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Abstract. Beam instabilities in the strongly magnetized electron—positron plasma
of a pulsar magnetosphere are considered. We analyse the resonance conditions and
estimate the growth rates of the Cherenkov and cyclotron instabilities of the ordi-
nary (0), extraordinary (X) and Alfvén modes in two limiting regimes: kinetic and
hydrodynamic. The importance of the different instabilities as a source of coher-
ent pulsar radiation generation is then estimated, taking into account the angular
dependence of the growth rates and the limitations on the length of the coherent
wave—particle interaction imposed by the curvature of the magnetic field lines. We
conclude that in the pulsar magnetosphere, Cherenkov-type instabilities occur in
the hydrodynamic regime, while cyclotron-type instabilities occur in the kinetic
regime. We argue that electromagnetic cyclotron-type instabilities on the X, O and
probably Alfvén waves are more likely to develop in the pulsar magnetosphere.

1. Introduction

At present, the most promising theories of pulsar radio emission generation are
based on the plasma emission model, in which the high-brightness radio emission
is generated by plasma instabilities developing in an outflowing one-dimensional
electron—positron plasma penetrated by a highly relativistic electron or positron
beam (Sturrock 1960; Goldreich and Julian 1969; Melrose 1995). To find the insta-
bility responsible for the generation of pulsar radio emission, it is essential to know
the dispersion relations of the normal modes of the medium and take into account
the evolution of the modes as they propagate outwards in the pulsar magnetosphere.

In this paper, we resort to similar distributions of the pair plasma with equal
densities, and neglect the curvature of the magnetic field lines. These approxima-
tions are justified if the radius of curvature of field lines in the particle’s rest frame,
RB/%%? is much less than the Larmor radius r;, = ¢/wp: RB/'y; < 1, (here v, is
the average streaming energy of plasma particles in the pulsar frame).

We consider wave excitation in a strongly magnetized pair plasma in the approx-
imation of straight magnetic field lines, thus omitting an important Cherenkov-drift
resonance (Lyutikov et al. 1999a.b) and other effects of inhomogeneity (Goldreich
and Keeley 1971; Beskin et al. 1983; Asseo et al. 1983; Asseo 1995). The electro-
magnetic Cherenkov-drift instability, which may be responsible for the generation
of cone-type emission in pulsars, occurs in the kinetic regime on the high-frequency
vacuum-like O and X waves. It has the same advantages as the electromagnetic
cyclotron instabilities considered in this paper.
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Owing to the limitations of space, we have had to omit numerous details of the
work, which can be found in Lyutikov (1998).

The main conclusions of our work are the following. For the chosen parame-
ters of the magnetospheric plasma, the Cherenkov-type electrostatic beam insta-
bilities develop in the hydrodynamic regime, while cyclotron-type electromagnetic
instabilities develop in the kinetic regime. Electrostatic beam instabilities in the
pulsar plasma are generally weaker than electromagnetic instabilities. In addition,
Cherenkov instabilities have the largest growth rate near the stellar surface, where
the Cherenkov resonance can occur only on the Alfvén mode. However, this mode
cannot escape to infinity, even though it has an electromagnetic component. An-
other factor that limits the development of Cherenkov-type instabilities is that
they grow within a much narrower angle than cyclotron instabilities. In a curved
magnetic, field this results in a shorter length of coherent wave—particle interaction.

The relative weakness of electrostatic instabilities as compared with electromag-
netic instabilities is an unusual characteristics of strongly relativistic beams. The
reason for this is that, for the particles in the primary beam, which contribute to
the development of the instability, the effective parallel mass megy = Yim =~ 10*' m.
This suppresses the development of the electrostatic instabilities. In contrast, the
effective transverse mass megr1 = ypm is less affected by the large parallel momen-
tum. The electromagnetic instabilities are less suppressed by the large streaming
momenta. Thus the relativistic velocities and one-dimensionality of the distribu-
tion function result in strong suppression of electrostatic instabilities as compared
with electromagnetic instabilities.

The calculations described here provided a basis for the model of pulsar radio
emission presented in Lyutikov et al. (1999a).

2. Plasma parameters

To a large extent, possible mechanisms for the generation of pulsar radio emission
are predicated on the choice of parameters of the plasma flow generated by a rotat-
ing neutron star. At present, we know only the general features of the distribution
function of the particles in a pulsar magnetosphere (Tademaru 1973; Arons 1981;
Daugherty and Harding 1983). It is believed to comprise (see Fig. 1)

(i) a highly relativistic primary beam with Lorentz factor 4, ~ 107 and density
equal to the Goldreich—Julian density ngJ;

ii) a secondary electron—positron plasma with a bulk streaming Lorentz factor
Y P p g
Yp &~ 10-1000, a similar scatter in energy T}, ~ 7, and a density n, much
larger than the beam density: n, ~ Angy = 10*-10°ng;

(iii) a tail with energy up to vy, = 10*-10°.
We shall normalize the density of the pair plasma to the Goldreich—Julian density:.
Ne = Angs =10-10°ng;, W) = Awj = 2XwpQ (2.1)

(the subscript a in (2.1) refers to the electrons and positrons of the bulk plasma).

Another relation between the parameters of the plasma and those of the beam
comes from the energy argument that the primary particles stop producing pairs
when the energy in the pair plasma becomes equal to the energy in the primary
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Figure 1. Distribution function for a one-dimensional electron—positron in a plasma of
pulsar magnetosphere.

beam:

2(V)+ny =v,ngy, at the pair formation front, (2.2)
where (y)+ and ny are the initial average energies and densities of pair plasma, -y,
is the energy of the beam in the pulsar frame (quantities measured in the pulsar
frame will be indicated with a prime /) and ng s is the density of the beam. Initial
densities, temperatures and velocities of the plasma components are equal.

The uncertainty in the physics of the pair-formation front forces us to allow for a
broad range of plasma parameters. Accordingly, the growth rates of the particular
instabilities can vary considerably, depending on the assumed parameters. Numer-
ical estimates will be given for a typical pulsar with period P = 0.5s (light-cylinder
radius Ry = 2.4 x 10 em), surface magnetic field B = 102G and primary-beam
Lorentz factor v, = 2x 107 (see e.g. Arons 1983). These assumptions and (2.2) reduce
the number of free parameters to two: plasma temperature and bulk streaming en-
ergy vp (or temperature and multiplicity factor A). Consequently, we shall consider
two separate cases of a cold and a relativistically hot plasma. For numerical esti-
mates, we shall use the following fiducial numbers: v, = 100, A = 107, T, < 1 for the
cold plasma, and ~y, = 100, A = 10*, T,, & 10 for the relativistically hot plasma (T},
is the invariant temperature of the plasma in units of mc?). The radial dependence
of the parameters is assumed to follow the dipole geometry of the magnetic field.

3. Response tensor for a one-dimensional plasma in straight magnetic
field

In the limits of applicability of our simplifying assumptions, the components of the

dielectric tensor are (Lyutikov et al. 1999a)

— 1 wf)(x de + _ .

€xz = 1 — 5 za: ? ~ (w — kzvz)Aafa = Eyy, (3]‘1)
=1 2 [dp:_fo Wpa [ dp. , (ki +K))v? 3.1b

SRERP IR Y fecariry:iad Dl vy -

1 w2 dp

€y = —5 Zaj ﬁ/ (@ = kv A fo = —6y, (3.1¢)
1l Wi [dp. L, ‘

€xz — E ; o2 / ~ 'Uz(kwA; + ZkyAa)fa =€, (3.1(1)
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1 wza dp, v, . _ " .
€= =3 > ﬁ/ - ?(kyA; — ikyCAL) fo = €5y (3.1¢)
Here
11 I B L
A;:Q—;+§, A :Efgfg’ (3.2a,b)
Q§ = w—kyv, Fwpy !, Q‘a’ =w— kv, (3.2¢,d)

fo is the one-dimensional distribution function of component «, v, is the velocity
along the local magnetic field, « is the Lorentz factor of a particle, k., k, and k,
are the corresponding components of the wave vector, and the magnetic field is
directed along the z axis; the asterisk * denotes the complex conjugate.

The normal modes satisfy the dispersion relation

Det|Aag| =0,  where Anp = kaks — k*c?8ap + weas(w, k) (3.3)

and €,3(w, k) is the dielectric tensor of the medium.

4. Waves in a pair plasma

In the pulsar magnetosphere, the waves that may be important for the generation
of the observed radio emission have frequencies much less than the gyrofrequency.
In what follows, we shall use the low-frequency approximation, in which all the
relevant frequencies are much less than the gyrofrequency. In the cold plasma in
its rest frame, this implies that w < wp.

Here we give explicitly only a few dispersion relations (see also Arons and Barnard
1986). A detailed analysis of the properties of the normal modes is given elsewhere
(Lyutikov 1998).

4.1. Waves in a cold plasma in ils rest frame

In a one-dimensional plasma, the dispersion equation (3.3) factorizes, giving three
wave branches: a transverse X mode with electric vector perpendicular to the (k,B)
plane, and two coupled longitudinal-transverse O and Alfvén branches with the
electric vector in the (k,B) plane (see Fig. 2). The X wave is a subluminal transverse
electromagnetic wave with a dispersion relation
2
Wk = k2 (1 — 20?’) = k"%, w<ws, (4.1)
“B
where v4 is the Alfvén velocity in a strongly magnetized plasma. The Alfvén branch
is always subluminal, while the O mode is superluminal at small wave vectors and
subluminal at large wave vectors. The crossover point, where the O mode becomes
luminal, is

wy = ki ¢ = 2w + wpsin® 4. (4.2)
The large- and small-wave-vector asymptotic solutions for the O and Alfvén
branches are

2
W= “B (4.3)

., 2w2 sin® 2 w2 sin® 6 ,
2wy cos™0 (1 — — (Alfvén wave)

. 2w? cos? 6 ;
k2c2 (1 _ P) + sz sinZ 0 (O wave),

2.2 2
k3¢ wx
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Figure 2. Dispersion curves for the waves in a cold electron—positron plasma in the plasma
frame in the limit w, < wp. There are three modes represented by dashed (O mode), solid (X
mode) and long-dashed (Alfvén mode) lines. The dotted line represents the vacuum dispersion
relation. For exactly parallel propagation, the dispersion curves for the O mode and the
Alfvén mode intersect. The insert in the upper left corner shows the region near the crossover
point wy.

if ke > wp, and

; . k%c? cos? 0 ;
2w§+k262 (1 C(Zm) sin?# (O wave),
w

P

w? = , L (4.4)

2wy K2 sin® 0
k*c? cos® 9(1— - _051)n> (Alfvén wave)
wph 2wy

if ke < wp.
The polarization vectors for these normal modes are

ex = (0,1,0), (4.5)

Qw;z, sin”® wa, cos? 0\ w;z,
cosf I_T ,0, 1+T siné |+ O 202 (ke > wp),
< ;§1n29 0 > <
0,1 3
wp
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Qw;zj cos? O\ sz sin” wﬁ
I+T sin 6,0, cos 0 1—T +0 72 (ke > wyp),

(1,0, “’tazng> +0 (kf) (ke < wp).
2w wy

(4.8)

epq —

4.2. Waves in a relativistically hot pair plasma

We have investigated the effects of the thermal motion of plasma particles on the
dispersion relation of normal modes for two generic distribution functions: water-
bag and relativistic Maxwellian (see also Silin 1960; Tsytovich and Kaplan 1972;
Godfrey and Shanahan 1974; Melrose 1982; Suvorov and Chugunov 1975; Volokitin
et al. 1985; Arons and Barnard 1986; Zank and Greaves 1995; Lyutikov 1998). The
thermal motion of plasma particles considerably affects the dispersion of the Alfvén
mode at frequencies w > wy, and the dispersion of the O mode at frequencies w ~ w,,.
Another important quantitative modification is in the dispersion relations of the X
mode and O mode at large frequencies w > w,. An important factor in the excitation
of these modes is the difference between the phase speed and the speed of light. This
difference is roughly proportional to (1/4%). It is considerably decreased owing to
the bulk streaming of the plasma. In a relativistically hot streaming plasma, there
are more particles with low Lorentz factors, which contribute to (1/4?), than in a
cold plasma streaming with the same average velocity. So, for a given streaming
velocity, a relativistically hot plasma has a larger (1/4%) and a larger growth rate.
The dispersion relation for the X mode in a hot plasma is

2
: 9 s w ’ .
w? = k2 (1 — LT, (1 + 37 cos® 9)), (4.9)
“B
where fp = (1 —1/T2)'/2.
It is possible to obtain an asymptotic expansion of the dispersion relations of the
Alfvén and O modes in the limits of very small and very large wave vectors. In the

limit kc > T;ﬂwp, we have

A k?B% cos 01— 2 wf, (Alfvén wave)
T A T3k 37 (—1+ (7 cos?6) ’

2w? sin®§
T, k% (=1 + (82 cos? )

, w?
A k2 (1 — P T,(1+82 cos® 9)) (1 -

2
wp

) (O wave),
(4.10)
while in the opposite limit kc < Tg/zwp

) s w2 . 2 k2 sin® 0
Ak cos?0(1— —5 Ty (1 + BF cos™0) | (Alfvén wave),
, wy 2T, w?
w” = )
Tp + k2 (B3 cos® 0 + sin® 0) (O wave).
P

(4.11)

The X mode is always superluminal and the Alfvén mode is always subluminal.

The O mode is superluminal for small small vectors kc < Tp'/pr, and may become
subluminal for very small angles of propagation 6 < Tpl/zwp/wB.
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The crossover point (where the phase speed of the O mode become equal to the
speed of light) is now

(R)2 _ 122 2 2 .2
wy ~ =kye ~2prp+w3 sin” 6.

The polarization vectors for the O and Alfvén modes are

2T, w? sin” 0 2T, w; cos® O\
COSH ] — T ,07— 1 + T sm9 (k'C > Wp),
c2 czk?
=4 (5 0.-1) (0 222 w=up).
Wy wp
D 3 2
1,0 —wié 0> ZTPwP w :w(h)
77 sind cos fwh wh o
(4.12)
)
(h) _ w* tan 6 .
eA - <17(), Wi) (kC < Wp). (413)

5. Hydrodynamic and kinetic instabilities

For the beam—plasma system the dielectric tensor e,g(w, k) may be represented as
the sum of the contributions from the plasma and the beam:

dme plasma dme beam

6(15(("‘)’1{) = 6(Xﬂ + Taaﬁ + ) Gaﬁ ) (51)
where azlgs'"a and ag“g"‘ are the conductivity tensors of the plasma and the beam.

Two separate cases may be distinguished here, depending on whether the com-
plex part of the beam contribution to the dispersion relations is zero or non-zero.
This corresponds to the two types of instabilities: hydrodynamic and kinetic. In
hydrodynamic instabilities, all the particles of the beam resonate with the normal
mode of the plasma. This requires that the growth rate of the instability be greater
than the intrinsic bandwidth of the growing waves:

k- 6v] < Im[A(K)], (5.2)

where k is the resonant wave vector and v is the scatter in the velocity of the beam
particles.
For a one-dimensional plasma, the condition of hydrodynamic approximation is

A A
ke =+ 2820 <, (5.3)
’ 0
where Ay is the spread in Lorentz factors, and s = 0, %1,.... In the kinetic regime,

this inequality is reversed.

For an instability to be important as a possible source of coherent emission gen-
eration, its growth rate, evaluated in the pulsar frame, should be much larger than
the pulsar rotation frequency Q:

> 1. (5.4
’YpQ )

Another, more stringent, requirement on the growth rate comes from its angular
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Figure 3. Resonances on the O mode in a cold plasma for g > 1.

dependence. The emitting plasma propagates in a curved magnetic field. If an in-
stability has a considerable growth inside a characteristic angle 66’ then the growth
length should be larger than 60 R., where R, is the curvature of the magnetic field.
In the plasma frame, this requirement is

ol
R.60°
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6. Cold pair plasma: resonances

In a cold plasma, the resonant interaction between the fast particles and the plasma
may be considered as the interaction of waves in the plasma with waves in the beam.
The interaction is strongest when the dispersion relations of the waves intersect.
Consequently, we are looking for the possible resonances between the waves in the
plasma and the waves in the beam (Fig. 3):

=y ks, (6.1)

W=y kcosh+ L. (6.2)
Vo

As we shall see in Section 8, the resonant interaction of the plasma waves with
the Cherenkov waves in the beam (6.1) is described by a cubic equation for the
frequency shift, which always has complex-conjugate solutions. This implies that
the Cherenkov resonant interaction of the waves in the beam and those in the
plasma is always unstable.

In contrast, the frequency shift due to the cyclotron interaction of the waves
in the beam and in the plasma (6.2) is described by a quadratic equation, which
has two real solutions for the plus sign in (6.2) and two complex solutions for the
minus sign. Thus only the minus sign in (6.2) will contribute to the instability
growth rate. The resonance (6.2) with the minus sign is called anomalous Doppler
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resonance. This corresponding instability may be considered as the interaction of
a negative-energy wave in the beam with a positive-energy wave in plasma. Owing
to the resonant coupling, the amplitudes of both waves grow exponentially.

Now let us consider the condition for the resonances (6.1) and (6.2) to occur.
From the low-frequency asymptotics of the Alfvén waves (4.4), we infer that the

possibility of Cherenkov excitation of the Alfvén waves depends on the parameter

.
<1 (<43

2 ) 3/2 <R )7

M:W:wm—-*( ! ) = NS (6.3)

“B >1 (T >43>
Rys '

If p < 1 then Alfvén waves can be excited by Cherenkov resonance. However,
if 4 > 1 then Alfvén waves cannot be excited by Cherenkov resonance; instead,
resonance can occur for an O mode subject to the requirement of sufficiently small
angles of propagation (Fig. 3).

At small radii (¢ < 1), it is the Alfvén wave that is excited by the Cherenkov
resonance, while for larger radii (¢ > 1) it is the O mode that can be excited by the
Cherenkov resonance.

For parallel propagation (and only in this case), the parts of the O and Alfvén
modes that have longitudinal polarization may be considered as forming a single
plasma wave with a dispersion w = 2'/%w,. In this particular case, the excitation
of either the O or the Alfvén part of the longitudinal plasma mode is very similar.
But as the waves propagate in curved magnetic field lines, the parts of the plasma
mode corresponding to the O or the Alfvén wave will evolve differently, resulting
in different observational characteristics of the emerging radiation.

We also note that the X wave cannot be excited by Cherenkov resonance. Al-
though, formally intersection of the Cherenkov wave in the beam (6.1) with the dis-
persion relation of the X mode is possible for all frequencies if ¢ = 1, the transverse
polarization of the X mode excludes resonant interaction with particles streaming
along the magnetic field.

Cyclotron resonance on the X modes occurs at wyes <€ wp, provided that

Rys

2
w
2UNSY (6.4)
Wp

Using the fiducial plasma parameters of the cold plasma, we find

w3 20 3
o1 Ny, = 1.3%x 10710 (T) , (6.5)
wh YpWB Rys

which implies that the X mode can be excited by cyclotron resonance only in the
outer parts of the magnetosphere for radii satisfying

* 2N\ 1/3
Tres wB’Vp 3 v o
> ~ 2 x10°. 6.6
Rys (AWZQQ) 6.8

The location of the cyclotron resonance on the X mode is quite sensitive to the
1 In the case of a cold plasma, this may be considered as a sufficient condition for the

Cherenkov excitation of Alfvén waves. In the case of a hot plasma, it is only a necessary
condition (see below).
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choice of the bulk streaming energy. Comparing the resonant frequency (see Table 9
below) with the plasma frequency, we find

3
Wres, X, cyc
Nad _ YB g, (6.7)

3
wp Yo Wy

which implies that the X mode is always excited with frequencies much larger than
the plasma frequency.

7. Hydrodynamic instabilities in a cold plasma

7.1. Dielectric tensor for a cold beam—plasma system

The dielectric tensor for a beam of density n, propagating with velocity v, along
a magnetic field B through a plasma of density n can be found from the general
expression (3.1) with zero drift velocity u, = 0 and distribution function f,(p,) =
np 6(pz) + Mpd(p. — Pb) (np is the density of the beam and p, is the momentum of
the beam particles):

2 w2 w2 ?
_ P b _
€rp = 1+ - — — — =€ 7.1a
o —wrtwh  pwie? Y (7.12)
. 2 ~
—lw; wp W
_ b _
€xy = 2 = —€yz, (7.1b)
b
kw?&uy siné
— b ¥ Y —
€rz — — ~ W2 2 = €zx, (710)
b 2
s .
ikwwp vy sinf
_ b _
€yz = 3 = —€y, (7.1d)
vy W@
B 2w} wi k* w? v} sin® 0
Czz = L7 0 T 32 252 0 (7.1e)
w Y@ Yy w? @

where
@w=w—kuvy, cos,
2
“B

2
Vo

= (w— kuvp cosh)? —

o\ —1/2
b 2

We shall always assume that the beam can be considered as a weak perturbation,
so that we can employ the expansion procedure described in Sec. 5.

7.2. Parallel and perpedicular propagation

In this subsection, we calculate the growth rates for the beam instabilities for the
two particular cases of waves propagating along and perpendicular to the magnetic
field. These will later serve as guidelines and estimates for the general case of oblique
propagation.

For propagation along the magnetic field, the dispersion relation (3.3) with di-
electric tensor (7.1) factorizes as

w
B s A Y (7.2)
wZ 3 ~2
Ty W
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. 2w? Wi
14+ L b — =0. (7.3)
w—wy  mpw? (twp/v + &)

Equation (7.2) describes hydrodynamic excitation of longitudinal plasma waves.
As discussed above, this may be a longitudinal part of the Alfvén or the O mode,
depending on the parameters of the plasma. Equation (7.3) describes cyclotron
excitation of the O and X modes. For parallel propagation, cyclotron excitation of
the Alfvén wave does not occur.

To find the growth rate of Cherenkov excitation of plasma waves, we expand (7.2)
in small frequency shifts w; = 2'/2w, + A = vyk cos  + A, and we find the imaginary
part of the frequency shift:

~ 31/2 w;‘,/g w§/3 ~ 31/2)1/6 (QWB)1/2

Im(A) 27/5 4, 22/3%%1)/2

(7.4)

This is the growth rate for Cherenkov excitation of plasma waves (cf. Godfrey and
Shanahan 1975; Egorenkov et al. 1983). We can estimate the importance of the
Cherenkov excitation of plasma waves by evaluating the growth rate (7.4) for the
set of fiducial parameters of a cold plasma and comparing it with the inverse of the

dynamical time:

Im(A A\1/6 1/2 —3/2

mA) 2<WB> :86< r > , (7.5)
W P\ Q Rys

From this, it follows that this instability may be important for r < 20. We shall see
in Sec. 8 that the second criterion (5.5) is not satisfied for the Cherenkov excitation
of Alfvén or O waves, so that the Cherenkov instability does not develop.

Similarly, we find the growth rate of the cyclotron excitation of transverse waves.
Expanding in small A, we find that the frequency shift near anomalous Doppler
resonance is purely imaginary:

i P wPw, iN/2Q

2y ke Pyp,y;/f

Im(A) = + (7.6)

For the parameters of a cold plasma, the time scale implied by the growth rate
(7.6) is much longer than the dynamical time everywhere inside the light cylinder:

m(d) M 1, (7.7)

~ )2
Yp2 Vﬁ%/

which implies that hydrodynamic regime of the cyclotron instability is unimpor-
tant.

For propagation perpendicular to the magnetic field, the system exhibits magne-
tized Weibel instability (Weibel 1959). Expanding the determinant (7.1) for § = ,]E’/T
near the upper-hybrid frequency w = (wp?+2 (.«.);,2))1/2 +A, keeping terms up to second
order in A, we find the frequency shift

A Bk = (R — 4w} )
27, wh

, (7.8)
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which shows an instability for k¢ < 2wy /7y, with a maximum growth rate
Wy, Wh

3/2 5
Y% wB

which is negligible for all reasonable pulsar plasma parameters.

Tm(A) pax =

(7.9)

8. Oblique wave excitation in a cold plasma in the hydrodynamic
regime

In this section, we develop a general theory of hydrodynamic weak beam instabil-

ities in a cold magnetized electron—positron plasma. We expand (7.1) in small wy,

keeping only the first terms. After some algebra, we obtain (Lyutikov 1998)

A B _

Kyt 54 =0, (8.1)

where K, is the plasma part of the determinant (7.1) and the coefficients A and B
may be found in Lyutikov (1998).

The term containing I/LJZ contributes to Cherenkov excitation, and the term
containing 1/@? contributes to cyclotron excitation.

To find the growth rates, we expand the plasma part of (8.1) near the plasma
modes ((4.1) and (4.4)) and the beam part near the resonances @ = 0 (for Cherenkov
excitation) or @ = 0 (for cyclotron instability). The expansion of the plasma part
of (8.1) near the plasma modes is performed according to the relation

w=w® A (8Kp>

2| (8.2)

w0

where w® are the solutions of K, = 0. The growth rates in a cold plasma are

summarized in Table 9. For details of calculations, we refer the reader to Lyutikov

(1998).

9. Relativistic pair plasma: resonances

From the low-frequency approximation to Alfvén-wave dispersion, we find that the
possibility of Cherenkov excitation of Alfvén waves in a relativistically hot plasma
depends on the parameter
_ 2% TZ} /QWP
h — wp
(cf. (6.3)). Numerically, up and p are equal for the chosen set of the fiducial numbers
for the cold and hot cases.

Another limitation on possible resonance comes from the requirement that the
waves in the plasma are not strongly damped at the location of the resonance. This
is an important constraint on the resonance of the Alfvén wave, which is strongly
damped at large wave vectors.

Using the dispersion relation for the Alfvén waves in the limit kc < wj,, we find
that the cyclotron resonance on the Alfvén wave occurs at kc < w, for angles of
propagation larger than

(9.1)

(,«JBTPI/2

ToWp

0* = (9.2)
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For smaller angles, the location of the cyclotron resonance on the Alfvén wave
depends on the parameter

_Yp
3/2 :
Tp/ wp

(9.3)

If n € 1 (very hot plasma) then the cyclotron resonance on the Alfvén wave occurs
in the region w > w”, where Alfvén waves are strongly damped. If, on the other
hand, n > 1 (warm plasma), the cyclotron resonance on the Alfvén wave occurs at
approximately w(()h), where Alfvén waves are not damped.

Since Alfvén waves cannot escape to infinity, they should be converted to elec-
tromagnetic modes before they are damped on the thermal particles. The Alfvén
waves with large angles, which are generated with the frequency w < w(()h), would
have more time for the nonlinear processes to convert them into escaping modes
than the Alfvén waves generated in a warm plasma with w ~ w(()h) and small an-
gles of propagation. Thus the cyclotron resonance on the Alfvén waves is likely to

produce waves propagating in a cone around the magnetic field.

10. Hydrodynamic wave excitation in relativistic pair plasma
10.1. Duelectric tensor for the beam-hot plasma system

To simplify the analysis, we shall use the low-frequency approximation w <€ wp
and the assumption of a very strong magnetic field prg/w% < 1 from the very
beginning. The components of the dielectric tensor are then given by

_ “p 252 2 wp & _
€re = 1+ wg T, (1 +n~ B3 cos™ 0) — i €yys (10.1a)
. 2 A
_ —iwjwp® _ ’
oy T TR g (10.1Db)
. 5 o , kwi @ By sin 0
€rr = g Tp,n”~ By cost sin 0 — W = €y (10.1¢)
ikwiwp By sinf
VT T EggE W (10.1d)
2n?w? k w? E*w} 32 sin® 6
€ =1 — - f +d T, n?sin® 0 — S lic — bﬁl? il_,n (10.1e)
T, (1 — n? 57 cos®0) T &? Yo w? &2

10.2. Parallel propagation

For parallel propagation, the growth rate for the Cherenkov excitation of plasma
waves is

_ 31/2 w;/g w§/3 _ 3]/2(Qw3)l/2)\1/6
27/6 4, TN/2 225 (yy T)!/?

Im(A) (10.2)

(cf. Egorenkov et al. 1983).
Using the relations between the parameters of the hot plasma ((2.2) with (y) =
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2T,7p), the condition of fast growth (5.4) for the growth rate (10.2) takes the form

1/2 —3/2
Im(A) ~ A\L/6 (WB> / - <T) 3/ 103
Wy f TP\ Q Rys

For fixed values of 7, and +y,, the growth rate for the Cherenkov excitation of
plasma waves in a hot plasma is smaller by a factor Tﬁ & compared with that for a
cold plasma.

The growth rate for the cyclotron excitation of transverse waves is

T/ AT,\ Q
A=i plﬁpw’=< p>. (10.4)
2"}/b wB b Yp

Comparison of this growth rate with the inverse of the dynamical time gives

Im(A) _ 1 (ATp)l/2 ~ 1 (7”)3/2 =104 ( r >3/2 <1 (10.5)
Qyp Y%\ W 7 \Bns Rns |

It follows from (10.5) and (7.7) if follows that cyclotron excitation of the trans-
verse waves in the hydrodynamic regime is not affected by the relativistic temper-
ature of the plasma particles, and is not important in the pulsar magnetosphere.

Similarly to the cold case, we omit the details of the calculations of the growth
rates (see Lyutikov 1998), and conclude this section with a table of hydrodynamic
growth rates in a relativistically hot pair plasma (Table 11).

11. Kinetic instabilities

As we have discussed in Sec. 5, a general beam instability may be treated analyt-
ically in the hydrodynamic and kinetic limiting cases. We have considered hydro-
dynamic beam instabilities in a pair plasma in Secs 8 and 10. Now we turn to the
kinetic regime of instabilities. The condition for the kinetic consideration to apply
is the opposite of the condition (5.2). It requires a substantial scatter in the ve-
locities of the resonant particles. In what follows, we assume that the distribution
of the beam particles is described by the relativistic, one-dimensional Maxwellian

distribution:
1 p#U“)
)=np————exp| — , 1.1
F0:) =m0 o p( - ()

where ny, is the density of the beam measured in the laboratory frame (the Lorentz-
invariant proper density is nyvs), U* = (7, By7s) is the four-velocity of the rest
frame of the beam, T} is the beam temperature in units of mc?, and K is a modified
Bessel function.

This distribution function may be simplified in the limit of a cold beam (in its
frame), T;, < 1, and large streaming velocity 7, > 1. We then find

_ 2
f(p2) = (2:;/26)(1)(—(]922}??7)) (11.2)

where p? = v2T,mc is the scatter in parallel moments.
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In the case of kinetic instability the growth rate is given by (see e.g. Melrose 1980)

ere e
r=-—- a(aaﬂ o) (11.3)
—wl(exe e
w? Ow (€acases) w=w(k)

where € ; and € ; are the Hermitian and anti-Hermitian parts of the dielectric
tensor, w(k) is the frequency of the excited normal modes of the medium, and e,
is its polarization vector. The anti-Hermitian parts of the dielectric tensor are due
to the resonant interaction of the particles from the beam at Cherenkov (6.1) and
cyclotron (6.2) resonances. Using the polarization vectors (4.12) and (4.13), we find
that for the quasitransverse waves (O mode w > w((,m, Alfvén mode w < w((,h) and
O mode w ~ w((,h)), 0 > wh/Tywy. while for the O mode at the crossover point and
0 < wi/Tpws.

2

P — (cold plasma),

—‘a—wz(e-e’-e) S (11.4)
(hot plasma).

With polarization vectors (4.6) and (4.8) we find from, that for the quasitrans-
verse parts of the waves,

2 2,2 d »
ex-€'ex = —i W.Ze P ok (p.)6 (w - wB) ; (11.5)
wm ) oy ol
4me? 0 .
eo-€'-e0 = e /dpzvzwé(d)) sin’ 0
mw op.
2m2e? 5 . wgB
L S dp, (kvy —wcosb)” f(ps)o |0 — —
w wpm Y
= e + ), (11.6)
2.2 4 D) ,.
eA-e”.eA:ﬂ-e %/dpzvz f(pZ)é(@)tanZH
mw w, dp.
+27T7€ dp. (w — kv, cos0)* f(p.)6 (dj — wB)
w wpm Y
=+ 4C, (11.7)

where we have split the anti-Hermitian part for the O and Alfvén modes into two
parts: €’ “" is due to Cherenkov resonance and ¢’ is due to cyclotron resonance.
The relation (11.7) is valid are valid for both cold and hot plasmas, except that

in the latter, the Cherenkov-resonance term is replaced by

2 4

Ch(h) _ _ e w of (p2) ¢ - 2
62 (R) = (eA -EII-eA)(h) = m % /dpz ’UszZ(S (LU) tanz 0. (118)

For Cherenkov excitation of the O mode in the limit y;, > 1 (when the resonance
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occurs at the crossover pomt we find
d 2w?
Uz f ( ) (9 < 217 ) ’

d7?e? wi _ /dpzvzaﬂpz)é(@) (9>2w2>_

mw wi cos? f sin? 0

(eo-€"-eo)cn =

11.1. Parallel propagation

We first consider the important, separate case of parallel propagation.
Using the polarization vectors e; = (0,0, 1) for longitudinal waves and e; = (1,0, 0)
for transverse waves, we find growth rates

2 2
W W
[, = pres oy, Tpres 11.10a
t 4w (f)les wA'y ) ( a)
3
w= %‘;Bw (11.10b)
P
2 92 3
TW; W 00 ny, TW
rl:m(V‘;(if) %73/%%7 (11.11a)
pkew y Np T/~ Avy?
w:wo:(ng)l/pr (11.11b)

(Kazbegi et al. 1991).

The kinetic growth rates (11.10a) and (11.11a) can be compared with the growth
rates in the hydrodynamic regime, (7.4) and (7.6). In the hydrodynamic regime,
both cyclotron and Cherenkov growth rates are proportional to negative powers of
the particle’s Lorentz factor. This is a significant factor for the primary beam and
for the particles from the tail of the plasma distribution. In contrast, the kinetic
growth rates (11.10a) and (11.11a) are not suppressed by relativistic streaming of
resonant particles. On the other hand, they scale linearly with a small ratio of the
beam density to plasma denqity While the hydrodynamic growth rates (7.4) and
(7.6) are proportional to the 1 and 5 powers of this ratio.

The kinetic growth rates f01 obhque propagation are summarized in Table 12.1.

12. Hydrodynamic versus kinetic instabilities

Having calculated the growth rates for the hydrodynamic and Kinetic regimes of
the Cherenkov and cyclotron instabilities, we can check whether the conditions for
the corresponding regimes are satisfied.

12.1. Cherenkov resonance

The condition for the hydrodynamic regime for Cherenkov excitation is given by
(5.3) (the condition for the kinetic regime is reversed). When the scatter in the veloc-
ity of the resonant particles is due to scatter in the parallel velocity (and not to the
scatter in the pitch angles) the condition (5.3) with the parallel growth rate (10.2)
gives the following requirement for hydrodynamic-type Cherenkov instability:

o

— > 1, 12.1
T[}/QA’W\]/S ( )
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which is well satisfied for the chosen plasma parameters. This implies that if the
primary beam does not acquire any significant transverse gyrational energy as it
propagates outwards in the pulsar magnetosphere then Cherenkov-type instabilities
occur in the hydrodynamic regime.

12.2. Cyclotron resonance

For cyclotron resonance, the left-hand side of (5.3) is dominated by the last term.
For cyclotron excitation of the X-mode, the condition (5.3) with the growth rate
(7.6), for the hydrodynamic-type instability to apply.,

) 73/29 N
Ay < (TyA)' /22— :10—7< ) : 12.2
(IpA) " Rne (12.2)
which is most probably not satisfied even in the outer regions of the pulsar magne-
tosphere.

The condition for the kinetic approximation to hold for the cyclotron excitation
of the X mode follows from the reverse of (5.3) and Table 12.1:

5 e T\ Q
Vs AMres p) @ (12.3)
Tp

WB
which is well satisfied inside the pulsar magnetosphere.

We conclude from these estimates that the cyclotron instability in the pulsar
magnetosphere occurs in the kinetic regime. This is different from the electrostatic
Cherenkov instabilities on the primary beam, which occur in the hydrodynamic
regime.

This difference is very important for theories of pulsar radio emission. Kinetic
instabilities, in contrast to hydrodynamic ones, are not suppressed by the large

A7><

relativistic factor of the resonant particles. Thus the kinetic instabilities are more
favourable as a possible source of the pulsar radio emission.

It is possible to illustrate graphically the difference between the hydrodynamic
regime of the Cherenkov instability and the kinetic regime of the cyclotron instabil-
ity. On the frequency—wave-vector diagram for the O mode (Fig. 3), the dispersion
curves of the cyclotron wave in the beam w = kvy cos 0 — wp /7, are almost parallel
to the dispersion curves of the excited waves in the plasma at the location of the
resonance. Thus a small change in the velocity of the resonant particles results in a
considerable change in the resonant frequency. This vindicates the kinetic approx-
imation, which requires a large bandwidth of the growing waves. In contrast, for
the very large streaming ~ factor of the primary beam (so that p, pp > 1), the
Cherenkov resonances on the O and X modes occur approximately at the crossover
frequency in a narrow frequency band.

13. Conclusions

In this paper, we have considered normal modes and wave excitation in the strongly
magnetized electron—positron plasma of a pulsar magnetosphere. We have found the
locations of resonances, and have calculated the growth rates for Cherenkov and
cyclotron excitation of O, X and Alfvén waves in two limiting regimes of hydrody-
namic and kinetic instabilities, taking into account the angular dependence of the
growth rates. The main results of this paper are as follows:
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(i) Cherenkov instabilities develop in the hydrodynamic regime while cyclotron
instabilities develop in the kinetic regime.

(it) Cherenkov instability on the primary beam may develop on Alfvén waves in
the regions close to the stellar surface and on the O mode in the outer regions
of the pulsar magnetosphere.

(iif) Cyclotron instability can develop on all three wave branches. On the Alfvén
branch, it does not develop in a very hot plasma.

(iv) The typical ranges of angles (in the plasma frame) with the highest growth
rates are

00 ~ wf, Jwh  for Cherenkov excitation of the O mode;
60 = 1/ for Cherenkov excitation of the Alfvén mode;
66 ~ wy,/wp for cyclotron excitation of the O and X modes;

600 ~ 1 for cyclotron excitation of the Alfvén mode;

(v) We also note that Cherenkov instability due to the relative drift of the plasma
particles can develop only on the Alfvén mode. This due to the fact that in
the inner magnetosphere, where the instability due to the relative drift of the
plasma particles can develop, the approximation wp = oo is possible. In this
approximation, the O mode is always superluminal, and cannot be excited by
Cherenkov resonance.

These arguments suggest that electromagnetic cyclotron instabilities are more
likely to develop in the pulsar magnetosphere than electrostatic ones.
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