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Introduction

Among the various plasma instabilities which could
be responsible for coherent pulsar radio emission,
we investigate the two-stream instability, first in-
troduced by Ruderman and Sutherland (1975) in
order to account for the physical situation expected
in the environment of neutron stars. They describe
how, in a polar cap model, pair creation arises and
leads to the formation of a very energetic beam of
e* (and/or e~) and of an e~e* plasma, both with
relativistic bulk motion along the bundle of dipo-
lar magnetic field lines. The study of their inter-
action is limited to the cone of open B lines, a
site which provides a natural geometry for the radio
emission zone, observed as core and/or conal emis-
sion by Lyne and Manchester (1988) and Rankin
(1983, 1986, 1990). We follow Cheng and Ryder-
man (1977, 1980), and consider as negligible the
contribution of the most energetic et beam to the
two-stream instability whereas the contribution of
the e~ and et of thé plasma is the most important
one. The relative motion acquired by the e~ and
et of the plasma, flowing along the curved B lines,
gives rise to a rapidly growing beam plasma insta-
bility, the slowest component being “the plasma”,
the fastest one “the beam”. We show that linear
increase of this instability is insufficient to account
for high pulsar radio luminosities but that strong
Langmuir turbulence in the magnetosphere would
ensure sufficient energy radiated in the radio range
and introduce characteristic structures which can
be related to the observed microstructures of indi-
vidual pulses.

Linear treatment

Specific pulsar dispersion relation and
beam plasma instability

we approximate particle motion by motion along a
circle, located in the plane of the field line itself,
with radius, R., the radius of curvature of the B
line at this point. We first estimate the importance
of the curvature and conclude that development of
the two-stream instability or nonlinear evolution of
strong turbulence are insensitive to curvature ef-
fects, the characteristic wavelengths of Langmuir
waves or the spatial extent of Langmuir solitons
generated by strong turbulence being much shorter
than R. (see Asseo et al. 1980, 1983, 1990). Thus,
locally, we use a cartesian description. The indices
I, L and t respectively refer to the direction along
the B line, along R, and along some axis perpen-
dicular to B and R.. We treat the interaction in the
observer’s frame and define ny,, vp and y, to charac-
terize the beam density, velocity and Lorentz factor,
ng(ns), ve(vs) and y¢(ys) to characterize the density,
velocity and Lorentz factor of the fastest (slowest)
component of the e“e* plasma. We derive the dis-
persion relation after linearization of the relativistic
fluid and Maxwell equations with respect to wave
perturbations f expli(wt — kyz — kpry — k¢z)] im-
posed on the initial equilibrium state. One primary
simplification follows from the extremely high value
of |B|. Another one arises from quasi-neutrality.
We define n* = n/43. Then, with physical pulsar
parameters nf/nf ~ 1072 and n} /nf = 4 x 1071,
The beam contribution is negligible while terms
proportional to the e~ and et gyrofrequency have
opposite signs and cancel. From this, a simplified
linearized system of equations for E\, E, and E,
is obtained. In the general case kj,k; # 0, the
three electric field components are coupled. If both
ki <« kj and k¢ < k||, and if terms beyond second
order, in k) or k,, are negligible, the dispersion re-
lation becomes

ey [wP/ek] = 1] = KL + K2 (1)

Here
In the extremely strong pulsar magnetic field 232 .
. . . ) 14 3kjAp wf
the particle motion can be considered as one e = l—w:2 - - —
dimensional. Locally, at some point on the B line, (w- k”v,) (w = kyr)
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and of , = n} ;4me?/m is the relativistic “plasma”
or “beam” frequency, vy = (2kT/m)'/? the ther-
mal velocity, A\p = vwn/ws the associated Debye
length. We assume that the velocity dispersion ex-
pected in the “plasma” is wel described by the in-
clusion of the classical thermal term in €. Eq.(1) is
very specific to the pulsar e”et plasma immersed
in a strong B. When ki(k,) = 0, E; and E,(E;)
are coupled while E;(E ) is completely decoupled.
Then two different modes of polarization for the
perturbed waves are possible.

1. a purely transverse mode with E;(E;) # 0
but E" = E_L(Eg) = 0;

2. a quasi-longitudinal mede with Ey, E, (E,) #
0 but E,(E,) = 0 with dispersion relation
eq.(1).

In what follows we focus on the properties'of mode
2 and derive the characteristics of the beam plasma
instability from eq.(1). We define

W o= wi(1+0),
Q = BkﬁA%/Z,

wf = wf,

2¢° = wi/wj,

Av (vs —v1) K c.

Unstable solutions with maximum growth rate,
Imw = *w;g4/3/2, have very narrow instability
windows when beams are relativistic,
Ak S
Ak 1 =

wi(g+9),
Aky m k2, ~ w!g/(cAv)/?.

Since Aky(Ak;) € Aky, quasi-parallel propagation
in the direction of B lines is effective for unstable
waves.

Electromagnetic energy radiated in
the linear stage, Pr

When the source of coherent radio emission is at-
tributed to the beam plasma instability, it is pos-
sible to relate the electromagnetic energy available
from the beam and the expected pulsar radio lu-
minosity. From Asséo et al. (1980, 1983), we know
that for the whole beam and plasma system, flowing
along the cone of open curved B lines in a strong
| B| and surrounded by external plasma, the growth
rate is unchanged as long as the extent of the emis-
sion region is sufficient for the beam and the plasma
to be treated as thick i.e. as infinite and homoge-
neous. Thus PY, the electromagnetic energy radi-
ated through the boundaries of the radio emission
zone, can be directly evaluated by averaging, over
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frequencies and wave vectors, the flux of the Poynt-
ing vector, x, through a surface S characteristic of
the emission zone.

P=(x)-S (2)
Since x depends on the Fourier transforms of the
fluctuating electromagnetic fields,

E_L ~ —k_LkuczE"/ (w2 hd czkﬁ) y
E, = ktEJ./kJ_ ’
B_L ~ —LdEg/Ck“ N
Bt ~ uJEu/Ck" )

it is clear that the most important contribution to
P! comes from the resonant domain where these
components can reach very high values. Then
Pi = P‘L =0, n; and 7, being odd functions of k;
or k;, while
L _ o 26 2
pj = (m)SL =3 x 10°°(6n/n,)" erg/sec  (3)
with S; estimated using Lyne and Manchester
(1988) data. The electromagnetic energy flows only
in the direction of the strong B but, if reasonable
density fluctuations (6n/n,)? = 1072 to 1073 arise,
the linear development of the beam plasma insta-
bility in the pulsar magnetosphere is insufficient to
reach the level of observed radio luminosity.

Nonlinear treatment

Derivation of the nonlinear system of
equations

The nonlinear stage of the beam plasma interac-
tion is treated in the plasma rest frame. Nonlin-
ear charge density perturbations 6nN' appear in
the plasma, on scales > Ap and on time scales >
27w, !, through the so-called ponderomotive force
F. One simple way to estimate F' is to analyze
“plasma” particle motion in the high frequency
Langmuir wave field, F = -w?V|E,}?/167u2.
Then “plasma” particles drift towards the gradi-
ent of lower energy density in the Langmuir waves.
Relativistic “beam” particles are almost unaffected
by the ponderomotive effect, F being decreased by
the factor 4}. Thus “plasma” particles drift out of
the intense wave field region and afterwards, pull
out the “beam” particles through a charge sepa-
ration electric field. This resuits in the creation
of a density cavity which can trap the Langmuir
energy and leads to self-modulation instability of
the wave packets over short scales. We estimate
6nNL jng = —e?|Ej|?/8mTw? leading to changes in

the plasma frequency and dielectric constant. w?
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becomes w;?(1—~6n/n,), and ¢ is changed into 6][;”‘.
From this, a nonlinear system of equations is ob-
tained for Ey and E,. Analysis of this system in
Asseo et al. (1990) shows that we can treat sepa-
rately the equations governing the evolution of ¢
and £, the || and L electric field envelopes vary-
ing slowly with time and space. While ¢ follows a
classical wave equation (see below), the evolution of
€|, in both cases of resonant and nonresonant inter-
action between the “beam” and the “plasma”, can
be derived from the same “model equation”. This
“model equation” is very similar to the modified
nonlinear Schrédinger equation (hereafter MNLS
equation) studied in Pelletier et al. (1988)

oy fioc+ a4 P v=grap. (@
To write eq.(4) we introduce dimensionless quan-
tities to = w; ! and £y = V/3\p, and define ¢ by
[¥|? = |e|?/32nn,T. The parameter characteristic
of |B|is r = w?/(w? — w?) (but ws # w). In the
strong pulsar B, r — —1.

Conditions for the development of
strong turbulence

The problem is to know whether ¢ will evolve
through the quasi-linear process or whether wave-
wave interactions will lead to the development of
strong turbulence. In fact the more rapid pro-
cess should dominate, but for relativistic beams,
the condition for quasi-linear processes is never
fulfilled. Comparing the dispersive and nonlinear
«terms in eq.(4) and assuming that the wave electro-
static energy, W, is much smaller than the thermal
energy in the background plasma, n,T, the con-
ditions for development of strong turbulence are
W/nT > )\%Akﬁ and W/n,T > A AK? /872 (Ao
is the resonant wavelength). Such conditions can
be fulfilled for pulsar physical parameters, Ak and
Ak, being very narrow. We thus expect that de-
velopment of stror.g turbulence in the pulsar mag-
netosphere, associated with ¢, will lead to self-
modulation instability, creation of localized wave
packets and generation of solitons.

Behavior of the soliton-like solution of
the MNLS equation

The MNLS eq.(4) admits one-dimensional, nonlin-
ear, Schrodinger (NLS) soliton-like solutions,

Ys(z,t) = asecha(z—ro) exp i(u(z)—zo)}-9). (5)

a is the soliton amplitude, a~! the soliton width,
z¢ localizes the center of the soliton, u = £¢ char-
acterizes the velocity of its center of mass, § is re-
lated to the frequency. The evolution of the four
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parameters of eq.(5), namely a,8,u and zy, is ob-
tained by means of the perturbation method of the
inverse scattering transform developed by Karpman
and Maslov (1977). We consider in Pelletier et al.
(1988) that these parameters evolve adiabatically
with time and L coordinate as a result of the com-
bined dissipative and perturbative effects, including
beam plasma instability on large scale A9, Landau
absorption on short scale Ap and L deformations.
The resulting set of four coupled equations is re-
duced, when u = 0, to two coupled equations for a
and 6. This system admits stationary solutions, a
and §. Linearization around @ and § and analysis
of the corresponding dispersion relation, shows that
the solitons are always stable in the case of a strong
B(r < 0). We propose to call such solutions “Lang-
muir microstructures”. Such structures should be
present in the whole region of open magnetic field
lines.

Characteristics of the Langmuir mi-
crostructures

Considering dissipative effects alone, we show in
Pelletier et al. (1988) that the soliton amplitude
increases until it reaches the value ap at time
to. ao results from competition between insta-
bility and Landau absorption. Estimates with
pulsar physical quantities yield ag ~ (5Ap)~?,
longitudinal soliton extent Lflpl) ~ 5Ap and as-
sociated temporal width, as seen from the ob-
server’s frame, ’rl‘l’b’ = 'nyilpl)/c ~ 10~ 7 sec. A lower
limit for soliton spatial extent in the L direction
LT?“ = 21r/k(J'_’rlgnx is associated with 79> > 7, 0 &
LPin/y, =~ a few 107 ®sec (v, is the emission re-
gion velocity L to the line of sight). From this we
predict the existence of a lattice of standing soli-
tons generated in the plasma, all with the same
fixed amplitude a9 and longitudinal extent, regu-
larly distributed in space and separated by a few
Ap. Recent numerical simulations by Larroche and
Pesme (1990) suggest the same. Once the ampli-
tude ag is reached, it keeps this value but the L
deformations it contains slowly damp and diffuse
while giving rise to radiation. We show in Asseo et
al. (1990) that the characteristic diffusion time for
inhomogeneities with size LT is the longest char-
acteristic time, so that they have sufficient lifetime
to persist in the e"et plasma and radiate. An esti-
mate for the number of Langmuir microstructures

in a region of extent L yields N = L/2 thl)

103.

~ a few
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Electromagnetic energy radia-
ted by Langmuir microstruc-
tures

In spite of the fact that Langmuir solitons are not
expected to radiate, being stable in the strong pul-
sar B, they can directly emit electromagnetic radi-
ation when suffering L deformations. We study the
evolution of E; from the original equation

(c7267 - 8%) Eu(z. ) =~V LEy(,1), (6)
similar to a classical wave equation with a source
term related to Ey which acts as a source for E;.
Using the Green’s function method,

E, =Ef+E7,
where
ET o (Ap7La/a)coswy(t F (z — 20)/c).

We then deduce the associated B; and 7). Since E;
and B; have a propagative character, they trans-
port energy through the plasma. We estimate P LN
the electromagnetic energy associated with the set
of N Langmuir microstructures generated in the
plasma of the emission region. Assuming that the
microstructures radiate independently and are not
modified by their own radiation. This seems reason-
able since the diffusion time associated with their
1 deformations is slow enough. Then
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Plff};, = NSL(wﬁb”"’") ~ 8 x 10?7 erg/sec, (7)

sufficient to account for the observed 10?® to 103°
erg/sec pulsar radio luminosities.

Comments

Consequently, nonlinear evolution of the beam
plasma interaction suggests an efficient mechanism
for conversion of the kinetic energy of the relativis-
tic beam into electromagnetic energy sufficient to
account for pulsar radio radiation. This process,
being directly linked to (V ;a/a)? through the com-
bination of induced perpendicular electric and mag-
netic fields, and in this way to the perpendicular
deformations of the microstructure itself, appears
as a direct consequence of the obliquity effect. This
radiation mechanism is locally narrowband but can
account for global broadband emission. The excited
modes are 100% linearly polarized L to B, but cou-
pling to the transverse mode 1 could induce circular
polarization. Also, depending on local conditions of
excitation in the magnetosphere, there is a possibil-
ity for orthogonal modes. The probable existence
of a lattice of radiating Langmuir microstructures,
with associated characteristic spatial and temporal
widths, can be related to the observed microstruc-
tures. In fact, 7P® = a few 10~ sec for the observed
microstructures arises naturally from the angular
structure characteristics of the radiated power.
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