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OutlineOutline

� Electromagnetic (EM) fields and vorticity in heavy-

ion collisions

� EM-field induced anomalous transports (chiral

magnetic effect, etc.)

� Vorticity induced anomalous transports (chiral

vortical effect, etc.)

� summary
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EM fields and vorticity
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EM fields in heavyEM fields in heavy--ion collisionsion collisions

Heavy-ion collisions generate EM fields 

Skokov et al 2009, 2012, Deng and XGH 2012, 2015 … …

• Very strong fields, eB~10^18-20 G

• Event-by-event fluct.

• Event averaged eB:
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EM fields in heavyEM fields in heavy--ion collisionsion collisions

Heavy-ion collisions generate EM fields 

Bloczynski, XGH, Liao, Zhang, 2012

Fluctuating azimuthal direction

Strong in-plane E field in Cu + Au collisions

Deng and XGH, 2015

Charge dependence of v1

Hirono and Hirano, 2012

STAR 2015
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EM fields in heavyEM fields in heavy--ion collisionsion collisions

Heavy-ion collisions generate EM fields 

Time evolution of the B field (insulating medium)

Well fitted by

Life time of B field

But QGP is ideally conducting: lattice of Ding etal

Li, Sheng, Wang 2016

See talk by 
Qun Wang

Open question: what is the time 
dependence of B field?

Pengfei’s suggestion: 
high pt charmonium v2 
sensitive to lifetime of B
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VorticityVorticity in heavyin heavy--ion collisionsion collisions

Heavy-ion collisions generate vorticity

Finite angular moment (AM)

Manifested as flow shear*

Finite vorticity(local rotation)

*For low energy collision, the system after collision may be globally rotating

J_0 is about 10^6 for RHIC Au+Au @ 200 GeV, 
system volume is ~ fm^3, very large AM density 
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VorticityVorticity in heavyin heavy--ion collisionsion collisions

Heavy-ion collisions generate vorticity
The detailed simulations of vorticity come out very recently  
(Jiang, Lin, Liao 2016; Deng and XGH 2016) Talk by Jinfeng Liao

•Vorticity of energy flow at RHIC at b=10 fm is 10^22 Hz. (Fastest 
man-made rotation via laser light ~ 10^7 Hz (Arita etal Nat.Comm. 2013))

•RHIC: Take T~300 MeV, T*vorticity~10^4 MeV^2 comparable to 
magnetic field eB~10^4 MeV^2. But at LHC, T*vorticity is much 
smaller than eB.   

•At b<2R_A, increase with b; then drops. Anglular momentum of the 
overlapping region has a  similar behavior.
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VorticityVorticity in heavyin heavy--ion collisionsion collisions

Heavy-ion collisions generate vorticity

Vorticity at mid-rapidity has very nontrivial energy dependence

•Reason: higher energy: more AM 
carried by finite rapidity particles; 
mid-rapidity closer to Bjorken boost 
invariant; larger moment of inertia

•Indicates stronger vortical effect at 
lower energy (BES is ideal for 
vortical effect) 

Deng and XGH 2016

Cf Mike Lisa

Liang and Wang 2005:
global quark polarization
wrt reacation plane due 
to spin-vorticity coupling

Lambda polarization
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EM-field induced anomalous 

transports
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ChiralChiral magnetic effectmagnetic effect

B fields can monitor nontrivial topology of QCD   

QED VVA triangle anomaly

QCD VVA triangle anomaly

Chiral magnetic effect (CME)

Kharzeev 2004, Kharzeev, Warringa, McLarren, Fukushima2008 … …

• Parity-odd transport

• Time-reversal even, no dissipation

• Fixed by anomaly coefficient, universal  
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ChiralChiral magnetic effectmagnetic effect

Phenomenology of CME in heavy-ion collisions:
Event-by-event charge separation wrt. reaction plane

• Positive opposite-sign correlation, negative same-sign correlation

• Increase with centrality = B increases with centrality

• Nearly independent of collision energy = B * t_B ~ constant

• Delta gamma disspears for low energy = no chiral symmetry res.  

The gamma correlator (Voloshin 2004)

STAR 2009



ChiralChiral magnetic effectmagnetic effect

Main challenge: how to subtract the background effects
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ChiralChiral magnetic wavemagnetic wave

Same QED VVA triangle anomaly, but with V and A interchanged

Chiral separation effect (CSE)

Son and Zhitnitsky 2004, 

Metlitski and Zhitnitsky 2004

CME + CSE give gapless wave modes: chiral magnetic wave 
(Kharzeev and Yee 2010)

(Courtesy: Jinfeng Liao)
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ChiralChiral magnetic wavemagnetic wave

Phenomenology of CMW in heavy-ion collisions:
Elliptic flow splitting of charged pions (Burnier, Kharzeev, 

Liao, Yee 2011)

Intuitive picture

STAR 2015

STAR 2015
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ChiralChiral magnetic wavemagnetic wave
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ChiralChiral electric separation effectelectric separation effect

Electric field induced anomalous transport

Chiral electric separation effect (CESE)

• P-odd, C-odd, T-odd transport (may be dissipative) 

• Non-universal (receive perturbative correction)  

XGH and Liao 2013, Jiang, XGH, Liao 2015 … …



1818

ChiralChiral electric separation effectelectric separation effect
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ChiralChiral electric separation effectelectric separation effect
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ChiralChiral electric separation effectelectric separation effect
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Vorticity induced anomalous 

transport
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ChiralChiral vorticalvortical effecteffect

A modified “relativistic Larmor theorem”

• Related to chiral anomaly and gravitational anomaly

• Universal (receive no perturbative correction*)  

Banerjee etal 2008, Son and Surowka 2009, Landersteiner etal 2011

Chiral magnetic effect Vector chiral vortical effect

This naïve mapping does not work for axial current. The 
calculation gives the vorticity induced axial current:

Axial chiral vortical effect

* T^2 term may have perturbative correction
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ChiralChiral vorticalvortical effecteffect

Phenomenology of vector CVE in heavy-ion collisions:
Event-by-event baryon separation wrt. reaction plane

• Positive opposite-sign correlation, negative same-sign correlation

• Increase with centrality = vorticity increases with centrality

The vortical gamma correlator

STAR 2014

Back ground effects: e.g., transverse momentum 
conservation, local baryon conser.
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ChiralChiral vorticalvortical wavewave

The vortical analogue of chiral magnetic wave

• A new collective mode. To reveal its dispersion we use continuity eq.

•Substitute CVE currents. Obtain Burgers wave equation which is 
linearized to normal wave equation

~ inverse baryon susceptiblity CVW velocity

Jiang, XGH, Liao 2015

Courtesy: Yin Jiang
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ChiralChiral vorticalvortical wavewave

Experimental implication: baryon charge quadrupole

•More baryon charges at the tips 
of the fireball, more antibaryon
charges at the center

•Stronger in-plane radial 
expansion lets antibaryons
get larger elliptic flow than 
baryons



2626

ChiralChiral vorticalvortical wavewave

Lambda-anti-Lambda v_2 splitting

•Chemical potential shift of quark of flavor f (leading order in q):

•Lambda (carries baryon charge but no electric charge: responses 
to CVW but not CMW)

~ quadrupole moment



SummarySummary
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Collective waves: chiral magnetic wave, chiral
electric waves, chiral vortical wave, vector and 
axial density wave, … …
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Thank you!
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Anomalous transport in cold 

atomic gases
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Anomalous transport in cold 

atomic gases



3131



3232



3333



3434



3535



3636



3737

BackupBackup

Angular momentum in overlapping region

Velocity profile
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BackupBackup

Spacial distribution

Rapidity dependence


