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Neutron stars
(Baade & Zwicke, Proc. Natl. Acad. Sci. U.S.A.pJ, 20, 254, 1934)

Strong magnetic fields
(Ginzburg, Sov. Phys.- Dokl, 156, 43, 1964; Waltjer, ApJ, 140, 
1309, 1964)

Deceleration of rotation of neutron stars by strong
magnetic fields and the rotational energy release 
(Pacini, Nature, 221, 567, 1967)

•

•

•

Theoretical conceptions before discovery of pulsars



The rotational energy
losses of neutron stars

The non-thermal
radiation of pulsars

The rotational energy of neutron stars is
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The polar gap model
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Electromagnetic cascades (Daugherty & Harding, ApJ,  252, 337, 1982)
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The out-flowing plasma is one-dimensional, relativistic and multi-component.

Pair multiplicity, ξ (Hibschman & Arons, ApJ,  560, 871, 2001)

310 10ξ −�



Electromagnetic cascades (Daugherty & Harding, ApJ,  252, 337, 1982)



Pulsars with very strong magnetic fields
3

13( 0.1 , 4.4 10 )e
p cr cr

m cB B B G
e

> = ×�
=

•

0.1p crB B>

0.1 2d
cr p crB B B• < < for ~ 10% of PSRs

0.1 ,crB B γ>

•

B
G

For                          -gamma emitted almost tangentially to     are captured 
near the threshold  of bound pair creation and are channeled along      as  
bound pairs (positronium) 

B
G

e e+ − (Shabad & Usov, ApSS, 117, 309, 1985; 
128, 377, 1986; Usov & Melrose, Aust. J. Phys., 48, 571, 1995).

Bound pairs do not screen electric fields, and the energy flux in highly
relativistic particles from the polar gaps (especially RS-type) increases
(Usov & Melrose, ApJ, 464, 306, 1996; Shabad & Usov, in preparation).

(Manchester et al., Astron. J, 129, 

⇓

1993, 2005).

⇓
Non-thermal radiation from PSRs with                       may increases.

Bound pairs are free from the distance where 2 9~ 2.35 10 .crB B Gα ×�



Is the plasma outflow stationary ?

i The pair creation process is 
non-stationary, first suggestion  
(Sturrock, ApJ, 164, 529, 1971)

i

Numerical time-dependent simulations for pair creation
(Alber et at., Astrophysics, 11, 189, 1975; Levinson et al., ApJ, 631, 456, 2005)

c tΔ

Non-stationary pair creation in the RS polar gap
(Ruderman & Sutherland, ApJ, 196, 51, 1975; Beskin, Sov. Astron., 26, 443, 1982)

1/ 2 4( / ) 10cR R c R cmΩ� ∼

5
1 1 30 10l c t h cm= Δ ∼ ∼

7
2 2 2 10l c t cmρ= Δ ∼ ∼

i

The              drift of spark plasma filaments provides a plausible mechanism
explaining the subpulse drift phenomenon  

E B×
G G

(Gil et al., A&A, 407, 315, 2003)



Conclusion

The out-flowing plasma is 

multi-component,
relativistic,
one-dimensional,
strongly magnetized,
not-uniform, and maybe,
stationary or not.i

i

i
i

i
i

For PSRs with                      created pairs are bound in the neutron star 
vicinity while at large distances,                              these pairs are free.  
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Normal modes in pulsar plasmas

Early studies:

•

•

•

Tsytovitch & Kaplan (Astrophysics,  8, 260, 1972) derived the dispersion 
relation for a one-dimensional electron gas with a power-law distribution
function for

Godfrey et al. (Phys. Fluids,  18, 346, 1975) considered a cold relativistic
electron beam propagating parallel to       and through a cold plasma.
The dispersion relation was solved both analytically and numerically.

Melrose & Stoneham (Proc. Astr. Soc. Austr,  8, 260, 1977) included 
quantum effects and dispersion relations are evaluated in the “low-density”
limit.

Cheng & Ruderman (ApJ,  229, 348, 1979); Melrose (Austr. J. Phys.,  32, 61, 
1979) discussed the normal modes in a pulsar plasma to explain the  formation 
of the orthogonal radiation modes observed in pulsar radio emission.
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Conventional simplifying approximations:

i
i

plasma is uniform and stationary,
plasma consists of electrons and positrons with identical spectra (no gyrotropy),
quantum effects are ignored in treating the pulsar plasma dispersion.  

i 1/ , ir R c t

Latter-day studies:

Arons & Barnard, ApJ,  302, 120, 1986; Lominadze et al., Sov. J. Plasma Phys., 
12, 712, 1986; Lyutikov, MNRAS, 293, 447, 1998; Lyutikov et al., MNRAS, 305, 
338, 1999; Melrose & Gedalin, ApJ, 521, 351, 1999; Petrova, A&A, 408, 883,
2001;

Studies beyond the last two approximations:

Kennet et al., J. Plasma Phys., 64, 333, 2000; Gedalin et al., MNRAS, 325, 715, 
2001; Luo, Melrose, & Fussell, Phys. Rev. E, 66, 026405, 2002; Melrose, 
Plasma Phys. Cont. Fus., 45, 523, 2003.

λ ν ν −≥ = Δ� � ⇒



Fundamental plasma modes

The transverse extraordinary mode
(variously known as the X-mode, t-mode,
and the fast magnetosonic mode) with 
the electric field (polarization vector)
perpendicular to the           plane.

The longitudinal-transverse mode with 
the electric field in the          plane with
two branches: the ordinary (O) mode and
Alfven (A) mode.

k-B
G G

k-B
G G

_________________________________

Dispersion curves for a (non-gyrotropic) pulsar plasma at frequencies well
below the cyclotron frequency for a slightly oblique angle of propagation.
The A mode has a maximum frequency,         , and is heavily damped as this 
frequency is approached. The L-O mode is approximately langitudinal (L) near
its cut-off,                              (the “relativistic plasma frequency”), and 
approximately transverse (O) at higher frequencies, where 
(Melrose, Plasma Phys. Cont. Fus., 45, 523, 2003), 

maxω

3 1/ 2
c pω ω −= 〈Γ 〉

2 1/ 2(4 / )p p ee n mω π=



(Lyutikov, Blandford, and Machabeli, MNRAS, 305, 338, 1999).

Dispersion curves for the waves in a cold pair plasma in the plasma frame in
the limit                   The inset in the upper left corner shows the region near 
the cross point 
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X mode

Emission region

,1 . ./ ,X Xn ec ik ω= �
X mode propagates along a 
straight line in the direction 
of .k
G

1/ ( ) .A An kc Cosω ϑ −= �
A-mode propagates along .B

G

Propagation of normal modes in pulsar magnetospheres

(Barnard & Arons, ApJ,  302, 138, 1986; Petrova, A&A, 360, 592,
2000; Luo, Publ. Astron. Soc. Aust., 18, 400, 2001)

A mode

O mode

Refractive indices:



Some properties of normal modes

X mode with                 cannot  effectively  interact  with particles 
moving strictly along     through Cherenkov resonance.

X mode  waves  may  be  produces  either  through  cyclotron 
instability  or  some  nonlinear  processes.

X mode  is  not  Landau  damped,  and  it  can  be  damped 
through  cyclotron  resonance.

LO mode  can interact with particles through Cherenkov resonance
provided that the parallel phase velocity is less than

The subluminous O waves  cannot escape the pulsar magnetosphere
because of Landau damping while the superluminous O waves 
can do this.
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The out-flowing plasma is 

multi-component,
relativistic,
one-dimensional,
strongly magnetized,
not-uniform, and maybe,
stationary or not.i
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Two-stream instability in pulsar magnetospheres
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Stationary outflow of plasma

The two-stream instability may be caused by the following.

1. The ultra-relativistic beam of primary particles

2. The relative motion of electrons and positrons of the secondary
pair plasma  

(Ruderman & Sutherland, ApJ, 196, 51, 1975).

(Cheng & Ruderman, ApJ, 212, 800, 1977).

The characteristic time for development of the first kind of 
instability in the pulsar frame is

1/3 1/ 2 1 4 3/ 2( / ) 10 ( / )RS p b b p pn n r R sτ ω− −Γ Γ� ∼
The escape time is 5/ 3 10 ( / ) .esc RSr c r R sτ τ−× <� �

The instability has no enough time to be developed (Benford
& Buschauer, MNRAS, 179, 189, 1977).
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The instability is stabilized by the plasma temperature 
(Buschauer & Benford, MNRAS, 179, 99, 1977).



Non-stationary outflow of plasma
(Usov, ApJ,  320, 333, 1987; Asseo & Melikidze, MNRAS, 301, 
59,  1998; Gil & Mitra, ApJ,  550, 383, 2001).
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The dispersion equation for L waves is
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The development of the two-stream instability already occurs 
when the cloud overlap is small       
This problem studied numerically by Saito & Sakai (ApJ,  602, L41, 
2004).

4(~10 ).cm



Some conclusions

The two-stream instability may be developed in the inner 
magnetosphere, i.e., at the distance of 

The existence of several scales of the out-flowing plasma
modulation may lead to several regions of radio emission.

This is consistent with observations (Gil, ApJ, 299, 154, 1985;
Kijak & Gil , MNRAS, 299, 855, 1998).
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(Gedalin, Gruman, & Melrose, PRL,  88, 121101, 2002)

• Additional solutions (called beam modes) of the dispersion relation 
for the beam-plasma system are found, and it is shown that these 
modes can be amplified.

In the process of propagation the beam waves evolve into O mode
when their frequency matches the resonant frequency.

The spectrum of the escaping radiation has a maximum at the
frequency                                    The efficiency of wave growth
decreases at both                   and
The implied form of spectrum is consistent  with observations.
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Radio spectra of PSRs

Frequency (MHz)
(Siber, A&A, 28, 237, 1973; Backer & Fisher, ApJ,  189, 137, 1974;
Lyne & Manchester, MNRAS, 234, 477, 1988; Malofeev et al., A&A, 
285, 201, 1994; Lorimer et al., MNRAS,  273, 411, 1995)
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Formation of bunches

Two-stream  instability       bunching instability (Ruderman &
Sutherland, ApJ, 196, 51, 1975).
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Formation of bunches

Two-stream  instability       bunching instability (Ruderman &
Sutherland, ApJ, 196, 51, 1975).

Bunches formed by linear electrostatic waves cannot provide any
emission (Melikidze, Gil, & Pataraya,  ApJ,  544, 1081, 2000).

The modulational instability in the turbulent plasma may generate
charged solitons only if species of different charge have different 
masses (Karpman et al.,  Phys. Scr.,  11, 271, 1975).

To explain coherent radio emission of PSRs it is not necessary 
stable solitons but only large-scale (as compared with Langmuir
wavelength) charge density fluctuations (Gil, Lyubarsky & 
Melikidze, ApJ,  600, 872, 2004).
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Radiation of bunches

The total energy emitted may be as high as
where       is the number of charged particles cooperating in the
radiation and        is the energy emitted by a single particle.
(Ginzburg & Zheleznyakov, Ann. Rev. A&A,  13, 511, 1975)

For a typical PSR, at                   the plasma density is
For radio emission at                        we have
where

The  brightness temperature: 
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Curvature radiation (CR) of single bunches (influence of 
dimensions) in vacuum (Saggion,  A&A,  44, 285, 1975; Benford
& Buschauer , MNRAS, 177, 109, 1976; A&A,  118, 358, 1983).

CR of single bunches in a pulsar plasma (Gil, Lyubarsky & 
Melikidze, ApJ,  600, 872, 2004).
1. The polarization of CR emitted in plasma is that of X mode.
2.
3. CR is largely suppressed compared with  the vacuum case, 

but high enough to explain the observed PSR  luminosities.

CR of systems of bunches with monoenergetic and power-law
spectra, taking into account self-absorption (Ochelkov & Usov,
Ap&SS, 69, 439, 1980; Nature, 309, 332, 1984).
The radio spectra of PSRs may be explained by CR of bunches.

•

1/ 2 2 1/ 22 20 ( /10 ) GHz .p p pω ω< Γ Γ∼
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Some properties of normal modes

X mode with                 cannot  effectively  interact  with particles 
moving strictly along     through Cherenkov resonance.

X mode  waves  may  be  produces  either  through  cyclotron 
instability  or  some  nonlinear  processes.

X mode  is  not  Landau  damped,  and  it  can  be  damped 
through  cyclotron  resonance.

LO mode  can interact with particles through Cherenkov resonance
provided that the parallel phase velocity is less than

The subluminous O mode  cannot escape the pulsar magnetosphere
because of Landau damping while the superluminous O mode can
do this.
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Cyclotron instability in pulsar magnetospheres
(Machabeli & Usov, Sov. Astron. Lett,  5, 238, 1979; Lyutikov, 

Blandford, and Machabeli, MNRAS, 305, 338, 1999)

The observed radio emission of PSRs may be produced directly 
by a maser-type plasma instability operating at the anomalous
cyclotron-Cherenkov resonance

Cyclotron instability develops if
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Some observational consequences of the cyclotron model of  PSRs

The cyclotron instability can develop only near the light cylinder.  

The frequency dependence of the radio pulse width is 

The predicted spectral index is 

The tail (or beam) particles undergo transitions to the states with
higher transverse momentum and emit photons via synchrotron
mechanism, i.e., the region of cyclotron instability is a source of
high-frequency (optic, X-ray and gamma-ray) emission
(Machabeli & Usov, Sov. Astron. Lett,  5, 238, 1979;Lominadze
et al., Ap&SS, 90, 19, 1983; Malov & Machabeli, ApJ, 554, 578,
2001)
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Cherenkov drift instability in pulsar magnetospheres
(Kazbegi, Machabeli & Melikidze, MNRAS,  253, 377, 1991;
Lyutikov, Blandford, and Machabeli, MNRAS, 305, 338, 1999;
Shapakidze et al., Phys. Rev. E, 67, 026407, 2003)

The Cherenkov drift instability may occur at the resonance

where                             is the drift velocity.

The Cherenkov drift instability does not have a simple dependence
of the emission altitude on the frequency because the resonant 
condition for this instability are virtually independent of
frequency.

( ) 0 ,dk k v k uω ⊥− − =& &
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Conclusions

• The pulsar plasma is an active medium that can amplify its normal 
modes.

There are a few instabilities that may occur in pulsar magnetospheres.•
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• The cyclotron and Cherenkov drift instabilities may be developed 
in a low-energy pulsar plasma, 

If the radio emission regions of PSRs are far inside the light 
cylinder,                  , the two-stream instability is a plausible 
reason of the radio emission generation, while if they are near the 
light cylinder,                 , most probably, the radio emission of 
PSRs is generated directly via the cyclotron and Cherenkov drift 
instabilities.

•

10.pΓ ≤

/radr c Ω�

/radr c Ω∼





Refraction of radio waves in the ultra-relativistic highly magnetized
pulsar plasma is frequency-dependent and can lead can modify the 
spectra of PSRs (Petrova, A&A,  383, 1067, 2002).

Refraction of radio waves can change the radio pulses
(Petrova, A&A,  360, 592, 2000).
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(Melrose, ApJ,  225, 557, 1978; Rowe., Austr. J. Phys, 45, 1, 1992)

Amplified linear acceleration emission
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