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What is chiral symmetry?




Chiral symmetry: the definition

Greek word: yevp (cheir) - hand

Lord Kelvin (1893):
“I call any geometrical figure, or groups of

points, chiral, and say it has chirality, if its
image in a plane mirror, ideally realized,
cannot be brought to coincide with itself.”




Examples

Left-handed Right-handed

Not chiral: Chiral:
nails, spin-0 bosons, ... screws, spin-1/2 fermions,...




Polarized life

fi Rotation of Polarized Light

Paratarirato Tartrato

syt Ty

Rotation of light polarization in

tartaric acid - absent in synthesized one,

but present in the one derived from

wine lees +=> different mixtures of
left and right crystals

Louis Pasteur
1822-1895




Truth at the bottom of the glass:

wine lees Sediment or deposit that forms in the bottom of
wine casks during the fermentation process; used as a source
of tartaric acid and tartrates. R




Parity invariance:
left vs right

In 3+1 dimensions, Parity transformation is

NB: different in the even

— —
r — —XI number of spatial dimensions!
Parity-even: Parity-odd:
mass particle position
energy momentum

angular momentum | 2 | electric current
magnetic field electric field

Maxwell field strength tensor electromagnetic vector potential




Parity in gauge theories:
Classical electrodynamics
and Maxwell’s equations
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P and CP invariances are violated
by weak interactions

/L\\

What about
strong interactions?

g N el Vil Ve
o
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I I III

The Generations of Matter

CP violation J.W.Cronin, V.L Fitch
1980

Complex CKM mass matrix

Y. Nambu, M. Kobayashi, T. Maskawa

% 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?




Mathematics: in search for “the most
harmonious and the most beautiful”

"I dleays reqarded mathematics as
the method of oéia/n/ng the best
shapes and dimensions of’ 2/hings
and CAIS meant not only the rost
wsetul and econoriical, but cluetly
2he most Aarmonious and the most
beacdiful.”

from a letter by Maxwell
to Galton




Gauge fields and topology

NB: Maxwell
electrodynamics
as a curvature
of a line bundle

—

Mébius 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  wuemes
geometric invariants o

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
vield 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.




6. Applications to 3-manifolds ‘

Tn 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(AQR B) =
—(1/8x* tr AB. Calculating from (3.5) shows

l 1) TP;(O) = _z’lljt—?{()m N Oy N Os + ZPWAN sz % 013 A Qs+ O N\ Qz:«} *
Pe i

What does it mean for a gauge theory?




Chern-Simons theory

CHARACTERISTIC FORMS

1) T'P,0) = -’l‘t,{(]xz A O A On + O A Qyp + O3 A Qs + On I\ Qu}
(6. : 41"

What does it mean for a gauge theory?

(Geometry) «——>

Riemannian connection «————> Gauge field

Curvature tensor <——> Field strength tensor

[Scs _k >z €k (Az'ij: + §Ai (A, Ak])}

87TM

Abelian non-Abelian




Chern-Simons theory

k 2
Scs = S Md?’l‘ 2k (Az'ij + gAi[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

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

Q@ breaks Parity invariance




Chern-Simons theory and
the vacuum of Quantum Chromodynamics

Equation:
D'u' F a — O Belavin, Polyakov,
nv Tyupkin, Schwartz;
‘t Hooft; ...
Solution:
( Coupling of
a ANapv Ty )< space-time & p
Au () = 2 T pg : L and color: 7
€apv o, V= 1, 2, 3,
Integer @ = /dauK,L Napw =4 Oap v =4,
—Oav n=4.

1 1 a
K, = To3CHasy (AgaBA; - §f“b°AaA%A§> Chern-Simons current




Topology-induced change of chirality

Energy of
gluon field ."‘

. \\‘\‘\‘“\“ 3

Right <> Left .

instanton / 0

sphaleron

00

Spin

Momentum




Topological number fluctuations in QCD vacuum

(“cooled” configurations)

D. Leinweber




Topological number fluctuations in QCD vacuum
ITEP Lattice Group
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The chiral nature of the QCD ““aether”

T. DeGrand, A. Hasenfratz,
Phys.Rev.D65:014503,2002
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Sphaleron transitions
at finite energy or temperature

t

= % lim lim [ ((q(z)q(0) + q(0)q(z)))d*z

t—oo V—oo Jo

Energy of
gluon field

~7 \

instanton — © :
sphaleron 2

Sphalerons:

random walk of

topological charge at finite T:

Q%) =2TVt, t— oo




Sphaleron transitions
at finite energy or temperature

25
C.Rebbi, http://scv.bu.edu/visualization/gallery




Topological number diffusion at strong coupling

Chern-Simons number

. . ( 2 N ) 2 D.Son,
diffusion rate I = gym:Y, T4 A Starinets
at strong coupling 25673 hep-th/

020505

5-Dimensional Confinement . M
Anti-de Sitter / Radius NB . Th 1S

Black hole

Spacetime

calculation is
L Boundary completely
analogous to the
calculation of
shear viscosity
that led to the
“perfect liquid”

i

4-Dimensional
Flat Spacetime
(hologram)




The metaphor of the cave, 380 B.C.

“Physical objects and physical events are

only "shadows" of their ideal or perfect forms,
and exist only to the extent that they
instantiate the perfect versions of themselves”
Socrates,

HOMINES MAGIS TENEBRAS QV

in Plato’s “Republic”

Socrates (ZwKpATNQ)
469 - 399 B.C.

“The prisoners would take tt ow gs and the echoes to be real
sounds, not just reflections of reality, since they are all they had ever seen or heard.”




The metaphor of the cave, 2012 A.D.

5-Dimensional Confinement
Anti-de Sitter / Radius

Black hole

Spacetime

AdS
Boundary
(z=0)

[ IN MVNDVN_ET DI VNT_HOMINES MAGIS_TENEBRAS ¢
vt TONICYH.

4-Dimensional
Flat Spacetime
(hologram)

“The prisoners would take the shadows to be real things and the echoes to be real
sounds, not just reflections of reality, since they are all they had ever seen or heard.”




Diffusion of Chern-Simons number in QCD:

real time lattice simulations

Sd*x g2 FF/32n?

Nes=

Pl e
0o 100 200 300

Time (tm)
DK, A Krasnitz and R.Venugopalan, P.Armold and G.Moore,
Phys.Lett.B545:298-306,2002 Phys Rev.D73:025006,2006




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

JINR FA'R Facility for Antiproton and lon Research
—




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

Reaction

X (defines ¥g)

excess of positive
charge

excess of negative
charge

Electric dipole moment of QCD matter!

DK, Phys.Lett.B633(2006)260 [hep-ph/0406125]




Is there a way to observe topological charge

fluctuations in experiment?

Initial spatial anisotropy

Relativistic ions create Ly

a strong magnetic field: '
z , ,

Reaction
plane

2\

t Py
1

X (defines ¥y) @- > Py

Final momentum anisotropy




Heavy ion collisions as a source of the strongest
magnetic fields available in the Laboratory

10°
\ In a conducting
10% |
plasma, Faraday

& 108 induction can make
- F .
c the field long-lived:
2 el K Tuchin, arXiv:1006.3051

10t

10° DK, McLerran, Warringa,

Nucl Phys A803(2008)227

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 ion collisions: the strongest magnetic

field ever achieved in the laboratory
Off central Gold-Gold Collisions at 100 GeV per nucleon
eB(1=02fm) = 10°~10* MeV’ ~10" Gauss




The Chern-Simons diffusion rate in an
external magnetic field

strongly coupled N=4 SYM plasma in an external U(1)r
magnetic field through holography

G. Basar, DK, arXiv:1202.2161

weak field:

Tog = I V)
OS5 = 956x8

strong field increases the rate:
2772

g°N

(J 4 ) BT2

T'(B,T) =

27AT\2 1 2
(9"N) T4(1+LB—+

384+/375

s
16

—

. . o35
dimensional reduction

L)




Chiral Magnetic Ettect
in a chirally imbalanced plasma

Fukushima, DK, Warringa, PRD08
Chiral chemical potential is formally

equivalent to a background chiral gauge field: pus = Ag

In this background, and in the presence of B,

vector e.m. current is not conserved:
2

€ VT VT
8,“]“ - 1672 (F}f Frw — Fg FRJW)
Compute the current through dlog Z [ A A5]
mo_— -
OA,(x)
The result: L2 . Coefficient is fixed
J = 5.2 Ms B by the axial anomaly,
7

no corrections
36




Chiral magnetic conductivity:
discrete symmetries

- e? -
/J_B\

P-odd P-even
T-odd \ / T-odd
P-odd cf Ohmic
P-odd effect! conductivity:
J=0E
T-odd,
T-even dissipative

Non-dissipative current!
(quantum computing etc)

37




From QCD to electrodynamics:

Maxwell-Chern-Simons theory
1 c

_ _l _ L 0
Lycs 4F P — A J" + 4 Pules Axial current
‘ - | of quarks
Jbhe =" AF,,  Pu=0,0=(0,P) i
4 8E N\
V.-E= p+ cP - B,
. . 0B
VxE+—=0
o
ﬁ B ’ Photons
\ /' Annals Phys. 325 (2010) 205-218

EM fields in QCD “‘aether”




The Chiral Magnetic Effect I:
Charge separation g

6~E:p+cﬁ-§

P=V6
E
p
a. =2 (<2) (55) ¢
L f

DK, Annals Phys. 325 (2010) 205-218
e-Print: arXiv:0911.3715




Electric dipole moment of QCD
instanton in an external magnetic field

E Quark zero mode density
<

G. Basar, G. Dunne, DK,
arXiv:1112.0532 [hep-th]

Topological charge density

Asymmetry between left
and right modes induces
the e.d.m. in an external B

U;I;Z = —Lo3¥ + URostg

40




The chiral magnetic effect II:
chiral induction

—

B

ﬁxé——=f+c(é§—13xﬁ)

T-even
(reversible,
non-dissipative)




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

W01 1 W;ak coqpl1ng
@ ) — g B oy
0 J X U;(l ---------
10 .
Strong coupling
05 )
L g ‘\\
5 10 5 ® 5 NT

-05
\ I !

\ 0 10 20 30
H.-U. Yee, arXiv:0908.4189, w/T
JHEP 0911:085, 2009; D K., H. Warringa
V. Rubakov, arXiv:1005.1888, ... Phys Rev D80 (2009) 034028

A. Rebhan et al, JHEP 0905, 084 (2009), G Lifshytz, M.Lippert, arXiv:0904.4772;...
E. D’ Hoker and P. Krauss, arXiv:0911.4518; A. Gorsky, P. Kopnin, A. Zayakin, arXiv:1003.2293,

CME persists at strong coupling - hydrodynamical formulation?




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

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

Red - positive charge
Blue - negative charge

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




“Chiral magnetic effect in 2+1 flavor QCD+QED”,
M. Abramczyk, T. Blum, G. Petropoulos, R. Zhou, ArXiv 0911.1348;

B} FRTR a0 oo BOBYORO 170K Red - positive charge

Blue - negative charge' |~

(5]
L

05k o

B

z

2+1 flavor Domain Wall Fermions, fixed topological sectors, 1643 x 8 lattice

Lo by v o by v v by v o by s 1
0 > 05




No sign problem for the chiral chemical potential
- direct lattice studies are possible

Let us finally point out that the chiral chemical poten-
tial has no sign problem, i.e. the fermionic determinant
with ps 1s real and positive. In the presence of a chi-
ral chemical potential the fermionic determinant reads in
Euclidean space-time,

detM (us) = det (D + psvpy” +m) (7)

where ) = v, D,,. Here we have chosen a representation

in which all v matrices are Hermitian, 7% = fyo,’yf; =

i7*. Since ) and 4%~° are anti-Hermitian the eigenvalues

of M(pus5) are of the form i\, +m, where \,, € R. Because

75 anticommutes with D + pusy%~°, all eigenvalues come

in pairs, which means that if 7\,, + m is an eigenvalue,

alsoh—z'/\n Cil- m i? aﬁ eigenvaiue. Since thﬁ detﬁrngnant Fukushima, DK,
is the product of all eigenvalues we see that the deter- . ‘
minant is the product over all n of A2 + m?. Hence the Warringa, PRD*08
determinant is real and also positive semi-definite. This

i1s very interesting because it allows for a lattice QCD 45

simulation of chirally asymmetric systems. The lattice




arXiv:1105.0385, PRL

Chiral magnetic effect in lattice QCD with chiral chemical potential

Arata Yamamoto
Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan
(Dated: May 3, 2011)

We perform a first lattice QCD simulation including two-flavor dynamical fermion with chiral
chemical potential. Because the chiral chemical potential gives rise to no sign problem, we can
exactly analyze a chirally asymmetric QCD matter by the Monte Carlo simulation. By applying
an external magnetic field to this system, we obtain a finite induced current along the magnetic
field, which corresponds to the chiral magnetic effect. The obtained induced current is proportional
to the magnetic field and to the chiral chemical potential, which is consistent with an analytical
prediction.

0.06 , : : : 0.06 , : , :
22qB= 0 ) —=—i j1 (Aug=0) —m—
};}agB O;)—EI—( Ja(@us=0) —=
j1 (a2gB =0.9) ~—e— 1 (s =0.5) —e—
0.04 | j3 (@°qB=0.9) —o— 0.04 + Is(aus=0.5) —e—
-5 oz
= - = I- /
0.02 -7 0.02 /ﬁ} = %/
Efﬂ—j/:iﬁ'#‘__é

—

0 0.2 0.4 0.6 0.8

a‘qB




Hydrodynamics:
an effective low-energy
Theory Of Everything (TOE)

e Hydrodynamics states that the response of the

fluid to slowly varying perturbations is
completely determined by conservation laws
(energy, momentum, charge, ...)

1=0.4 fm/c
I 600
= 500

400

y [fm]

A
300 E
=
200
100

10 5 0 5 10
x [fm]

WMAP, Astrophys.J Suppl.170:288,2007

Little Bang Big Bang

47




The rise, fall and rebirth of
hydrodynamical approach to hadronic matter

* Early applications (Fermi, Landau, Hagedorn, ...)
were motivated by the idea of strong interactions
among the constituents in dense matter;

(positive beta functions (screening) in all known
theories);

* Asymptotic freedom (anti-screening), Bjorken
scaling, partons

quasi-ideal quark-gluon plasma, applicability of
hydrodynamics questioned

® RHIC, LHC: strongly coupled plasma;
new theoretical tool: holography

48




Hydrodynamics

N <]+ 2v12 cos Ap + 2v22 cos 2A @ + 21»33 cos 3A@ + 2v: cos 4A @ + ..

pairs

GeV Au+Au |n|<1.0

0.002 oy
v2(2} STAR Prelimine }//

0.0015

oLike-Sign
« » »Charge-Independent
-0.0005, P. Sorensen
0 10 20 30 40 50 60 70 80 90 100 STAR
% GCentral [ ]

49
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vV

The remarkable success of hydrodynamics
at RHIC and LHC

0.08 e __ Al
C f ] >N r ALICE preliminary, Pb-Pb events at \[sy, =2.76 TeV
0.06 - % ¢ 0al centrality 40%-50%
E ] 3
0.04 19 % L) B [ @ v2 lani>1) —
E oy 1 Tm ] [ EK V42 1ani>1)
0.02f ; -  ALICE 3 [ &P v a1 b4 i ;
r Y STAR ] 02+ {
0_—"’"1 """"""""""""""""""""" < PHOBOS — L
EY O PHENIX 1 L
-0.02 -  NA49 -] L
3 CERES 1 L
-0.04 - + E877 -] 01k
[ * EOS ] F —hydro LHC |
-0.06 [~ A E895 — F (CGC initial conditions) '3
E v FOPI ] L (n/s=0.2) ALICE
-0.08 — AT R B | m 0' ) )
1 10 10° 10° 10f 0 05 1 15 2 25 3 35
GeV/c
S (GeV) S )

R. Snellings [ALICE Coll.] Talk at QM2011
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Quantifying the transport
properties of QCD matter

* Hydrodynamics:

an effective low-energy theory, expansion in the ratio of
thermal length 1/T to the typical variation scale L, € = —

LT

e Each term in this derivative expansion is multiplied by an
appropriate transport coefficient

4

n's

very small shear viscosity -
“perfect liquid”; strong coupling

5-Dimensional
—— Anti-de Sitter
\_ Spacetime
AN

\— Flat Spacetime
(hologram)




Low-energy effective ToE: hydrodynamics

5-Dimensional
<— Anti-de Sitter
N\ cetime

(hologram)

Caveman’s view:
B Shear viscosity

B Bulk viscosity
Deviation from conformal symmetry
B Rate of topological

¥ transitions

Holographic view:

Particle contents of
supergravity:
gravitons, dilatons,
axions
= fields on the boundary
AdSs “Reality”:
Graviton propagation

Dilaton propagation

Axion propagation




Hydrodynamics and anomalies

e Hydrodynamics: an effective low-energy TOE.
States that the response of the fluid to slowly
varying perturbations is completely
determined by conservation laws (energy,
momentum, charge, ...)

* Conservation laws are a consequence of
symmetries of the underlying theory

* What happens to hydrodynamics when these
symmetries are broken by quantum effects
(anomalies of QCD and QED)? 53




Chiral MagnetoHydroDynamics (CMHD) -
relativistic hydrodynamics with triangle
anomalies and external electromagnetic fields

First order (in the derivative expansion) formulation:
D. Son and P. Surowka, arXiv:0906.5044

Constraining the new anomalous transport coefficients:
positivity of the entropy production rate, (%s” >0

CME
vt = —oTP"9, (%) +oE* + &t +EpBY, (for chirally
PR w y imbalanced
st = suf — v + Dw* + DgB*, matter)

2 nu 1 np?
=C|p*-= , =Clp—= .
3 (# 3€+P). &B ( 5+ P 54




Chiral MagnetoHydroDynamics (CMHD) -
relativistic hydrodynamics with triangle

anomalies and external electromagnetic fields
First order hydrodynamics has problems with causality and is
numerically unstable, so second order formulation is necessary;

Complete second order formulation of CMHD:
DK and H.-U. Yee, 1105.6360; Phys Rev D

Many new transport coefficients - use conformal/Weyl invariance;
still 18 independent transport coefficients related to the anomaly.
15 that are specific to 2nd order:

UNV’DV/TI’ ) wlﬂ’Duﬁ ’ A“VDQUVQ ) A“VDQWUQ ’ Uuuwu ’ new
oE, , "B, , WWE, , w"B, ,u'D,E" (2.60)
e‘“"’ﬂu,,EaDgﬂ , e‘“’“ﬂu,,BaD,gﬁ , e“"o“gu,,EaBg , e‘“’“’gu,,DaEg , G“VQ'HUVDaBﬂ .

)

Many new anomaly-induced phenomena!




Chiral MagnetoHydroDynamics (CMHD) -
relativistic hydrodynamics with triangle

anomalies and external electromagnetic fields

Positivity of entropy production - DK and H-U. Yee, 1105.6360

still too many unconstrained
transport coefficients...

TD,s" = 200,,0" + 0 (TA"D,ji— E*) (TALD i — E,)
2TD
(—TﬁDuﬁ +TD,D + (5 - TB> Dup> wh

n

—+

+

(—TfBDHﬂ +TD,Dp + (‘%" - h%) Dw) B
— 0w ly — (TDufi — E,) Vg + TDpusly) + -+ -
1 (a3
+ — (=F"var) + Daty) (€ = 2T D)y + (65 — K1) By)

Is there another guiding principle?

56




No entropy production from
T-even anomalous terms

62 DK and H.-U. Yee, 1105.6360
J=|— u| B
/ 27T2 \

P-odd P-even
T-odd \ / T-odd
P-odd cf Ohmic
P-odd effect! conductivity:
J=0E
T-odd,
T-even dissipative

Non-dissipative current! 5
(time-reversible - no arrow of time, no entropy production)




No entropy production from
P-odd anomalous terms

Entropy grows

Oyst >0

0,s" =0y

DK and H.-U. Yee, 1105.6360

Mirror reflection:
entropy decreases ?

O,st <0

Decrease is ruled
out by 2nd law of
thermodynamics




No entropy production from
T-even anomalous terms

Ist order hydro: Son-Surowka results are reproduced

2nd order hydro: 13 out of 18 transport coefficients
are computed; DK and H.-U. Yee, 1105.6360
but is the “guiding principle” correct?

Can we check the resulting relations between the transport
coefficients?

c.g. A = 27—7( _QDB)

3
h+& o= (E (5_— QDB))I + (g - 2%’) (5_— 21—73)




The fluid/gravity correspondence
Long history:

Hawking, Bekenstein, Unruh;
Damour ’78;
Thorne, Price, MacDonald 86 (membrane paradigm)

Recent developments motivated by AdS/CFT:
Policastro, Kovtun, Son, Starinets 01 (quantum bound)
Bhattacharya, Hubeny, Minwalla, Rangamani "08
(fluid/gravity correspondence)

Some of the transport coefficients of 2nd order hydro computed;

enough to check some of our relations, €.2.  J. Erdmenger et al, 0809.2488;

% . N. Banerjee et al, 0809.2596

n (€-2D5) , Other holographic

(% (6~ 2D3)> " (% _ %) (€—2D5) It Works chegé(s work as well:
DK and H.-U. Yee, 1105.6360

Al

+&




The CME in relativistic hydrodynamics:
The Chiral Magnetic Wave

DK, H.-U. Yee,

- N.e = - N,e = arXiv:1012.6026 [hep-th];
= aB; ja= L. PRD

Jv A2 HAD; JA 972 Hv D,

CME Chiral separation

;V _Nceg 0 1 Ly
ja ) 2m? 10 A

Propagating chiral wave: (if chiral symmetry
is restored)

N.eBa ,
(ao 5 NeeBay DLaf) 0 =0
2
Gapless collective mode is the carrier of CME current in MHD:

w::vak—iDLk2+--- 61




The velocity of CMW

computed in Sakai-Sugimoto

The Chiral Magnetic Wave

model (holographic QCD)

In strong magnetic field, CMW
propagates with the speed of light!

. T e

DK, H.-U. Yee,
arXiv:1012.6026 [hep-th] o
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Chiral magnetic wave or
a mundane effect (Coulomb, resonances)?




i EHR
\ 7 Observable [S.A. Voloshin, Phiys. Rev. C 70 (2004) 057901
YL‘B
~ A .
Effective particle distribution B i
for a certain Q. :
I

[4 I A\', Y

do

X 14 201 o cos(A@) + 2v o cos(24¢) + ...
+ 2ay1,48In(Ad) + 2 as o sin(240) + ...,
o = (¢ — Prp)

=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 Slide from S. Voloshin
measure correlations, (aa a,), P -even quantity (!) i

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

= {a, a,) can not_be measured as {sin g, sin qJ,) = (cos Aty cos Adg) — (sin Ady sin Adg)
due to large contribution from effects not , . im0 ‘ out]
related to the orientation of the reaction plane = [(v1,av1,8) + B™] - [(aaas) + B*].
=> study the difference in corr’s in- and out-of-plane |

(:('4)5(("., + g = 2Wip)) =

| Bn~ B, v=0 |

A practical approach: three particle correlations: | (cos(o, + 05 — 20,)) = (cos(o, + 05 — 2Unpp)) “2"]
s oloshi WANE STATE
page 5 P~ and CP-odd. effecty inhot and dense matter, BNL, Aprid 26-30 2010 S.A. Voloshin UNIVERSITY




|&d Selected for a Viewpoint in Physics week ending
PRL 103, 251601 (2009) PHYSICAL REVIEW LETTERS 18 DECEMBER 2009

Azimuthal Charged-Particle Correlations and Possible Local Strong Parity Violation

(STAR Collaboration)
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S .Esumi et al
[PHENIX Coll]
April 2010
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Relatively good agreement between PHENIX & STAR




Ehe New YJork Cimes

In Brookhaven Collider, Scientists Briefly Break a Law of
Nature

By DENNIS OVERBYE
Published: February 15, 2010

Physicists said Monday that they had whacked a tiny region of space with enough energy to briefly distort the laws of physicy
providing the first laboratory demonstration of the kind of process that scientists suspect has shaped cosmic history.

. Atom smasher shows vacuum of space
Quark Soup 17:27 15 February 2010 by Rachel Courtland

Physicists create conditions not seen since the big bang.
Feb 16, 2010

Sharon Begley gﬂ
TODAY.

Scientists re-create high temperatures from Big Bang

Hottest Temperature Ever Heads Science to Big Bang

67




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, €.g2. A.Bzdak, V. Koch, J. Liao,
new observables? arXiv:0912.5050; 1005.5380; ...
physics “backgrounds” €.2. 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! &




B. Mohanty [STAR Coll] QM 2011

= Dynamical Charge Correlations
Observations: . .
Measurement of charge comelations with respect to event plane
v 200 GeV Aushu, Stars | | 0 GeVAusAs
A 62 GeV Au+hu, Circles & 3
+_ naesal =+ . ".!
i- weesaf- %G Oppasite sign : 3
e T
T . Y} : —- . Xk e 3
b - N . Sarma aign =+ e il E
Y e i
FrrTya 3 53 3
= B L B B R e T ST PP ST Rk Rl IR L C TR BRSPS e
- 11.5 GaV AutAu % 7.7 GeV AutAu
G \ + £ 3
RS (" =3 A H
T Doy = T =
! B.HI: = B : '.: T :,.r ];,'- = ﬁ R :i.
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st E3 STAR Prefiminany H
09008 |- * 3
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% Mt Canlral L aritial
Difference between same sign and opposite sign charge Signal

correlations decreases as beam energy decreases.

Same sign charge correlations become positive at 7.7 Gev.  disappears

2011 Bedanga Maohanty 9 ]




CME studies at the LHC

| 0‘{

(+) Same Charge

—8~  —= ALICE Pb-Pb @\s,, = 2.76 Te\

- - A= STAR Au-Au @ \s, = 0.2 TeV
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P. Cristakoglou, J. Schukraft [ALICE Coll] Talks at Q¥ 2011




A new test: baryon asymmetry
DK, D.T.Son
arXiv:1010.0038; PRL
— NC,LI/E) — .
J = —[tr(VAQ)B + tr(VAB)2ud]

CME Vorticity-induced

‘, 2 5 “Chiral Vortical Effect”
J§A‘1E~§ (Ny=3) or o (Ny=2)

27

_ 1 CME:
CME _ = ~— (N;=2).
7B 0 (Ny=3) or 9 (Ny ) (almost) only

1 .
JgVE =0 (N;=3) or ~ . (N; = 2); electric charge

CVE:
9 (almost) only
JGVE~1 (Np=3) or ~ 3 (Ny=2). baryon charge

There has to be a positive correlation between o
electric charge and baryon number! mixed correlators - e.g. A T




What are the implications for
the Early Universe?

Stars and galaxies that can be observed today were

born as a result of the evolution of the universe. Present time

(13.7 billion years
since the Big Bang)

Universe
Clear Up

Swn pasdel3

observation
(300,000 years
since the Big Bang)

Big Bang

Phase 3
transition Inflation

completed period

10-36seconds

The universe began Created from “nothing”
in an endless state

X

y

T.Hatsuda




What is the origin of
cosmic magnetic fields?

Magnetic fields are abundant
in the Universe at large scales:

3 uG field in Milky Way;

1-40 uG fields in
clusters of galaxies

Is the CMB polarized?

Magnetic field in M51:
Polarization of emission

Beck 2000




What 1s the origin of magnetic fields
in the Universe?

Primordial magnetic field (E.Fermi, 1949)?

Dynamo in proto-galaxy? Stars? Galaxy?

‘o
2
£

L—o)
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G
o
5

=
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w
=

A}
1
5
5
2
E

<4

Coupling of chromo-magnetic and magnetic fields;
axions; instability in Maxwell-Chern-Simons theory, ...=>

Primordial magnetic helicity generation at
the QCD phase transition?




What is the origin
of the matter-antimatter asymmetry

in the Universe?

A.D. Sakharov,
JETP Lett. 5 (1967) 24

1. B violation

2. CP violation

3. Non-equilibrium
dynamics

Can CP violation in the Big Bang
be a dynamical fluctuation, similar
to what happens in heavy ion collisons?




Chiral fermions and topology in
condensed matter systems

Novel appplication: graphene Massless (2+1) fermions
M Muller, J.Schmalian, L. Fritz,
PRL 103, 025301 (2009)

T
Nonddgenerate
08 ‘ relatifistic gas i
~_He at the W 1|y, ]
. " A point g AT) lg@,:‘
q 06 H
e o s | ot ||
2 04 () ) L
Similar to QGP in i
0.2
several ways: - 4y Oraphene
strongly coupled, perfect liquid . ‘ ‘ . ]
g,y p P . 9 % 100 200 300
behavior, chiral fermions, .. T/K

Magnetized graphene: e.g. [.Aleiner, DK, A. Tsvelik, Phys Rev B "07;
M Khodas, I.Zaliznyak, DK, Phys Rev B’09




Summary

Interplay of topology, anomalies and magnetic field
leads to the Chiral Magnetic Effect;
confirmed by lattice QCD x QED,
evidence from RHIC and LHC

CME and related anomaly-induced phenomena
are an integral part of relativistic hydrodynamics
(Chiral MagnetoHydroDynamics)




