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The volume of the box is 2.4 by 2.4 by 3.6 
fm.
The topological charge density of 4D gluon 
field configurations.     (Lattice-based 
animation by Derek Leinweber)

In QCD, chiral symmetry breaking is due to a non-trivial topological effect; among
the best evidence of this physics would be event-by-event strong parity violation.

Parity violation in strong interactions

Dynamics Dynamics isis a a randomrandom walk walk 
betweenbetween statesstates withwith different different 
topologicaltopological chargescharges. . 

N
CS =   -2       -1        0         1          2

Energy of gluonic field is periodic in NCS
direction (~ a generalized coordinate) 

Instantons and sphalerons are 
localized (in space and time) solutions 
describing transitions between different 
vacua via tunneling or go-over-barrier



Dynamics Dynamics isis a a randomrandom walk walk betweenbetween statesstates withwith different different topologicaltopological
chargescharges. In . In thisthis statesstates a a balancebalance betweenbetween leftleft--handedhanded and and rightright--handedhanded
quarksquarks isis destroyeddestroyed,  N,  NRR--NNLL=Q=QTT →→ violationviolation of Pof P--, CP, CP-- symmetrysymmetry.  .  
AverageAverage total total topologicaltopological chargecharge vanishesvanishes <<nnww>=0 but >=0 but variancevariance is equal is equal 
to the total number of transitions  <nto the total number of transitions  <nww

22>=>=NNtt
Fluctuation of topological charges Fluctuation of topological charges in the presencein the presence of magnetic field of magnetic field 
induces electric current which will separate different chargesinduces electric current which will separate different charges

Lattice gauge theory

The excess of electric
charge density due to
the applied magnetic
field. Red — positive
charges, blue —
negative charges.
P.V.Buividovich et al., 
PR D80, 054503 (2009)

Charge separation: CP violation signal



Charge separation in HIC

L or B

Non-zero angular momentum
(or equivalently magnetic field) 
in heavy-ion collisions make it
possible for P- and CP-odd
domains to induce charge
separation (D.Kharzeev, PL B
633 (2006) 260).

Electric dipole moment of QCD matter !

Measuring the charge separation with respect
to the reaction plane was proposed by
S.Voloshin, Phys. Rev. C 70 (2004) 057901.



Charge separation in RHIC experiments
STAR Collaboration, PRL 103, 251601 (2009)

200 
GeV

62 
GeV

Combination of intense B and deconfinement is needed for a 
spontaneous parity violation signal



Qualitative estimate of the CME
QS -- saturation momentum,

The generated topological charge 

Γs ~ λ2 T4  (SUSY Y-M) 

Sphaleron transition  occurs only in the deconfined phase,
the lifetime is



Analysis strategy

For numerical estimates

Average correlators are related to the topological charge 
(D .Kharzeev, Phys. Lett. B 633 (2006) 260) 

At the fixing point



Magnetic field calculation

FieldField will will havehave onlyonly BByy nonzerononzero componentcomponent
FieldField will will bebe negligiblenegligible forfor lowlow bombardingbombarding energiesenergies

■■ For For ultrarelativsticultrarelativstic energiesenergies thethe magneticmagnetic fieldfield isis feltfelt byby particlesparticles closeclose
to to thethe transversetransverse planeplane

For For symmetrysymmetry reasonsreasons thethe magneticmagnetic fieldfield isis negligiblenegligible forfor smallsmall bb

Retardation conditionwithwith thethe retardationretardation condition condition 

TheThe LienartLienart--WiechardWiechard potential potential isis appliedapplied to to thethe time time 
evolutionevolution of of heavyheavy--ionion collisionscollisions withinwithin thethe UrQMDUrQMD modelmodel

V.Skokov, A.Illarionov, V.T, IJMP A24, 5925 (2009)



Magnetic field and energy density
evolution in Au+Au collisions at b=10 fm
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Characteristic parameters for the CME

The lifetimes are estimated at eBcrit=0.2mπ
2 and εcrit=1 GeV/fm3 

for Au+Au collisions with b=10 fm (KAu=2.52 10-2 )
For all For all energiesenergies of of interestinterest ττBB << ττεε
TheThe CME CME increasesincreases withwith energyenergy decreasedecrease tilltill thethe toptop SPS/NICA SPS/NICA energyenergy
IfIf comparecompare √√ssNNNN = 200 and 62 = 200 and 62 GeVGeV,  ,  tthehe increaseincrease isis tootoo strongstrong !!



Ways to remove the discrepancy
The correlator ratio at two measured energies for b=10 fm

UncertainityUncertainity in in √√ss NNNN dependencedependence doesdoes notnot helphelp; ; ββ<0 ?!<0 ?!
ShouldShould bebe ττBB(62) =1.2 (62) =1.2 ττBB(200)  ((200)  (insteadinstead of ~3); of ~3); lifetimeslifetimes
UncertaintyUncertainty in in impactimpact parameterparameter;  ;  notnot essentialessential
InclusionInclusion of of participantparticipant contributioncontribution to to eBeB; ; veryvery smallsmall effecteffect

■■ To To decreasedecrease eBeBcritcrit tilltill 0.01m0.01mππ
22 toto reachreach regimeregime ττBB == ττεε ; ; <62 <62 

■■ IfIf eBeBcritcrit increasesincreases thethe lifetimelifetime ratioratio isis correctcorrect forfor eeBBcritcrit ≈≈ 1.05 m1.05 mππ
2 2 veryvery

closeclose to to thethe maximal emaximal eBBcritcrit ==1.2 m1.2 mππ
2 2 ; ; questionablequestionable, , nono CME CME forfor CuCu

■■ To To introduceintroduce thethe initialinitial time time whenwhen equilibriumequilibrium of of quarkquark--gluongluon mattermatter
isis achievedachieved, , tti,i,εε >0, >0, associatedassociated withwith a a maximummaximum in in εε--distributiondistribution, , 
ττBB(62) / (62) / ττBB(200)(200)≈≈(0.62(0.62--0.32)/(0.240.32)/(0.24--0.08)0.08)≈≈2.0; 2.0; notnot enoughenough

■■ To To combinecombine thethe last last twotwo scenariosscenarios; ; successsuccess ! ! 

(exp) 
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The calculated CME for Au+Au collisions
Calculated correlators for Au+Au (b=10 fm) collisions at
√sNN=200 and 62 GeV agree with experimental values for
eeBBcritcrit ≈≈ 0.7 m0.7 mππ

2 2 ,   K=,   K=6.056.05 1010--22.. NoNo effecteffect forfor thethe toptop SPS SPS energyenergy!!
InIn aa firstfirst approximationapproximation, , thethe CME CME maymay bebe consideredconsidered asas linearlinear inin b/R b/R 
((D.KharzeevD.Kharzeev etet alal., ., NuclNucl. . PhysPhys.. A803A803, 203 (2008) ), 203 (2008) )

Normalized at b=10 fm
(centrality 0.4-0.5) for
Au+Au collisions



System-size dependence

Correlation between centrality and impact parameter

The CME should be proportional to the nuclear overlap area S≡SA(b)

Centrality e0 Npart

Ca+Ca

Pb+Pb
Au+Au

Cu+Cu

I+I

bcu=4.2 fm bAu=10 fm
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Comparison of eBy and  ε evolution 
for Au+Au and Cu+Cu collisions

Only lifetime ratio is relevant !



The CME for Cu+Cu collisions
A rough approximation for the
«almond» area :
SA(b)=(RA

2- b2/4)1/2 (RA- b/2), 
so Scu(b=4.2)/SAu(b=10)≈1.5.
More accurate estimate: 1.65 

Only the coefficient K should
be renormalized: 
Kcu=KAu•SCu(b=4.2)/SAu(b=10)        
=1.65 KAu
This works for √sNN =200 
GeV but NOT for 62 GeV
(due to different conditions 
for eBcrit)

The system-size dependence
is not only a geometrical effect



Worrying remarks

In-plane

In plane
In  plane

,

Out-of-plane

The same charge pairs are mainly 
in-plane and not out-of-plane.

If there is a parity violating 
component it is large and, 
surprisingly, of the same 
magnitude as the background.

A.Bzdak, V.Koch, J.Liao,
Phys. Rev. C81, 034910 (2010)



Transport model with e.m. field
The Boltzmann equation is the basis of QMD like models:

Generalized on-shell transport equations in the presence of electromagnetic 
fields  can be obtained formally by the substitution:

A general solution of the wave  equations 

For point-like particles

is as follows



TheThe offoff--shellshell spectralspectral functionsfunctions changechange theirtheir propertiesproperties
dynamicallydynamically byby propagationpropagation throughthrough thethe mediummedium and and becomebecome
onon--shellshell in in thethe vacuumvacuum

W. W. CassingCassing et al., NPA et al., NPA 665665 (2000) 377; (2000) 377; 
672672 (2000) 417; (2000) 417; 677677 (2000) 445(2000) 445

E. E. BratkovskayaBratkovskaya, NPA , NPA 686686 (2001),    (2001),    
E. E. BratkovskayaBratkovskaya & W. & W. CassingCassing, NPA, NPA 807807 (2008) 214(2008) 214

GeneralizedGeneralized transporttransport equationsequations on on thethe basisbasis of of thethe KadanoffKadanoff--BaymBaym
equationsequations forfor GreensGreens functionsfunctions -- accountingaccounting forfor thethe firstfirst order order 
gradientgradient expansionexpansion of  of  thethe WignerWigner transformedtransformed KadanoffKadanoff--BaymBaym
equationsequations beyondbeyond thethe quasiparticlequasiparticle approximationapproximation ((i.ei.e. . beyondbeyond
standardstandard onon--shellshell modelsmodels) ) –– areare incorporatedincorporated in HSD and PHSDin HSD and PHSD
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Models predictpredict changeschanges of of thethe particleparticle propertiesproperties in in 
thethe hot and hot and densedense mediummedium, , e.ge.g. . broadeningbroadening of of thethe
spectralspectral functionfunction

AccountingAccounting forfor inin--mediummedium effectseffects
requiresrequires offoff--shellshell transporttransport modelsmodels!!

HSD HSD offoff--shellshell transporttransport approachapproach



Elliptic flow v2 in the HSD model

PHOBOS Collaboration, 
PR C72, 0510901 (2005)

Note: method to define the reaction plane is important!



Magnetic field  evolution

Au+Au(200) 
b=10 fm



Magnetic field and energy density evolution

Au+Au(200) 
b=10 fm

AuAu,  √SNN = 200GeV,  b=10.2fm,  t=0.2fm/c
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AuAu,  √SNN = 200GeV,  b=10.2fm,  t=0.05fm/c
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AuAu,  √SNN = 200GeV,  b=10.2fm,  t=0.55fm/c

-15 -10 -5  0  5  10  15

x, fm

-0.8

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0.8

z,
 f

m

 0.1

 1

 10

ε,
 G

eV
/f

m
3

By/mπ
2

0.2

0.2

-0.2

-0.2

By/mπ
2

0.2

0.2

-0.2

-0.2

0
0

AuAu,  √SNN = 200GeV,  b=10.2fm,  t=1.58fm/c

-15 -10 -5  0  5  10  15

x, fm

-2

-1

 0

 1

 2

z,
 f

m

 0.1

 1

 10

ε,
 G

eV
/f

m
3By/mπ

2

0.2

0.2 -0.2

-0.2

By/mπ
2

0.2

0.2 -0.2

-0.2

0
0



Magnetic field acting on charged pions

Effect is stongest at the very beginning of a 
collision (partonic phase ?)



The magnetic field and  energy density of the deconfined matter reach very high values 
in HIC for √sNN≥11 GeV satisfying necessary conditions for a manifestation of the CME. 

Our consideration predicts a2~(sNN)-1/8  which nevertheless is too strong to describe the 
observable energy behavior of the CME in the RHIC range. The model energy 
dependence can be reconciled with experiment by a detailed treatment of the lifetime 
taking into account both magnetic field and energy density evolution.

For the chosen parameters we are able to describe data on charge separation  at two 
available energies. We predict that the CME will be much smaller at LHC energies and 
disappears at energies below top SPS energies. 

Experiments  on the CME planned at RHIC by the low-energy scan program are of 
great interest since they hopefully  will allow to infer  the critical magnetic field eBcrit
governing the spontaneous local CP violation. Other possible mechanisms  of CP 
violation and explanation of the observed charge separation ?

Further development of the HSD/PHSD transport model with respect to retarded 
electromagnetic fields is needed.

Conclusions


