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*For more details see [Gorbar & Shovkovy, arXiv:2110.11380]



• Main claim: anomalous chiral plasma can be produced in the 
magnetosphere and can affect the pulsar activity

Neutron stars
• Neutron stars are laboratories of matter under extreme conditions

[Baade & Zwicky, Proc. Nat. Acad. Sci. 20, 259 (1934)]
[Hewish, Bell, Pilkington, Scott & Collins, Nature 217, 709 (1968)]

• Neutron stars (pulsars) are 
– rapidly rotating (𝑃 ~ 1 ms to 10 s)
– very dense (𝑛 ≲ 10!" kg/m3)

– strongly magnetized (𝐵 ~ 10" to 10!# G)
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Credit: B. Saxton, NRAO/AUI/NSF

• The pulsar magnetosphere is made 
of hot plasma (𝑇 ≲ 10 MeV)



What is chiral plasma?
• Relativistic plasma is chiral if it can allow a chiral asymmetry 

with 𝑛! ≠ 𝑛" to exist on macroscopic time/distance scales
• Evolution of 𝑛 = 𝑛" + 𝑛! and 𝑛# = 𝑛" − 𝑛! is governed by the 

continuity equations 
𝜕𝑛
𝜕𝑡
+ ∇ * 𝚥 = 0

and

𝜕𝑛#
𝜕𝑡

+ ∇ * 𝚥# =
𝑒$𝐸 * 𝐵
2𝜋$

− 𝛤%𝑛#

where the chirality flip rate is 𝛤! ∝ 𝛼"𝑇 𝑚/𝑇 ", provided 𝑇 ≲ 𝑚/ 𝛼
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chiral anomaly



Pulsar magnetosphere
• Pulsars have highly conducting magnetospheres (their specific 

plasma composition is irrelevant here)
• The co-moving electric field in the rotating magnetosphere is

𝑬′ = 𝑬 + 𝜴×𝒓
)
×𝑩 = 0

implying that 𝐸∥=0
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Image credit: NASA

• Intermittent gaps with 𝐸∥ ≠ 0
develop due to charge/current 
starvation

• Background photons induce 𝑒$-𝑒%
plasma and close the gap

[Ruderman & Sutherland, Astrophys. J. 196, 51 (1975)]



Pulsar gap parameters
• Estimate of the gap size and the electric field

where 𝑅!+ = 𝑐/Ω is the radius of light cylinder and

The field scales with pulsar parameters as follows 

where 𝐸) = 𝑚,
$/𝑒 = 1.3 × 10-. V/m
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[Ruderman & Sutherland, Astrophys. J. 196, 51 (1975)]



Chiral charge production
• When 𝐸∥ ≠ 0, the chiral charge production is governed by

𝜕𝑛#
𝜕𝑡

+ ∇ * 𝚥# =
𝑒$𝐸 * 𝐵
2𝜋$

− 𝛤%𝑛#

• Chirality flipping tends to wash away the chiral charge 
produced by the anomaly

• In the steady-state,

𝑛# =
𝑒$

2𝜋$𝛤%
𝐸 * 𝐵

• For the electron-positron plasma, the chirality flipping rate is

𝛤% ≃ /!0"
!

1
(𝑇 ≲ 𝑚!/ 𝛼) or      𝛤% ≃ /0"

!

1
(𝑇 ≫ 𝑚!/ 𝛼) 

April 9, 2022 APS April Meeting 2022, New York, NY 6

[Boyarsky, Cheianov, Ruchayskiy, Sobol, Phys. Rev. Lett. 126, 021801 (2021)]



Time scales
• The gap formation time

𝑡!~ℎ/𝑐~10"# s

• Timescale for chiral charge production

𝑡⋆~1/𝛤,~10"%& s

• Since

𝑡! ≫ 𝑡⋆,

the chirality production is nearly instantaneous
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Estimate for 𝑛! in magnetars
• The estimate for the chiral charge reads

• The corresponding chiral chemical potential is
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Chiral magnetic effect
• Nonzero 𝜇# and 𝐵 modify the local current density,

𝚥 = 𝑘⋆𝐵 + 𝜎𝐸

where 𝑘⋆ =
$/3$
4

encodes the chiral magnetic effect

• Maxwell’s equations for helical eigenmodes (𝜆 = ±) reduce to

• The corresponding frequency solutions read
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chiral magnetic effect



Chiral plasma instability
• For a highly conducting plasma (𝜎 → ∞)

• While mode #1 is damped by	charge	screening:

𝐵5,- ∝ 𝐵7𝑒89: ,
• Mode #2 is unstable for 𝑘 < 𝜆𝑘⋆:

𝐵5,$ ∝ 𝐵7𝑒;:5(=5⋆85)/9

• The estimate for 𝑘⋆ reads

𝑘⋆ ≃ 2.2×10%' MeV
𝑇

1 MeV

%( 𝑅
10 km

"/' Ω
1 s%(

*/' B
10(* G

(+/'
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• Numerical estimates of the key physical parameters

where 𝐵, = 𝑚-
"/𝑒 = 4.4 × 10(. G and 𝐸, = 𝑚-

"/𝑒 = 1.3 × 10(/ V/m

Physical parameters
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Observational consequences
• Chiral plasma produces helical (circularly polarized) modes 

with frequencies 

0 ≲ ω ≲ 𝑘⋆
• For magnetars, these span radio frequencies and may extend 

to the near-infrared range

• The energy estimate is 𝛥ℰ~𝜇#$𝑇$ℎ@, 

• It may be sufficient to feed the fast radio bursts (FRB)
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Summary of results
• Chiral charge production can be substantial in gap 

regions of strongly magnetized pulsar magnetospheres

• The chiral charge should trigger a plasma instability 
and emission of helical waves in radio to infrared range

• The corresponding chiral anomalous physics can be 
connected with the observed fast radio bursts

• For quantitative effects, however, further detailed 
studies are needed
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Outstanding problems
• Interplay of chiral charge and 𝑒--𝑒. pair production

induced by energetic photons

• The chiral flip rate in a magnetic field (any suppression 
compared to 𝐵 = 0 case?)

• Self-consistent simulation of chiral plasma in the gap 
regions

• The energy transfer mechanism from unstable helical 
modes to observable emission
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