Jv=7ia Baryon density - chiral current;

chiral density - vector Current




Chiral magnetic spiral

G. Basar, G. Dunne, DK, arXiv: 1003.346§

Plane waves describing the pairing fermions

acquire a phase difference due to the chemical \ v
potential - the spiral nature of condensates. —/ s

Gapless collective spiral excitation that carries

Lt " \ Ll
a vector current (at finite chirality) or 1
a chiral current (at finite baryon density).
(J3) = Bets (J3) = eBen " vt

2T T 2w a
i T AN
4 =2x(1+1) \ /
= % cos(2us 2 — dr) — D?cos(2us = + ¢) 1N-plane \/
—C2%sin(2us = — ¢r) + D?sin(2us = + ¢) fluctuations

= C?cos(2us z — oR) + D? cos(2us 2z + o) /,, I
= —C?sin(2us 2 — op) — D?sin(2us = + o1

o

N N T T

o ~

™) ™)

T N N N
Il




Momentum

[eft

Momentum

Spln

T

Right
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Charge asymmetry w.r.t. reaction plane
as a signature of strong P violation

excess of positive
— |charge

Reaction

excess of negative
charge

X (defines ¥y)

Electric dipole moment of QCD matter!
DK, Phys Lett.B633(2006)260 [hep-ph/0406125]




Charge separation = parity violation:




Analogy to P violation in weak interactions

4
t @
BETA RAYS o
78
X
==
SPINNING
COBALT {
NUCLEI C.S. Wu, 1912-1997
(- )
BUT.:
the sign of
the asymmetry
BETA RAYS fluctuates
(ELECTRONS}‘J * % event by event
v \ ¥  MIRRORWORLD \- J
\

THIS WORLD




Observable

Lecture by S. Voloshin Sﬁr_m

[ S.A. Voloshin, Phys. Rev, C 70 (2004) 057901

Effective particle distribution
for a certain Q.

( 1 l\r( Y

) X 14 201 o cos(AP) + 2v3 o cos(2A¢) + ...
do

+ 2ay o sin(Ad) + 2 a3 osin(240) + ...,

Ap = (¢ — Wpp)

Y
o

mi
f————— <

*The effect is too small to observe in a single event
*The sign of Q variesand (a)= 0 (we consider

only the leading, first harmonic) =» one has to
measure correlations, (aa a,), P -even quantity (1)

= {a, ap) is expected to be ~ 104

= {a,ap) can not be measured as {sin g, sin g;)
due to large contribution from effects not

related to the orientation of the reaction plane

(:('1 )5((")“ + (v')" — 2"/}1’}-’ ’: —_
= (COsS —\‘.«"u CoOs ,_\(_‘;J:> :Eill J‘-"u >ill ._\Uj)
- [1:"].“"1“‘: + Ré’lj . [':(l‘-.("'{: _+_ Routj.

=» study the difference in corr’s in- and out-of-plane

B Bout, =

A practical approach: three particle correlations:

] ¢ 'y PP \ / of 4 ’ . A\ a0
‘\('Ub(l."“ -+ W3 — -)‘4"4‘ l" — \k'(_’b((.’,, + QO3 — -,JIRP" U2,

page 3 P~ and CP-odd. effecty inhot and dense matter, BNL, April 26-30 2010 SA. Voloshin

WYNE STATE
UNIVERSITY




| Selected for a Viewpoint in Physics week endin
PHYSICAL REVIEW LETTERS 18 DECEMBER 2009

Azimuthal Charged-Particle Correlations and Possible Local Strong Parity Violation

PRL 103, 251601 (2009)

(STAR Collaboration)

5 1 07
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observable;
but:
sensitive to
P-odd
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Mass number and energy dependences

x10° x10
L TTT PTTTTITTTTTTTTTTT TN T I N L I ]
1—_ STAR, 200 GeV _ o __ STAR Preliminary, 62 GeV ]
L —=&— same charge, AuAu . B“m 1 L —&— same charge, AuAu -
B —i— opp charge, AuAu 7] N - —i— opp charge, AuAu 7]
i —&— same charge, CuCu || . i —&— same charge, CuCu | ]
0.5+ —&— opp charge, CuCu _ -'e-- 05 —=— opp charge, CuCu -
: i 3 . i
A ]l & i ]
0 B F: 8 0 - .
i s ) i o]
0.5 ] 0.5 B
-1 p N §

11 I 11 1 I 11 I L1 1 1 I L1 1 1 I 11 1 1 I L1 1 1 L1 1 1 1

70 60 50 40 30 20 10 0 70 0
% Most Central % Most Central

STAR Coll., arXiv:0909.1717

(Phys Rev C)

Expectations for the energy dependence:
slow growth towards low energies
reflecting longer-lived magnetic field,
then gradual disappearance (n% QGP):
there has to be a maximum somewhere




1.01

0.995-

The PHENIX result

talk by N. Ajitanand, Dec 17

'_ Data 0-5% 0.4<pT<0.7 ) 1.01 Data 20-30% 0.4<pT<0.7
L e unreflected © reflected - ¢ unreflected © reflected
- Fast Sim (with decay) - Fast Simulator (with decay)
- al1=0.04 - a1=0.065
- o 1005 .- — al1=0.055 -
i o -
B 1
i | L L L | L L | L L L L | L L L L | : | | | |
1 '0-5 0 0.5 1 0.995 _1 _0.5 0 0.5 1
A
S AS

49




<cos(¢p,+¢,-2Dpe)>

S.Esumi et al

0.005
PHENIX preliminary 30~50%
osael Au+Au 200GeV 10~30% By (0 = 1.0~ 2.8) [PHENIX Coll]
0.003 Pry (0 =1.0~2.8) Aprll 20 10
® (+,-) pair
0 o (+,+) pair STAR 44,
0001~ ® (—,—) pair x P e
0 mx - ’Eﬁ}‘i'” B ,_‘t 9«»’_ q.fr:f"‘T [

30~50%

7 | STAR +- é

PHENIX preliminary
Au+Au 200GeV 10~30%
Pgpcempe M = 3.0 ~ 3.9)
m (+,-) pair
m (+,+) pair
® (-,-) pair

STAR +4,— ./ /

<pp> = (Py+Pry)2 (GeVic)
Relatively good agreement between PHENIX & STAR




Are the observed fluctuations of charge asymmetries
a convincing evidence for the local parity violation?

A number of open questions that still have to be clarified:

in-plane vs out-of-plane, A. Bzdak, V. Koch, J. Liao,
new observables? arXiv:0912.5050; 1005.5380
physics “backgrounds” M. Asakawa, A. Majumder, B. Muller,

arXiv:1003.2436

S. Pratt and S. Schlichting, arXiv:1005.5341
F. Wang, arXiv: 0911.1482

Fortunately, a number of analytical and numerical (lattice)
tools are available to theorists,

and the new data (low energy, PID asymmetries, U-U)
will hopefully come - this question can be answered! 51




Local P violation in the
fragmentation of polarized quarks

Z.. Kang, DK, arXiv:1006.2132 (today)




Z.. Kang, DK, arXiv:1006.2132

Cross section 1n e+e- annihilation:

do

dzydzod cos Od(py + @)

= UOZ {1+cos 6) [ q(zl)Dq(Zz)—ﬁq(zl)56(22)] “Collins

+ sin? 6 cos(¢1 + ¢2) [HJ'(ZI)H—L(Z2)+I'~I(}L (Zl)ﬁéL(Zz)]CffeCt”

+sin? Osin(ér + 62) | Hy (21) Hy () - ﬁj(zl)H;(ZQ)]}P-?dd,
only

EbyE

= Physical pictures:
" P-odd times P-odd terms:

4—‘—6 d D D 7l 7l
D Dz OR H(z1)H:=(z
anti-quark  quark . a(21)Dq(22) ¢ (21)Hg (22)

= P-odd term alone:

H(21)HZ (22)

—H(z1)H7 (22)
53




iy 7ol Sand Stony Brook Umversnty (Ofﬁce o‘Vice resndent for BNL Aﬂ’anss4)

RIKEN-BNL-CATHIE Workshop on
P- and CP-odd Effects in Hot and Dense Matter

April 26-30, 2010

Organizing Committee

+ Abhay Deshpande (Stony Brook University/R8RC) Brookhaven National Laboratory
+ Kenji Fukushima (Kyoto University) *
« Dmitri Kharzeev (BNL) Long Island, New York, USA

» Sergei Voloshin (Wayne State University)
» Harmen Warringa (Goethe University)

P- and CP-odd effects mn:

International Advisory Committee nuclear, particle, condensed
matter physics and cosmolo

J. Bjorken (SLAC) Py &y
H. En'yo (RIKEN)

M. Gyulassy (Columbia University) f

F. Karsch (BNL & Bielefeld) Talks online at .
» T.D. Lee (Columbia University)

+ A Nakamura (Hireshima university)  Nttp://quark.phy.bnl.ecov/~kharzeev/cpodd/

» M. Polikarpov (ITEP) ¥ % BT X R

+ K. Rajagopal (MIT) Additional information and registration at

* V. Rubakov (INR) TN 3%
« J. Sandweiss (Yale University) http://www.bnl.gov/rikenhdm/

~ " «,E. Shuryak (Stony Brook University)

T

A Tovelk (80 Registration deadline: March 1, 2010
« N. Xu (L8NL) ‘ N ."‘J
- V. Zakharov (ITep | _, " | ~
e o e
o SUPPOI‘ ted by RIKEN BNL Center, B ven National Laboratory NI T; :

2 .(3
.. s e |




Summary

& The existence of topological solutions is an indispensable property
of non-Abelian gauge theories that form the Standard Model

& Electric charge separation in the background magnetic field (CME)
allows a direct observation of a topological effect in QCD

& The existence of the Chiral Magnetic Effect (CME) has been
confirmed by several calculations done by different methods, both
at weak and strong coupling

& CME has been observed in first-principle lattice QCD calculations

@ There is a recent observation of dynamical fluctuations in charge
asymmetry at RHIC - an evidence for the CME? >




