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Plasma processes that may be responsible for pulsar radio emission and for eclipses observed
for binary pulsars are discussed. High brightness temperature of pulsar radio emission
implies that the radiation mechanism must be coherent. Several emission mechanisms are
discussed. The high brightness temperature of radio emission also implies that nonlinear
e�ect on wave propagation through pulsar magnetospheric plasmas is important and may
result in radio pulse microstructure or cause uctuation in dispersion measure. The discovery
of eclipsing binary pulsars provides us with an opportunity to study nonlinear wave-wave
interactions in electron-ion plasmas in the winds (or magnetospheres) of companion stars.

I. Introduction

Pulsars are thought to be rotating, strongly magne-

tized neutron stars, emitting radio waves. Radio emis-

sion from pulsars is in the form of periodic sequences

of pulses like a light beam from lighthouse. The pe-

riods range from 10�3 to about 4 seconds [1]. The

observed pulses also have secular variations which are

usually described in terms of the period derivative (the

time derivative of the period), typically in the range

from 10�15 to 10�20. The observed pulse period can

be associated with the rotation period of a neutron

star and the secular change of the pulse period (in-

creasing) can be associated with slowdown of the ro-

tation. The slowdown can be attributed to the energy

loss due to a large scale ux of electromagnetic energy

or particle kinetic energy being carried away from the

(magnetospheric) system (e.g. [2]). The current models

for pulsars (e.g. [3,4,5]) include (1) electron-positron

pair production in polar region, and (2) magnetospheres

�lled with electron-positron pair plasmas. A neutron

star consists mainly of degenerated neutron gas and

can be regarded as perfect conductor [6]. Rotation can

induce an electric �eld which has a component paral-

lel to the magnetic �eld and can accelerate particles

to very high energies. These ultrarelativistic parti-

cles emit high energy photons through curvature ra-

diation or synchrotron radiation (e.g. [7,3]) or inverse

Compton scattering [8,9]. High energy photons initi-

ate an electron-positron pair cascade, which then limits

the acceleration zone to a speci�c size [3,4,5,9]. These

outowing pairs form a magnetosphere, which are re-

plenished continuously with electron-positron pairs pro-

duced through pair cascades by energetic particles ac-

celerated in the acceleration zone.

A pulsar magnetosphere can be roughly divided into

two zones: (1) open �eld line region near the mag-

netic pole, where pair plasmas are outowing and pass

through the light cylinder (where the co-rotation speed

approaches the speed of light), and (2) closed �eld line

region, where pair plasmas are trapped. The region fur-

ther outside the light cylinder is called the wind zone,

where plasmas move approximately radially. Observa-

tion of pulsar radio emission appears to suggest that

emission is produced in the open �eld line region, where

electron-positron pair plasmas ow out along �eld lines

(e.g. [14]). Investigation of plasma properties, and in

particular, of radiation processes in that region is the

main subject of interest in pulsar theory (e.g. [11,15]).

The main feature of magnetospheric pair plasmas

is that the particle distribution in momentum space

is highly anisotropic. Due to strong magnetic �elds,

particles rapidly radiate away their perpendicular en-

ergy and move essentially along the magnetic �eld

lines. Since electron and positron have the same mass,
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when the plasma is neutral or quasineutral in charge,

some wave modes that appear in conventional electron-

ion plasmas are modi�ed and some even disappear

(e.g. [11,12,15]; for discussion of nonrelativistic pair

plasma, cf. [16,17]). As an example, some pulsars also

emit circularly polarized waves, but for an electron-

positron pair plasma with charge quasineutrality, wave

modes are mainly linearly polarized [11].

In the study of plasma processes relevant for pul-

sar radio emission, the following two areas have drawn

considerable interest from researchers: production of

coherent radio emission, and propagation e�ects in the

magnetospheric plasma. Despite a wide range of emis-

sion models have been proposed for coherent pulsar ra-

dio emission, none of them can explain satisfactorily

the observed properties of pulsar radio emission. Here,

I will concentrate on the basic plasma processes which

include various types of plasma instabilities that may be

relevant for pulsar radio emission and that have been

explored in considerably details but are still not well

understood in the context of pulsar radio emission.

Discovery of eclipsing binary pulsars provides us

with opportunity to study nonlinear wave-wave inter-

actions in electron-ion plasmas under the conditions

that are more similar to laboratory plasmas. In such

a system, the pulsar and its companion are bound by

gravitational force and orbit each other. Radio emis-

sion from the pulsar is periodically eclipsed by plas-

mas in the companion wind [18, 19, 20]. The plasma

in the companion wind is possibly nonrelativistic and

consists mainly of electrons and protons. When intense

radio waves propagate through such a plasma, nonlin-

ear wave-wave interaction can be important and can

even disperse the radio beam, resulting in eclipses.

In Sec. II, coherent nature of pulsar radio emis-

sion is discussed. Dispersion properties of pair plas-

mas and relevant instabilities are discussed in Sec. III.

The propagation e�ects on radio waves in pulsar mag-

netospheres are considered in Sec. IV. In Sec. V�VII,

eclipsing binary pulsars and the eclipse mechanism due

to three-wave interaction are discussed.

II. Pulsar radio emission

The most important information that pulsar radio

emission can immediately tell us is the coherent nature

of radiation processes in pulsar magnetospheres. Al-

though the observed ux density, typically within the

range 10�3 to a few Jansky (1 Jy = 10�26Wm�2Hz�1),

is relatively weak compared with other radio sources in

astrophysics, due to the compactness of the source the

inferred e�ective temperature is extremely high. In-

deed, since the typical duration of the pulse is about

10�3 s, the linear dimension of the source is smaller than

3�105m. The e�ective brightness temperature Te� can

be de�ned by analogy with thermal emission, for which

the speci�c intensity at low frequency is described by

Rayleigh-Jeans law. For radio emission, the e�ective

brightness temperature of a source region is de�ned by

writing the radio intensity, 2�I� (Wm�2Hz�1sr�1), in

the form

Te� =
2�c2I�
�2�

; (1)

where � is the Boltzmann constant and � is the radio

frequency. The speci�c intensity I� can be related to

the ux density F� by I� = F�=�
0, where �
0 is the

beam solid angle. As an example, for the Crab pul-

sar the mean ux density at 400MHz is about F400 �

480mJy (= 4:8 � 10�27Wm�2Hz�1) and the distance

is D0 � 2 kpc (= 6:172�1019m) [1]. If the band width

is taken to be �! � 400MHz, one estimates that the

radio luminosity is about Lr � F�D
2

0�� � 1021 J s�1.

If the linear size of the source region is 104 m, then

the e�ective brightness temperature is estimated to be

Te� � 3� 1027K.

For incoherent emission where particles radiate in-

dependently of each other, thermodynamics implies

that �Te� be less than the kinetic energy of the radiat-

ing particles. For the brightness temperature as high as

Te� = 3 � 1027K, to avoid self-absorption, the radiat-

ing particles must have very high energy 1018MeV! In

polar cap models (e.g. [3, 4, 5]), particles can only be

accelerated up to energies � 106 { 108 MeV. Therefore,

a coherent emission mechanism is required to produce

radio emission with such an extremely high brightness

temperature.

To explain the extremely high brightness temper-

ature of pulsar radio emission, a large number of co-

herent emission mechanisms have been proposed. The

majority of these models have remained at the stage

of explaining the coherent nature, i.e. to achieve the

required high intensity, and are not detailed enough to

compare with observation. On the other hand, the cur-

rent observational data are unable to tightly constrain

modeling of pulsar radio emission. Emission models

which have been explored in considerable details in-

clude coherent curvature emission by bunching, curva-

ture maser emission, linear and nonlinear plasma insta-
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bilities (for a review, cf. [21]). In the model of emission

by bunches, the size of the bunch of emitting parti-

cles is assumed to be smaller than the wavelength, and

then, the phases of the spontaneous radiation �elds by

individual particles are coherent. The total radiation

intensity then exceeds the sum of the spontaneous ra-

diation intensities from each particle. For example, N

particles in a bunch can radiate up to N2 times the ra-

diation per individual particle. The main drawback of

this type of model is that there is no satisfactory the-

ory or model for producing and maintaining the particle

bunches [29]. Thus, this type of model will not be dis-

cussed further here, and my following discussion will

emphasize on those models based on maser emission or

plasma instabilities.

III. Electron-positron pair plasmas

Dispersion properties of pair plasmas in pulsar mag-

netospheres can be derived using the one-dimensional

approximation. In a pulsar magnetosphere, the particle

motion can be separated into perpendicular and parallel

parts with respect to the magnetic �eld lines. The per-

pendicular component of particle motion can be quan-

tized into discrete energy levels called the Landau lev-

els. The time-scale for a particle to lose all its perpen-

dicular energy to synchrotron radiation and fall to the

lowest Landau level is t � 10�14(108 T=B)2(=102) s,

where  and B are the Lorentz factor and the magnetic

�eld, respectively. For strong pulsar magnetic �elds

(� 108 T), this time-scale is so short that all the parti-

cles should be in their lowest Landau levels and the par-

ticle motion in the pulsar magnetosphere (well within

the light cylinder) is essentially one-dimensional.

The linear dispersion properties of a plasma can

be described by permittivity tensor Kij = �ij +

(i=!�0)�ij with �ij de�ned by writing induced cur-

rent in terms of perturbed electric �elds: �Ji(!;k) =

�ij(!;k)�Ej(!;k). The permittivity tensor for a

strongly magnetized, electron-positron pair plasma can

be derived in a way similar to that discussed by Bald-

win, Bernstein &Weenink [22] except that there may be

modi�cation of vacuum polarization e�ect (e.g. [11, 23])

which is / (�f=4�)(~
e=mec
2)2 < 1 where �f is the

�ne structure constant and 
e = 1019 s�1 (B=108T)

is the nonrelativistic gyrofrequency. This quantum ef-

fect will be neglected in the following discussion of the

permittivity tensor. In the one dimensional approxi-

mation, Bessel function Jn(z) in Kij can be expanded

in z = k?cu?=
e, where the particle momentum (in

unit of mec), wave vector are all separated into per-

pendicular and parallel components, u? and uk, k?
and kk. To the lowest signi�cant order in z, and for

j! � kkc�kj � j
ej where �k is the parallel velocity (in

c), one has

c

K11 = K22 = 1�
X
s

Z
d fs()

!2ps
!2

!2(1� nk�k)
2

!2(1� nk�k)2 � 
2
e=

2
; (2a)

K12 = �K21 =
X
s

Z
d fs()

!2ps
!2

i�s!(1� nk�k)
e=

!2(1� nk�k)2 �
2
e=

2
; (2b)

K13 = �K31 =
X
s

Z
d fs()

!2ps
!2

n?�?!
2(1� nk�k)

!2(1� nk�k)2 �
2
e=

2
; (2c)

K32 = �K23 =
X
s

Z
d fs()

!2ps
!2

�i�s!n?�?
e=

!2(1� nk�k)2 �
2
e=

2
; (2d)

K33 = 1�
X
s

Z
d fs()

!2ps
!2

�
1

2(1� nk�k)2
+

!2n2?�
2

?

!2(1� nk�k)2 � 
2
e=

2

�
; (2e)

d

where !ps is the plasma frequency, nk = kkc=!, n? =

k?c=!, �s is the sign of the particle charge, fs() is

the particle distribution, and the sum is made over all

particle species (electrons, positrons, etc) and all com-

ponents (including the beam components). Eq. (2a-

e) apply to uniform magnetic �elds. When magnetic
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�elds are inhomogeneous, for example, there is a spa-

tial gradient or �eld line curvature, particles have drift

motion such as curvature drift, which will be discussed

in Sec. III.3.

The outowing plasma consists of primary beams

of electrons, positrons or ions from polar caps and

a background electron-positron pair plasma produced

through pair cascades. Their densities can be esti-

mated as follows. Suppose that pairs have average

Lorentz factor b, primary particles have the Lorentz

factor p, and that the system can somehow adjust it-

self to equipartition n�� � nbb, where n�, nb are

the densities of pairs and primary particles, respec-

tively. Since the density of primary particles is the

Goldreich-Julian density [10], given by nb = 2�0
B=e �

7� 1016m�3(B=108T)(1 s=P ), the background plasma

density is n� � nbb=�. The Lorentz factor of

primary particles depends on the speci�c acceleration

model, and is less than b;max, the value that can be

achieved by acceleration through the potential drop

across the polar cap. The speci�c form of distribu-

tion function for pair plasmas, f�(), depends on spe-

ci�c polar cap models. In Arons model [5], one has

f�() / �1:5 exp(�0=). The distribution has a peak

at 0 = 50� 100 (the value depends on other physical

parameters as well, cf. [5]).

Using (2a-e), one can solve Maxwell's equations to

derive dispersion relations for various types of waves.

In the strong �eld approximation B ! 1, (2a-e) are

simpli�ed to Kij � 0 for i 6= j, Kij � 1 for i = j = 1,

2, and K33 � 1��K where

�K =
X
s

!2ps
!2

Z
dfs()

3(1� nk�k)2
: (3)

Then, the dispersion relation reduces to n = 1 for ex-

traordinary mode, and

(1� n2k)(1��K)� n2? = 0; (4)

for ordinary mode, where propagation of the ordinary

mode waves strongly depends on the angle between k

andB (magnetic �eld). When kkB, the waves split into

two types. The �rst type is transverse, with refractive

index equal to unity. The second type is a Langmuir

wave. According to their phase speed, the ordinary

mode waves described by (4) have two branches: super-

luminal waves whose phase speed is faster than c, and

subluminal waves, whose phase speed is slower than c.

In the approximation described above, instabilities as

the result of the lowest order wave-particle interaction

can occur only for subluminal branch of ordinary mode

since these waves have phase speed less than c and the

Cerenkov resonance condition can be satis�ed.

In the region near the polar cap, the plasma density

is so dense that the condition !=!p � 1 is satis�ed.

Then, one has a solution of subluminal waves with the

dispersion relation given by

!2 = k2kc
2

�
1�

k2?c
2

8hi!2p

�
; (5)

where hi is the average Lorentz factor of the pair

plasma. Waves described by (5) are also called (modi-

�ed) Alfv�en waves (e.g. [15]).

Various linear plasma instabilities were considered

for coherent pulsar emission, and these can be broadly

classi�ed into three types, which include instabili-

ties for (a) electrostatic waves, e.g. Langmuir waves,

(b) electrostatic-electromagnetic waves, e.g. modi-

�ed Alfv�en waves given by Eq. 5, which have both

electrostatic and electromagnetic components, and (c)

transverse waves, e.g. cyclotron instability, which is

electromagnetic and can escape directly to interstellar

medium.

III.1 Two-stream Instability

Awidely-discussed instability for electrostatic waves

in the context of pulsar emission is the two-stream sta-

bility [3,33,25,26,27,29]. Pulsar magnetospheric plas-

mas can be regarded as a beam-plasma system since

they consist of a pair plasma and energetic electron or

positron (or ion) beams. In plasma theory, it is well-

known that such a system is unstable to the develop-

ment of what is often called two-stream instability [24].

There are two types of two-stream instabilities, the

counter-streaming instability and the weak beam insta-

bility. The counter-streaming instability is due to two

components of the plasma counter streaming through

each other, with the same density and opposite veloci-

ties. The weak beam instability is due to a beam trav-

eling through a background plasma, where the beam is

less dense than the background so that the wave modes

are determined by the background and interact with the
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fast beam. The underlining physics of these two types

of instabilities is similar, that is, instabilities occur due

to that beam particles satisfy the Cerenkov resonance

condition.

The two-stream instability normally occurs for elec-

trostatic waves. Therefore, the instability itself can not

produce radiation directly. Ruderman & Sutherland [3]

proposed that the instability of such a beam-plasma

system can result in particle (electron and positron)

bunching, and that the bunched particles can radi-

ate in phase to produce coherent curvature emission.

However, Benford & Buschauer [25] concluded that the

growth rate of such an electrostatic instability is not

su�cient to explain the level of the pulsar radio emis-

sion (also [26,27,29]).

Cheng & Ruderman [33] suggested that the

counter-streaming instability with a relatively larger

growth rate (compared with Ruderman & Sutherland's

model [3]) may occur due to relative motion of the elec-

trons and positrons of the pair plasma. The relative mo-

tion of the electrons and positrons is due to the presence

of the primary beam and the rotation of the magneto-

sphere. However, the counter-streaming instabilitymay

not be e�ective if the electrons and positrons of the pair

plasma have a broad distribution of parallel momenta.

III.2 Cyclotron Instability

When terms / 1=(! � kkvk �
e=) are retained in

(2a-e), cyclotron instability may occur. Consider ener-

getic particles in the primary beam or in the tail of the

distribution of the secondary pair plasma. It has been

suggested that these particles may satisfy the anoma-

lous doppler resonance condition, allowing a cyclotron

instability to develop [34]. The anomalous doppler ef-

fect and the associated instability can be understood

as follows. On emission of a photon pk changes to

pk � ~kk through conservation of momentum and the

particle energy " = (m2c4+ p2kc
2+2nLeB~c)

1=2 (where

the spin e�ect is ignored and nL is the Landau levels)

changes to " � ~! by conservation of energy. Writing

" � ~! = [m2c4 + (pk � ~kk)
2c2 + 2nL

0eB~c]1=2 and

l = nL � nL
0, and then taking ~ ! 0 one derives the

doppler condition ! � kkvk � l
e= = 0. The normal

doppler e�ect corresponds to l > 0, and the anoma-

lous doppler e�ect corresponds to l < 0 [23, 35]. The

physics of the cyclotron instability, i.e. the anomalous

doppler e�ect, is that the parallel energy serves as free

energy such that a particle can radiate a photon while

transiting from a lower level nL to an excited level nL
0,

viz. l < 0. The parallel energy decreases more than the

perpendicular energy increases, allowing overall energy

conservation. In the case of pulsars, since B is large, one

needs only to consider the transition between nL = 0

and nL
0 = 1. Then the anomalous doppler condition

can be rewritten as ! � kkvk + 
e= = 0.

Because of the very strong magnetic �eld in pulsar

magnetospheres, the cyclotron instability can develop

only near or beyond the light cylinder. However, obser-

vation favors the suggestion that emission comes from

the region well inside the light cylinder [14].

III.3 Instability induced by curvature drift

Instabilities may occur for electrostatic-

electromagnetic waves described by (5) when an en-

ergetic beam traveling through the dense background

electron-positron pair plasma in a magnetic �eld with

curved �eld lines. When magnetic �eld lines have cur-

vature, electrons or positrons can drift across �eld lines

with the drift speed vd = v2k=(
eRc) where vk is the

parallel (to B) velocity, Rc is the radius of �eld line

curvature [36, 37, 38]. The cyclotron terms in (2a-e)

are modi�ed to ! � kkvk � k?vd � 
e=. One expects

that the `hydrodynamic' instability due to curvature

drift can occur, since the inclusion of curvature drift

modi�es the Cerenkov resonance condition. In the case

of uniformly magnetized plasma, the Cerenkov reso-

nance condition corresponds to parallel phase velocity

of waves equaling the parallel velocity of the particles

(when the particles move along the �eld lines). There-

fore the resonance condition is symmetric about the

�eld line direction, i.e. it corresponds to the surface

of the Cerenkov cone (about the magnetic �eld line)

de�ned by the wave vector. In the presence of cur-

vature drift the resonance condition requires that the

parallel phase velocity of the waves be either larger

or smaller than the parallel velocity of the particles,

and this implies that the resonance condition depends

explicitly on the signs of both the particle charge and

the viewing angle (the angle between the �eld line and

the wave vector). This feature can result in growth
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of the waves with dispersion relation (5), which have

signi�cant transverse component.

Other form of coherent curvature emission involving

�eld line curvature is called curvature maser emission,

which relies on an e�ective particle population inver-

sion, i.e. number of particles with higher energy is sig-

ni�cantly larger than those with lower energies [37,39].

This type of distribution can be the source of free en-

ergy to sustain the maser emission (negative absorp-

tion). The growth of waves can be described by absorp-

tion coe�cient which can be calculated using Einstein

coe�cient method [23].

III.4 Nonlinear interaction

Apart from linear plasma instabilities, plasma pro-

cesses involving nonlinear interaction can be important

in pulsar radio emission. There are two main reasons

why nonlinear instabilities should be considered as well:

(a) an instability, initially in the linear regime, may

grow to the nonlinear regime, and (b) electromagnetic

radiation can be produced through conversion of other

types of wave, e.g. electrostatic waves. For (a), when

the amplitude of waves as the result of instability ex-

ceeds a critical value, the variation of the zero-order

orbit of the particles becomes important and the en-

ergy transfer between the fast particles and the waves

can be oscillatory. Therefore, nonlinear e�ects must be

considered.

There are possibilities that strong, oscillating elec-

tric �elds are generated near polar caps, e.g. as the re-

sult of the polar gap oscillation [28], though no detailed

models have been developed yet. Alternatively, elec-

trostatic waves can be produced through beam stream-

ing, but its e�ectiveness of growth remains unclear (e.g.

Sec. III.1). If strong electrostatic waves exist near polar

caps, electromagnetic waves can be produced through

either nonlinear interaction or induced scattering. A

model based on coherent emission by particles accel-

erated in a large amplitude, oscillating electric �eld

was proposed by Melrose [29], and further discussed by

Rowe [30, 31]. In the model, electromagnetic radiation

is produced through induced scattering of electrostatic

waves (which can be assumed to be superluminal) by

relativistic particles.

Asseo et al. [32] proposed a model based on elec-

tromagnetic radiation by Langmuir solitons. In their

model, Langmuir turbulence is assumed to be present,

e.g. due to two-stream instability (cf. Sec. III.1), and

the perpendicular component of electric �eld of the soli-

ton can be excited as the result of irregularities in the

perpendicular direction. The parallel electric �eld acts

as a source of radiation. An advantage of the model

is that the mechanism can produce pulse microstruc-

ture (cf. Sec. IV). However, an e�ective mechanism

for generating Langmuir turbulence is required for the

model.

IV. Propagation of pulsar radio emission

If radio emission is produced well inside the

light cylinder as apparently favored by observation

(e.g. [14]), the intense radio waves must propagate

through the magnetospheric plasma, and the propaga-

tion e�ect on radio waves within the magnetosphere can

be signi�cant. One of the important aspects of propa-

gation e�ects is refraction of rays, i.e. propagation di-

rection changes because of inhomogeneity or anisotropy

of plasmas.

IV.1 Refraction of rays in an anisotropic plasma

The standard description of refraction rays is the

geometric optical approximation, in which the char-

acteristic length scale is much larger than the wave-

length c=!. In this approximation, the rays (propa-

gation of waves) are described by the Hamilton form:

dx=dt = @!=@k, dk=dt = �@!=@x, where k is the wave

vector, t is a parameterized distance along the ray path,

and !(k;x) is the dispersion in a locally homogeneous

plasma.

An example of bending of rays in the pulsar mag-

netospheric plasma was discussed by Melrose [11]. He

speci�cally considered the low-density limit, in which

there are two natural modes with the refraction indices

close to 1. Because of magnetic �elds, the two modes

propagate in a di�erent manner, and initially two iden-

tical rays of the two natural modes will split. Let n1, n2

be the refraction indices of extraordinary and ordinary

modes. In the strong magnetic �eld limit, assuming the

plasma is neutral and symmetric, we have n1 = 1. The
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index of ordinary mode can be derived from (3). One

then has

n2 � n1 �
!2psin

2�

2!2(1� �cos�)2
; (6)

where ! � !p= and we assume the cold plasma ap-

proximation. The angular separation of the two rays is

�� = @(n2 � n1)=@�, that is,

�� =
8!2p�

!2
1 + 32�2

(1 + 2�2)2
: (7)

In the low-density approximation, we have ��� 1 for

� � 1. The angular separation strongly depends on the

frequency.

IV.2 Nonlinear dispersion

Radio waves of di�erent frequencies travel through

plasmas with di�erent group velocities, and the di�er-

ence between the propagation time is an integration of

(1=�g1 � 1=�g2) along D, where �g1 and �g2 are the

group speeds in c, and the two radio frequencies are

!1 and !2. Let D� and D0 be the distances of the

source region and the observer to the star's center, re-

spectively. One may de�ne the dispersion measure

DM �

Z D0

D�

np dD

(!p=!1)2 � (!p=!2)2

 
1

�g1
�

1

�g2

!
: (8)

For an unmagnetized, nonrelativistic plasma with lin-

ear dispersion relation n2 = (1 � 2!2p=!
2), one has the

group velocity vg = c(1 � !2p=!
2). In this case, the

dispersion measure is (DM )l =
RD0

D�
nedD, where the

subscript l denotes the usual linear dispersion measure.

For ISM, cyclotron frequency is much less than the ra-

dio frequency and (8) is then applicable. In practice,

dispersion measure (8) is often used to estimate pulsar

distance provided that electron density of ISM is given

or vice versa [1].

Due to high brightness temperature of pulsar ra-

dio emission, nonlinear e�ects on wave propagation

may modify dispersion measure [43]. A nonlinear ef-

fect can be characterized by a dimensionless, Lorentz

invariant parameter �
Q

= eE=(mec!), where E is

the electric �eld of radio emission, ! is the radio fre-

quency. Assuming that the source size is R�, and the

luminosity (J s�1) of radio emission is L� � �0E
2cR2

�.

Then, one has �
Q
� (c=R�!)[(4�L�=mec

2)(re=c)]1=2 �

14:3(L�=10
21 J s�1)1=2(400 MHz=�)(104 m=R�) where

re = e2=4��0mec
2 � 2:8 � 10�15m is the classical

electron radius, the refraction index is n � 1, and

� = !=2�. As waves propagate away from the source

region, �
Q
decreases as �

Q
/ 1=D where D is the dis-

tance of the relevant region to the star's center (R� in

�
Q
is replaced by D).

Dispersion measure including nonlinear e�ect can be

derived by evaluation of �g1 and �g2 using the nonlin-

ear dispersion relation n2 = 1� 2!2p=(Q�!
2), where

� is the Lorentz factor of pair plasma and where


Q
= (1 + �2

Q
)1=2 (e.g. [40, 41, 42]). Since the nonlin-

ear dispersion relation depends on the intensity of radio

emission, any temporal uctuation in the intensity can

result in uctuation in dispersion measure, which may

be potentially observable.

For illustrative purposes, here we consider the ap-

proximation � > 
e=2�, which may not be a good

approximation in the region deep inside the magneto-

sphere. Using Eq. (8), one �nds the uctuation in

dispersion measure due to nonlinear dispersion, that is,

c

(DM )n �

�
b
2�

�
nbR0I = 2:25� 10�2

�
1 s

P

��
B0

1012 G

��
b
2�

�
I (cm�3 pc); (9)

d

where b is the Lorentz factor of the primary electrons

(or positrons), I � 1=(�
Q
x2s) � 4:4 � 10�8=�

Q
with

x� � RL=R0 � c=(R0
) � 4:78� 103, RL = c=
 is the

radius of the light cylinder, R0 is the star's radius, nb is

the G-J density as de�ned earlier. (Compared to the re-

sult derived by Wu & Chian [43], the right-hand side is

smaller by factor of 2
�
.) Assuming b = 107, 

�
= 10,

we obtain (DM )n � 10�4 (cm�3 pc), which is super-

posed to the usual linear dispersion measure (due to

ISM). The observational consequence of the uctuation
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due to nonlinear dispersion was discussed in details by

Wu & Chian [43].

IV.3 Modulational instabilities

Observation of individual pulses shows intensity

variations over very short time scale, typicallymicrosec-

onds [44]. This phenomena is called the pulse mi-

crostructure. Chian & Kennel �rst suggested that in-

tense radio waves propagating through magnetospheric

plasmas may undergo modulational instability, and this

may provide a mechanism for causing pulse microstruc-

ture [45]. In nonlinear plasma theory, it is well known

that amplitude modulation of waves of frequency !=2�

over time scale much less than 2�=! can be unstable

if the group dispersion P = 0:5@vg=@k = 0:5@2!=@k2

and the nonlinear frequency shift Q = �@!=@jAj2 sat-

isfy the condition PQ > 0, where vg is the group

velocity, A(x; t) is the envelope of modulated wave

amplitude, the wave vector potential is expressed as

A(x; t) exp[i(k �x�!t)]+ c:c (e.g. [46]). In general, the

envelope A is determined by the nonlinear Schr�odinger

equation. Thus, the slow modulation A can be re-

garded as quasiparticles in the sense that they are de-

scribed by the wave function, A, and the instability

can be interpreted as bunching of these quasiparticles

towards the potential well. When the condition is sat-

is�ed, the quasiparticles bunching enhances the poten-

tial well and attracts more quasiparticles, resulting in

a self-modulation instability [46].

Initial growth of modulational instability can be

treated as perturbation; a dispersion relation for modu-

lation can be derived in close analogy with linear anal-

ysis of wave instabilities except that the dispersion re-

lation depends on the large wave amplitude [45, 47, 48,

51, 52]. The growth of modulational instability requires

that the amplitude exceeds the threshold (i.e. the am-

plitude must be large enough to allow the instability to

occur). From the dispersion relation, the growth rate

of modulational instability can be calculated.

Nonlinear analysis of wave propagation in electron-

positron plasmas was discussed by Chian & Kennel [45],

Kates & Kaup [49], and recently by Gratton et al. [50].

There was similar, earlier work by Sakai & Kawata [13]

on nonlinear propagation of Alv�en waves in ultrarela-

tivistic electron-positron plasmas. In general, the full

solution of nonlinear Shr�odinger equation leads to soli-

tons or turbulence, and the nonlinear solution reduces

to the result of linear analysis in the weak modulation

limit. The problem of nonlinear propagation of elec-

tromagnetic waves was also studied by several other

authors, e.g. the case with magnetic �elds was consid-

ered by Steno, Shukla & Yu [55], Mo�z et al. [54], the

case with ion components was discussed by Rizzato [56],

Rizzato, Schneider & Dillenburg [57], and the case of

relativistic plasmas was studied by Mikhailovskii, On-

ishchenko & Tatarinov [58], Mo�z [53].

V. Eclipsing binary pulsars

Several eclipsing binary pulsars have been discov-

ered. Among these eclipsing binary pulsar systems,

both PSR B1957+20 and PSR B1744�24A are mil-

lisecond pulsars with short orbital period and a low-

mass companion [59, 19]. (Eclipsing binary pulsar PSR

J2051-082 was recently discovered to have similar pa-

rameters to PSR B1957+20 [79,80]) The observed prop-

erties of these two eclipsing pulsars can be summarized

as follows. (1) The eclipse radius is larger than the in-

ferred Roche lobe radius and is much larger than the

radius of the companion. (2) The eclipse radius is fre-

quency dependent, RE � ��� with � � 0:41 for PSR

B1957+20 and � � 0:63 for PSR B1744�24A. (3) The

propagation time of the pulsar signal at egress (exit of

eclipse) is longer than at ingress (entrance of eclipse).

(4) Eclipsing is approximately symmetric about orbital

phase 0.25 at which the pulsar is behind the companion.

(5) There are continuum eclipses at lower frequencies.

For PSR B1957+20, the average continuum ux density

at 318 MHz was observed to drop dramatically during

pulsed eclipse, while the 1.4 GHz continuum ux den-

sity was almost unchanged [60]. For PSR B1744�24A,

the similar continuum or partial eclipses were observed

for frequencies below 1.6 GHz. All these properties in-

dicate that the eclipsing is due to the plasma of the

companion winds rather than the material inside the
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Roche lobe.

V.1 Plasma conditions in eclipse region

Through accurate timing, one of the most remark-

able advantages of pulsar observations, and optical ob-

servation of the companion, we can estimate in details

some important physical parameters that characterize

the plasma conditions near or in the eclipse region. The

plasma density can be estimated from the observed de-

lays in propagation time of pulsar signal. The propaga-

tion time increases with increasing plasma density and

decreases with increasing frequency. Near the eclipse

region the plasma density increases with decreasing ra-

dial distance from the companion star, and this causes

excessive time delays for radio waves traveling through

the plasma. For PSR B1957+20, the observed delays in

propagation time give the electron column density near

the ingress of about 4� 1019 m�2 at 318 MHz [61]. If

the characteristic length of the eclipsing material along

the line of sight is � RE = 0:68R� = 4:7 � 108 m

at 318 MHz [59], the plasma density is estimated to

be 1011 m�3, corresponding a plasma frequency of

�p = !p=2� = 5:2 MHz.

The average parallel (to the line of sight) magnetic

�eld can be estimated by measuring the delay between

the right and left circularly polarized signals. For PSR

B1957+20, the inferred B is � 10�4 T [59]. The pres-

ence of much stronger �eld is possible further inside the

eclipse region (e.g. [62]).

The plasma temperature of eclipsing plasmas can

be as high as � 106 K [59, 60]. For a companion star

with a mass of a few per cent of a solar mass, as in PSR

B1957+20 and PSR B1744�24A, the minimumtemper-

ature is > 106 K, which may be estimated by equating

the gravitational potential at the surface to the electron

thermal energy. The optical observations also suggest

that the outowing plasma from the companion is sus-

tained and heated by the pulsar wind [63, 64].

V.2 Eclipse mechanisms

Although there are extensive observational data on

eclipsing pulsars, PSR B1957+20 [59, 61] and PSR

B1744�24A [66, 67], two fundamental issues remain

unsolved: what physical process causes the eclipse, and

how the pulsar wind interacts with the companion star.

Several mechanisms have been proposed to explain the

eclipses. These include (1) refractive/reection model

(e.g. [68]), (2) absorption models, e.g. free-free ab-

sorption [69.70,71] and cyclotron absorption [72], and

(3) induced scattering models, e.g. Raman scattering

[73,74,72,62] and Brillouin scattering [78], in which the

eclipse is attributed to nonlinear wave-wave interac-

tions in the plasma that lead to an e�ective scatter-

ing of the beam of pulsar radio emission. For both

the systems, the inferred plasma frequency is far below

the observed frequency and this in fact rules out re-

fraction/reection as the cause for eclipses. Moreover,

the refraction/reection model cannot predict a cor-

rect frequency dependence of eclipse duration. Among

the absorption models, the free-free absorption requires

rather a cool wind with temperature � 300 K, which

appears implausible in view of the strong irradiation

from the pulsar wind. The cyclotron absorption model

by Thompson et al. [72] requires a strong magnetic �eld

and a very hot wind with Te > 108 K. This type

of model predicts much stronger frequency dependence

than that inferred from the observations.

Among these proposed mechanisms, induced scat-

tering appear the most plausible for pulsar eclipses.

The arguments in favor of this include (1) pulsar radio

emission has a high brightness temperature, and (2) the

radio emission is highly beamed. Condition (1) favors

nonlinear interactions of radio waves with other low-

frequency waves in the plasma. Condition (2) implies

that the radio emission can be regarded as a photon

beam, and such a beam can produce an instability in

which the low-frequency waves grow due to the non-

linear interaction. The low-frequency waves can then

scatter the high-frequency photon beam, resulting in

di�usion of the photon beam in k-space, and thus pro-

ducing the eclipse.

VI. Three-wave interactions

In the random phase approximation, the radio beam

can be modeled as a collection of photons, whose distri-

bution in the wave vector space is con�ned to a small

solid angle and described by the occupation number
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N (k), whose integration over k gives the photon den-

sity. The nonlinear interaction is described by a set of

kinetic equations of N (k) [75, 76]. The evolution of

N (k) is assumed to be much slower than the reciprocal

of the lowest frequency of all relevant waves, and thus,

the weak turbulence theory is applicable [76].

The waves in a three-wave interaction satisfy the

beat conditions

!(k) = !0(k0) � !00(k00); k = k0 � k00; (10)

which correspond to energy and momentum conserva-

tions in the semiclassical formalism.

VI.1 Small angle scattering

In the small angle scattering approximation jkj �

jk0j � jk00j, ! � !0 � !00, the kinetic equations re-

duced to a pair of equations [35,77,62,78]

dNL

dt
= ��NL + SL; (11)

dN

dt
=

@

@ki

 
Dij

@N

@kj
+ GiN

2

!
; (12)

where the sum over the repeated subscript indices i,

j is implied and where N and NL represent the pho-

ton and low-frequency wave occupation numbers, re-

spectively. The �rst equation describes two e�ects on

the low-frequency waves: absorption (or instabilities)

with the absorption coe�cient �, and the production

of low-frequency waves through induced photon decay,

described by SL. Note that SL is the counterpart

of \spontaneous emission" in wave-particle interaction

but here it is, in fact, the induced processes, e.g. [35].

When � < 0, instabilities occur. All these quantities

are related to three wave probability w(k;k00), which

describes the probability of emission of low-frequency

wave with k00 by a high-frequency photon with k. The

calculation of � is analogous to that for the absorp-

tion coe�cient for waves due to resonant interaction

with particles. The high-frequency photons play the

role of the particles, with the particle distribution func-

tion f(p), replaced by the photon occupation number

N . Just as particle-wave interaction can lead to insta-

bility of the low-frequency waves under the appropriate

conditions, so the three-wave interactions can lead to

a photon-beam-induced instability, described here by

� < 0.

Scattering e�ects on the high-frequency photon

beam by low-frequency waves is described by di�usion

coe�cient Dij. The di�usion of the photon beam is

similar to di�usion of a particle beam due to wave-

particle interaction [77, 62]. The quantities �, Dij, S
L

and Gi can be derived using the method discussed by

Melrose [35, 74], Luo & Melrose [77, 62].

VI.2 Large angle scattering

For large angle scattering, one needs to consider the

full kinetic equations, which take the following form

dNL
�

dt
= _NL

IPD�
� �

�
NL
�
; (13)

dN

dt
=

Z
d
0W

�
N (k0)� N (k)

��
NL
+
+ NL

�

�
; (14)

where W = !2�u=4�2c3 and

�u = (2�)3~R00je�i e
0
je
00
l �ijlj

2=(!!0!00):

The ratio of the electric to the total energy in low-

frequency waves is represented by R00. The quadratic

response tensor is given by �ijl, and polarization is

given by ei for high-frequency waves, e0j for scattered

high-frequency waves with frequency !0, e00l for low-

frequency waves with frequency !00. Calculation of �u is

given in Luo & Melrose [62]. In (14), NL
� represents the

occupation number of low-frequency waves, where the

plus sign corresponds to the low-frequency waves emit-

ted by scattering high-frequency photons from k to k0

(! > !0), and the minus sign corresponds to the low-

frequency waves being absorbed (! < !0). Integration

is made over the solid angle of k0. The term _NL
IPD�

cor-

responds to production of low-frequency waves through

induced photon decay,

_NL
IPD�

=

Z
d
WD1D2N (k� k00)N (k); (15)

with D1 = je � e0j2, D2 = 1� k � k0=kk0.

VI.3 Application to pulsar eclipses

Small angle scattering is applicable for unmagne-

tized plasmas. The relevant low-frequency waves are
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plasma waves. For the parameters appropriate for

eclipsing binary pulsars, Landau damping constrains

on k00 and one has jk00j � jkj � jk0j. For small angle

scattering the estimated growth rate for low-frequency

waves is quite large [62]. The energy density in the

low-frequency waves can grow to the saturated level

provided that the damping rate is slow. The saturated

level can be controlled by the perpendicular di�usion

whose e�ects are to reduce the angular anisotropy of the

photon beam. The characteristic time for perpendicu-

lar di�usion is t? � Dii=k
2

? with k? � k�0. We assume

that the photon beam has an angular width �0. For the

maximum growth �
max

, one has t? � 1=�
max

. In the

application to PSR B1957+ 20 and PSR B1744� 24A,

small angle scattering model appears to predict more

strong frequency dependence of eclipse radius than that

inferred from observation.

For magnetized plasmas which may be the case in

eclipsing binary pulsars, large angle scattering involving

Bernstein waves may occur. For large angle scattering,

one may estimate the scattering e�ect by calculating

� = �(1=N )dN=dt. The scattering e�ect is important

if the optical depth � � �RE=c is larger than 1. Possi-

ble application of large angle scattering involving low-

frequency Bernstein waves was considered by Luo &

Melrose [62].

VII. Summary

Pulsar magnetospheres are natural laboratory for

studying plasma physics under unusual conditions, e.g.

very strong magnetic �eld and highly relativistic elec-

trons and positrons. Plasma processes in pulsar mag-

netospheres are not well understood, in particular the

processes relevant for production of pulsar radio emis-

sion. These problems continue to challenge both physi-

cists working in astrophysics and plasma physics.

Recent discovery of eclipsing binary pulsars provides

us with an opportunity to study nonlinear wave-wave

interaction in electron-ion plasma in the winds (or mag-

netospheres) of companion stars. High brightness tem-

perature of pulsar radio emission implies that nonlinear

wave-wave interaction can be important in nonrelativis-

tic electron-ion plasmas. Wave-wave interaction may

disrupt propagation of highly beamed radio emission

and result in pulsar eclipses.
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