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ESil Neutron stars

e e i e —

 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)] PORNS

RADIATION
BEAM

» Neutron stars (pulsars) are
— rapidly rotating (P ~ 1 ms to 10 s)
— very dense (n = 10*® kg/m?)
— strongly magnetized (B ~ 10° to 10'° G)

* The pulsar magnetosphere 1s made »

RADIATION

of hot plasma (T < 10 MeV) poi Credit: B. Saxton, NRAO/AUI/NSF

Ve

- Main claim: anomalous chiral plasma can be produced 1n the
~ magnetosphere and can affect the pulsar activity
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ESi What 1s chiral plasma?

B e S

* Relativistic plasma 1s chiral 1f 1t can allow a chiral asymmetry
with n; # np to exist on macroscopic time/distance scales

* Evolution of n = np + n; and ng = np — ng 1s governed by the
continuity equations

on -
E +V-j=0
ind chiral anomaly
ons - ., [e2E-B<+"
?+V- 5 = ) — N

where the chirality flip rate is [}, x a?T(m/T)?, provided T < m//a
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ESil Pulsar magnetosphere

S N tam .. & W

* Pulsars have highly conducting magnetospheres (their specific
plasma composition 1s irrelevant here)

e The co-moving electric field in the rotating magnetosphere 1s

=1 .er

EE=E+—xB=0
implying that £ ||=O

* Intermittent gaps with E # 0
develop due to charge/current

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

 Background photons induce e™-e~
plasma and close the gap

. T Tn s WA ax e e — o=
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S ~ Pulsar gap parameters

s S tn

» Estimate of the gap size and the electric field

[Ruderman & Sutherland, Astrophys. J. 196, 51 (1975)]
E I ~ B h / R LC
where R;» = ¢/ 1s the radius of light cylinder and

2/7 —3/7 —4/7
h~3.6m he 4 B
10 km 1 s 1 1014 G

The field scales with pulsar parameters as follows

R ON\2T /g \¥7 B 3/7
Ey ~ 2.7x1078E,
|~ 20 (10 km) (1 s_1> (1014 G)

where E. = m%/e = 1.3 x 10'® V/m
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£SU ~ Chiral charge production

 When E| # 0, the chiral charge production 1s governed by

on 5 '+—> s e 2E - B
TtV 5 = — [yn
ot . ST gz Im'

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

 In the steady-state,
2

e - -
= E-B
s T omer
» For the electron-positron plasma, the chirality flipping rate 1s
2.2 2
Tm=—= (Tsm/ya) or [Ih==—=% (T>»m,/Va)

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

e e = "o —
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FSl Time scales

e e

* The gap formation time
th~h/c~10"8s
* Timescale for chiral charge production
t*~1/I,~1071 s
* Since
t, > t7,

the chirality production 1s nearly instantaneous

S e L i = p——
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ESU  Estimate for nc in magnetars

* The estimate for the chiral charge reads

ns ~ S ~ 1.5 x 107" MeV (1 M()\T>

I 2/7 0O 4/7 B 10/7
10 km 1 s—1 1014 G

* The corresponding chiral chemical potential 1s

3ns . 5 i I !
~ ~ 4.6 0~ NeV
IL5 T2 4.6 x 1 [« (1 M()\,)

RN/ o \Y7 B \1/7
% (101{111) (u—l) (1()14(;)

S BT T s W TATT ax e e —
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FSl Chiral magnetic effect

A B T T

* Nonzero us and B modify the local current density,

________________

2als

where k, =

« Maxwell’s equations for helical eigenmodes (A = 1) reduce to

iB > l S : ) (()2
i (Ak*k’_ k2~ —> Bk

dt RN Ot?
* The corresponding frequency solutions read
I
Wiy = —5( + /02 + 4k (k) — ))

S e L ax e e —
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FSi ~ Chiral plasma 1nstability

* Fora hlghly conductlng plasma (g — o)

, k(Aky — ))
—1 | o +
w1,2 ~~ { ( g

-k(Ak,—k)
b o

* While mode #1 1s damped by charge screening:
Bk,l X Boe_at,
 Mode #2 1s unstable for k < Ak,:

B, , & Byettk(k.—k)/o

* The estimate for k, reads

= 223107 wev (i) (i) ()
A © 1Mev) \10km/ \1s7

1

e
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FSU
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Physical parameters

* Numerical estimates of the key physical parameters

B 10'2 G a0 10%ae Y 107G
h 50 1m 13.1 m 3.6 m () O7 m
% . O 10 1.0 > 10 27%x107% T7.3x10 °©
E-B | ) : —8 -

E.DB. 0 x 10 2.3 < 10 6.2 x 10 7% 10
25 16 % 10 1.3 % 10 1.1x107% 3.1 x 10
s 1.2 % 10 1 % 10 9.0x 107°1 2.1~ 10
M

B 5.8 % 10 1.6 % 10 4.2%1077 1.1 % 10
L.

where B, = m2/e = 4.4 X 10'3 Gand E, = m%/e = 1.3 x 101® V/m

April 9, 2022
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| Observational consequences

e e

* Chiral plasma produces helical (circularly polarized) modes
with frequencies

0<w=sk,

* For magnetars, these span radio frequencies and may extend
to the near-infrared range

* The energy estimate is AE~usT2h3,

= _ Y A05
AE =~ 2.1 x 107 erg (

v) ()

2/7

0 —9/7 .
< (72) (wuc)

- It may be sufficient to feed the fast radio bursts (FRB)

S eS
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ESil ~_ Summary of results

* Chiral charge production can be substantial in gap
regions of strongly magnetized pulsar magnetospheres

e 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

. R T s WA ax T e —
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ESil ~ Outstanding problems

S ner vam .. W

e Interplay of chiral charge and e"-e~ pair production
induced by energetic photons

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

 Self-consistent simulation of chiral plasma 1n the gap
regions

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

. T Tn s WA ax T e —
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