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Two goals of Heavy-ion collisions



Two goals of Heavy-ion collisions

• QCD critical phenomena

How about the interplay?

Does the CME affect the dynamic critical phenomena in QCD?

• Chiral transport phenomena

- Universality class 
- Critical behavior

- Chiral Magnetic Effect (CME) 
- Chiral Separation Effect (CSE) 
- Chiral Vortical Effect (CVE)



Microscopic theory

Dynamic universality class
P. C. Hohenberg and B. I. Halperin (1977)
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Hydrodynamic variables:

Same Symmetries

Gapless modes are important.

Effective theoryMicroscopic theory

Dynamic universality class

- Order parameters 
- Conserved densities 
- Nambu-Goldstone modes

Integrating out
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P. C. Hohenberg and B. I. Halperin (1977)



Chiral Magnetic Wave

Collective gapless density wave

G. M. Newman (2006) 
D. E. Kharzeev and H. Yee (2011)

affect dynamic critical phenomena?
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Outline

Ginzburg-Landau theory

Setup1

Static critical phenomena2

Langevin theory

Dynamic critical phenomena3



• 2 flavor QCD with massless u, d quarks at finite  

• Chiral Symmetry 

• Second order chiral phase transition 

Setup
T, µI, B
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Hydrodynamic variables
• Order parameter 

• Conserved densities 

• Note: Charged pions are not hydrodynamic m! ± /
p

e|B|

chiral condensate:
neutral pion:
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Ginzburg-Landau (GL) theory

•Near second-order phase transition        small order parameters 

• Long-range behavior        derivative expansion 

• QCD symmetries        constraints on the expansion

chiral symmetry and  CPT symmetries
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Static critical phenomena

Correlation functions: !O[! , nI , nI5 ]" =
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Langevin equation
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Fluctuation dissipation relation (FDR)
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Langevin equation

Poisson bracket kinetic coefficient

[nI (r, t), nI5 (r! , t)] = CB ·r�(r � r! ).
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Anomalous commutation relation
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Field theory of Langevin eqs.
 P. C. Martin, E. D. Siggia, and A. Rose (1973)
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Field theory of Langevin eqs.
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Dynamic  
renormalization group (RG) 

(Quantum) Field theory (QFT) manipulation
• Feynman rules 
• Diagrammatic expansions 

• RG equations for all parameters in the Langevin theory:

renormalization scale
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GL parameters, kinetic and anomaly coefficients 

notes: difference from the usual QFT

propagator



Dynamic universality class

z =
d

2
Dynamic critical exponent:

Anti-ferromagnetic class “Model G”

CME does not affect the dynamic universality class  

P. C. Hohenberg and B. I. Halperin (1977)

two-component order parameter with symmetry group U(1)3
A
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Extended 
non-renormalization theorem

No loop corrections on CME coefficient near phase transition point

• Generally, no higher-order corrections to the CME coefficient 

• How about near the chiral phase transition where    is massless?�
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• Speed of the chiral magnetic wave: 

• Near the QCD critical point? 

• Possible signature of the QCD critical point in Heavy-ion collisions

New dynamic critical behavior

Critical attenuation
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from statics



Summary
We study the second order chiral phase transition of two 
flavor QCD with massless quarks in the presence of the CME:

• Dynamic universality class 

• CME (anomaly) coefficient 

• Critical attenuation of the chiral magnetic wave:

c2s ⌘ C2B2

�I�I5
⇠ ⇠�

↵
⌫

<latexit sha1_base64="bah+7ZW1SKR9/XhuRlBqovzTQeQ="></latexit><latexit sha1_base64="bah+7ZW1SKR9/XhuRlBqovzTQeQ="></latexit><latexit sha1_base64="bah+7ZW1SKR9/XhuRlBqovzTQeQ="></latexit><latexit sha1_base64="Nc7PFCgt4rjvhN15qccAIli5oFU="></latexit>

↵

⌫
=

✏

5
<latexit sha1_base64="F7GNuuhFEq05WuNuhYOzPtOCVAg="></latexit><latexit sha1_base64="F7GNuuhFEq05WuNuhYOzPtOCVAg="></latexit><latexit sha1_base64="F7GNuuhFEq05WuNuhYOzPtOCVAg="></latexit><latexit sha1_base64="3qgkJ0EW00oJHDcx+vHqHT0euGY="></latexit>



Backup slides



Chiral magnetic wave  
for Baryon charges
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c.f. for isospin charges

@nB

@t
+r · jB = 0

<latexit sha1_base64="FyGi5M9jzMs4ihIzfG1inPHXr8c="></latexit><latexit sha1_base64="FyGi5M9jzMs4ihIzfG1inPHXr8c="></latexit><latexit sha1_base64="FyGi5M9jzMs4ihIzfG1inPHXr8c="></latexit><latexit sha1_base64="u2onmlJqN50QaC5+reqwqvzM3oo="></latexit>

@nB5

@t
+r · jB5 = #trGµ⌫G̃µ⌫

<latexit sha1_base64="hQ6/X6cn/I6Gm3V8lCbClg5faxg="></latexit><latexit sha1_base64="hQ6/X6cn/I6Gm3V8lCbClg5faxg="></latexit><latexit sha1_base64="hQ6/X6cn/I6Gm3V8lCbClg5faxg="></latexit><latexit sha1_base64="mefp0lOK9G1j0ny+V30zMLtvZKo="></latexit>

CME

CSE

@2�nI

@t2
=

e4B2

4⇡4��5
r2�nI

<latexit sha1_base64="gRCFD6QZRje8I7WacM/9dNfufY0=">AAAF5XichZTNbtNAEMengUAJH03hgsRlRSiCS7SOgoqQkKJwKbd+kLZS3Vi2s0lXsdeu7YSmll8AiRuCAwcEEgfEYyAkXoBDHwH12CIuHBivTdImSmzL69m/5zcz++E1XIv7AaVHc7kLF/OXLs9fKVy9dv3GQnHx5qbv9DyTNUzHcrxtQ/eZxQVrBDyw2LbrMd02LLZldJ/F37f6zPO5I14EA5ft2npH8DY39QAlraipbU83Q7XVrBC1xaxAJ0RooerZ5HkUoU6CZiUiT0nix5pVUkchrKoub1ZVc4/Hj/YoIqrQRzGGIbRiiZapvMikoaRGqXYP5LXqLOaWQYUWOGBCD2xgICBA2wIdfLx3QAEKLmq7EKLmocXldwYRFJDtoRdDDx3VLrYd7O2kqsB+HNOXtIlZLHw8JAks0Z/0Cz2hP+hX+ov +nRorlDHiWgb4NhKWudrCq9sbfzIpG98B7I2omTUH0IbHslaOtbtSiUdhJnz/8N3JxpP1pfA+/USPsf6P9Ih+wxGI/qn5eY2tv59Rj4G1TJ+xEDMzHKFALzf1E6i8lLNmy3EIXKdQrhbHCNEZ25XrNUArwHa0NtMieNCXfGzHdRG5JrOZg5RJiBD7WcT+WI79TKKFd5IjnvcDbEOpzKYaE0wjk+mOjaabSbhjhJtJ1MeIeiZxiPp5hg4ZT+7ESU4d1vf/79RxB8zOE/+XZ7MkiiF3UVa+2NuS3kzuNCHPDS7jPZCck/qGaQQb92QED2XcAp5Qyvh5NGlsVsoKLStr1VJtJTmqYB7uwF3MoMAy1GAFVnGVTfgOx3AKv/Od/Ov8m/zbxDU3lzK34NyV//APA5FQNQ==</latexit><latexit sha1_base64="gRCFD6QZRje8I7WacM/9dNfufY0=">AAAF5XichZTNbtNAEMengUAJH03hgsRlRSiCS7SOgoqQkKJwKbd+kLZS3Vi2s0lXsdeu7YSmll8AiRuCAwcEEgfEYyAkXoBDHwH12CIuHBivTdImSmzL69m/5zcz++E1XIv7AaVHc7kLF/OXLs9fKVy9dv3GQnHx5qbv9DyTNUzHcrxtQ/eZxQVrBDyw2LbrMd02LLZldJ/F37f6zPO5I14EA5ft2npH8DY39QAlraipbU83Q7XVrBC1xaxAJ0RooerZ5HkUoU6CZiUiT0nix5pVUkchrKoub1ZVc4/Hj/YoIqrQRzGGIbRiiZapvMikoaRGqXYP5LXqLOaWQYUWOGBCD2xgICBA2wIdfLx3QAEKLmq7EKLmocXldwYRFJDtoRdDDx3VLrYd7O2kqsB+HNOXtIlZLHw8JAks0Z/0Cz2hP+hX+ov +nRorlDHiWgb4NhKWudrCq9sbfzIpG98B7I2omTUH0IbHslaOtbtSiUdhJnz/8N3JxpP1pfA+/USPsf6P9Ih+wxGI/qn5eY2tv59Rj4G1TJ+xEDMzHKFALzf1E6i8lLNmy3EIXKdQrhbHCNEZ25XrNUArwHa0NtMieNCXfGzHdRG5JrOZg5RJiBD7WcT+WI79TKKFd5IjnvcDbEOpzKYaE0wjk+mOjaabSbhjhJtJ1MeIeiZxiPp5hg4ZT+7ESU4d1vf/79RxB8zOE/+XZ7MkiiF3UVa+2NuS3kzuNCHPDS7jPZCck/qGaQQb92QED2XcAp5Qyvh5NGlsVsoKLStr1VJtJTmqYB7uwF3MoMAy1GAFVnGVTfgOx3AKv/Od/Ov8m/zbxDU3lzK34NyV//APA5FQNQ==</latexit><latexit sha1_base64="gRCFD6QZRje8I7WacM/9dNfufY0=">AAAF5XichZTNbtNAEMengUAJH03hgsRlRSiCS7SOgoqQkKJwKbd+kLZS3Vi2s0lXsdeu7YSmll8AiRuCAwcEEgfEYyAkXoBDHwH12CIuHBivTdImSmzL69m/5zcz++E1XIv7AaVHc7kLF/OXLs9fKVy9dv3GQnHx5qbv9DyTNUzHcrxtQ/eZxQVrBDyw2LbrMd02LLZldJ/F37f6zPO5I14EA5ft2npH8DY39QAlraipbU83Q7XVrBC1xaxAJ0RooerZ5HkUoU6CZiUiT0nix5pVUkchrKoub1ZVc4/Hj/YoIqrQRzGGIbRiiZapvMikoaRGqXYP5LXqLOaWQYUWOGBCD2xgICBA2wIdfLx3QAEKLmq7EKLmocXldwYRFJDtoRdDDx3VLrYd7O2kqsB+HNOXtIlZLHw8JAks0Z/0Cz2hP+hX+ov +nRorlDHiWgb4NhKWudrCq9sbfzIpG98B7I2omTUH0IbHslaOtbtSiUdhJnz/8N3JxpP1pfA+/USPsf6P9Ih+wxGI/qn5eY2tv59Rj4G1TJ+xEDMzHKFALzf1E6i8lLNmy3EIXKdQrhbHCNEZ25XrNUArwHa0NtMieNCXfGzHdRG5JrOZg5RJiBD7WcT+WI79TKKFd5IjnvcDbEOpzKYaE0wjk+mOjaabSbhjhJtJ1MeIeiZxiPp5hg4ZT+7ESU4d1vf/79RxB8zOE/+XZ7MkiiF3UVa+2NuS3kzuNCHPDS7jPZCck/qGaQQb92QED2XcAp5Qyvh5NGlsVsoKLStr1VJtJTmqYB7uwF3MoMAy1GAFVnGVTfgOx3AKv/Od/Ov8m/zbxDU3lzK34NyV//APA5FQNQ==</latexit><latexit sha1_base64="HWh0OAhTSIu5lPtmSRGjdjrPRdI=">AAAF5XichZTNbtNAEMenBUMJH03hgsRlRVQEl2gdpSpCQqrCpdz6QdpKdWPZziZdxV67thOaWn4BJG4IDhwQSBwQj4GQeAEOfQTUY4u4cGC8NkmbKLEtr2f/nt/M7IfX9GwehJQez8xeuqxcuTp3rXD9xs1b88WF21uB2/UtVrdc2/V3TCNgNhesHvLQZjuezwzHtNm22XmWfN/uMT/grngR9j225xhtwVvcMkKU9KKutXzDirRmo0K0JrNDgxChR5rvkOdxjDoJG5WYPCWpH2tUSQ2FqKp5vFHVrH2ePPpSTDRhDGMMQujFEi1TeZFxQ82MEmTXmrswuwwaNMEFC7rgAAMBIdo2GBDgvQsqUPBQ24MINR8tLr8ziKGAbBe9GHoYqHawbWNvN1MF9pOYgaQtzGLj4yNJYJH+pF/oKf1Bv9Jf9O/ EWJGMkdTSx7eZsszT51/d3fyTSzn4DmF/SE2tOYQWPJa1cqzdk0oyCivle0fvTjefbCxGD+gneoL1f6TH9BuOQPTOrM/rbOP9lHpMrGXyjEWYmeEIBXp5mZ9A5aWcNUeOQ+A6RXK1OEaIz9meXK8+WiG2w7WZFMGHnuQTO6mLyDWZzhxmTEpE2M8jDkZyHOQSTbzTHMm8H2IbSWU6VR9j6rlMZ2Q0nVzCGyG8XKI2QtRyiSPULzJ0wPhyJ45z2qC+/3+ngTtgep7kvzyfJVVMuYvy8iXetvRmcqcJeW5wGe+h5NzMN8oiOLgnY3gk4xbwhFJHz6NxY6tSVmlZXa+WVlazs2oO7sF9zKDCMqzAKqzhKlvwHU7gDH4rbeW18kZ5m7rOzmTMHbhwKR/+ARJTT9E=</latexit>


