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Chiral fermions

Fermions:
E. Fermi, Florence, 1925

Dirac equation:
P. Dirac, 1928

Weyl fermions:
H. Weyl, 1929

Majorana fermions:
1937
E.Majorana, 1906-38?



Currents in a magnetic field

?
vector       pseudo-vector 

An electric current parallel to B
requires a parity breaking  



Currents in a magnetic field
Consider a gas of massless charged 
Weyl fermions of a certain chirality, 
say left-handed (cf weak interactions)

Put this gas in an external magnetic field B;
the interaction of spin with B, and 
the locking of momentum to spin

induce the current 



But: no current in equilibrium

C.N. Yang
Bloch theorem, …



Early work on currents
in magnetic field due to P violation

(see DK, Prog.Part.Nucl.Phys. 75 (2014) 133
for a complete (?) list of references)
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A.Vilenkin (1980) “Equilibrium parity-violating current in a magnetic field”;
(1980) “Cancellation of equilibrium parity-violating currents”

G. Eliashberg (1983) JETP 38, 188
L. Levitov, Yu.Nazarov, G. Eliashberg (1985) JETP 88, 229

M. Joyce and M. Shaposhnikov (1997) PRL 79, 1193;
M. Giovannini and M. Shaposhnikov (1998) PRL 80, 22

A. Alekseev, V. Cheianov, J. Frohlich (1998) PRL 81, 3503



The way out: chiral anomaly
For massless fermions, the axial current 

is conserved classically due to the global UA(1) symmetry:

This is because left- and right-handed fields decouple in
the massless limit:

However, this conservation law is destroyed by quantum effects



Chiral anomaly

S. Adler ‘69
J. Bell, R. Jackiw ’69

The axial current is not conserved:

This is a consequence of UV regularization of QFT.

A textbook example: neutral pion decay

J. Steinberger
(1921- Dec 2020;

Nobel prize 1988)

computed the decay
rate in 1949!



J. Steinberger
(1921- Dec 2020;
Nobel prize 1988)

J. R. Oppenheimer
(1904 - 1967)



S. Adler ‘69
J. Bell, R. Jackiw ’69



Chiral anomaly

S. Adler ‘69
J. Bell, R. Jackiw ’69

The axial current is not conserved:

The chiral charge is not conserved;
a chirally imbalanced state of chiral fermions is not
a true ground state of the system!
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Chiral anomaly
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In classical background 
fields (E and B), chiral 
anomaly induces an 
imbalance between left-
and right-handed 
fermions;

chiral chemical 
potential:                     

Adler; Bell, Jackiw (1969);  Nielsen, Ninomiya (1983)
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Chiral anomaly

The chiral anomaly does not vanish at finite mass,
and mass corrections have been evaluated, see e.g.

A.D. Dolgov, V.I. Zakharov, Nucl. Phys. B27 (1971) 525
R. Armillis et al, JHEP 0912 (2009) 029

Possibility of anomalous 
transport in systems with
a finite gap (strange quarks, 
semiconductors)?

S. Adler ‘69
J. Bell, R. Jackiw ’69



Chiral Magnetic Effect
DK’04;  DK, A. Zhitnitsky ‘07; DK, L.McLerran, H.Warringa ’07;  K.Fukushima, DK, H.Warringa, 
“Chiral magnetic effect” PRD’08;      Review and list of refs: DK, arXiv:1312.3348 [Prog.Part.Nucl.Phys]

Chiral chemical potential is formally 
equivalent to a background chiral gauge field:

In this background, and in the presence   of B, 
vector e.m. current is generated:

Compute the current through

Coefficient is fixed by 
the chiral anomaly, no 
corrections
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Absent in
Maxwell theory!

Chirally imbalanced system is a non-equilibrium, steady state



Chiral Magnetic Effect
Alternative derivation:   

Consider the thermodynamical potential at finite :

Compute the current through                             using
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K.Fukushima, DK, H.Warringa, 
“Chiral magnetic effect” PRD’08;



Chirality in 3D:
the Chiral Magnetic Effect

chirality + magnetic field = current
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spin
momentum

DK ‘04; 
DK, Zhitnitsky ‘07
DK,McLerran,
Warringa ’07;
Fukushima,
DK, Warringa ‘08

Review: DK, arxiv:1312.3348 (Prog.Part.Nucl.Phys’14)
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arXiv:1105.0385, PRL 



Chiral magnetic effect as a signature of 
chiral symmetry restoration

V.Braguta et al,
arxiv:1704.07132,
and to appear

The spontaneous breaking of chiral symmetry does not allow 
the chiral magnetic current to propagate



Systematics of anomalous conductivities
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Vector
current

Axial
current

Magnetic field Vorticity



Chiral magnetic conductivity:
discrete symmetries
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P-even
T-odd

P-odd

P-odd

P-odd
T-odd

P-odd effect!

T-even
Non-dissipative current!
(reversible dynamics)

cf Ohmic
conductivity:

T-odd,
dissipative

Effect persists in
hydrodynamics!

P – parity 
T – time reversal



CME vs superconductivity

Fritz and Heinz London

~J ⇠ µ5
~B µ5 ⇠ ~E ~B t

~E|| ~B

CME:

London theory of superconductors, ‘35:

for
superconducting
current, tunable
by magnetic field!

Chiral anomaly:

DK, arXiv:1612.05677


