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Abstract

On hand of 3D PIC simulations we show that in a strongly magnetized plasma a relativistic electron beam can be forced
to emit highly coherent radio emission by self-induced nonlinear density fluctuations. Such slowly moving nonlinear
structures oscillate with the local plasma frequency at which the relativistic electrons are scattered. Beam electrons
dissipate a significant amount of their kinetic energy by inverse Compton radiation at a frequency ofahauSince

the beam is sliced into pancake structures which experience the same electric field the inverse Compton scattering is
coherent. Such a process is a very promising candidate for the coherent radio emission of pulsars.

Neutron stars represent the most exotic state of mattezess which forces so many particles to radiate in a coherent
with the highest densities accessible for direct observationgay is not known. In this contribution we present particle in
in the universe. A subclass of neutron stars are sources @kll simulations of the plasma in the magnetosphere of a
pulsating radio emission—the so called pulsars. Pulsars ameutron star which show for the first time the bunching
fast rotating neutron stargadiusrys = 10 km, rotation mechanism which may be responsible for the coherent emis-
periodsP = 1072 — 10 9 with super strong surface mag- sion in the radio frequency range.

netic fields of B, = 108 T and an induced quadrupolar ~ Our model enables us to investigate the consequences of
electric field of 13?2 V/m which extracts particles out of the the non stationary particle extraction from the neutron star
neutron star surface. This gives a densify= 108 m—3 surface(Usov, 1987. Let us consider two subsequent dis-
(Bo/108T)(P/9)%, which exactly cancels the parallel elec- charges at the magnetic poles of the rotating neutron star: A
tric field components and forces the magnetosphere to cordirst generation of particles is extracted up to the dengjty
tate rigidly with the neutron star up to the so called lightwhich shields the electric field only for some unspecified
cylinderR_ = cP/27. The typical distances of pulsars from time interval. This first generation then moves along the
the Earth is a few thousand light years but their pulsed radiootating strong magnetic field toward the light cylinder and
emission is still so intense that the pulse structure can beose energy due to the coherent radiation mechanism. In
investigated down to some 10 nanosecditnkins, 1995  the meantime a second generation of particles is expelled
There seems to exist a radiation mechanism which allows &rom the neutron star, also moves toward the light cylinder
clear identification of a few meter sized emission region onand encounters the lower energy particles which leads to a
distances of 18 meters! Such super-intense radio emissiontwo-stream-instability that is well-known to be a very effi-
can only be produced by a coherent radiation process, inient source for strong density fluctuatio(®erk & Rob-
which about 16°7particles radiate like one super emitter erts, 1967; Morse & Nielson, 1969In what follows we
(Melrose, 2000 Thirty five years after its first detection the consider the low energy population as the background plasma
phenomenon of super-intense radio emission from pulsarand the high energy component as the béRfEB).

still waits for a convincing explanation, especially the pro- In a strongly magnetized plasma such density oscillations
are predominantly longitudinal Langmuir waves oscillating
with the plasma frequenaype = \/ne?/(g,m,) which grow
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lytically investigated only in its linear regime where the proximated by 10 quasi particles per cell, leading to 16
density fluctuations are supposed to be weaker than thmillion background quasi electrons that are accompanied by
undisturbed density. Its linear growth rate is given(Mel- a varying number of beam quasi electrons of not more than
rose & Gedalin, 1990 I'jn = wpe/vp(Ye), Whereye, de- 2.5 million, which eventually enter the computational box.
notes the Lorentz factor of the backgroyhéam electrons. Those numbers are doubled, since for quasi neutrality an
The interaction of the REB with the electrostatic fluctua- equally large number of positive particles are required.
tions of the Langmuir waves results in very strong coherent The initial condition is given by a homogeneous back-
electromagnetic wave&ato et al, 1983; Levronet al,, ground plasma of density,, temperaturd, and a longitu-
1987). In the rest frame of the beam electrons, they experidinal magnetic field, = 0.1 T. This too low value, which
ence the Doppler shifted electrostatic wave with= w,.  significantly simplifies numerics, is found to be sufficiently
moving towards them with the Lorentz factgr The non-  high to represent a much stronger field of 1000k >
linear interaction with the waves force the REB to wiggle wp,). Initially there is no beam in the computational box.
and to emit dipole radiation of the same frequency as thdhe beam is injected later at thhie= O plane of the box with
waves, that isyywpe. In the laboratory frame this Hertz' a density profile ofi(r) = n,/(1+ exp (r — R)/AR]). Here
dipole radiation is again Doppler boosted and stronglyr denotes the distance from tke center of the box ang =
beamed in forward direction due to the relativistic light- 20 m andAR = 3 m give the radius and the sharpness of the
house effect. Thus the observer measures the frequen®fectron beam. The homogeneous background plasma is
y?wpe. This interaction can be interpreted as coherent indisturbed in phase spa¢see Fig. 1in order to accelerate
verse Compton scatterif@ICS) of Langmuir wavegBen-  the excitation of Langmuir waves by giving the system a
ford & Weatherall, 1988 Coherence would occur due to the hint of the relevant length scales. We used the wave length
bunch structure of the beam which means a phase couplesf the fastest growing Langmuir mode, which follows from
electrostatic field and density modulation. an analytic calculation of the linear growth rdig,. The
Radio observations indicate that at about 100 pulsar radidisturbance is chosen not to induce any finite charge or
from the strongly magnetized neutron star the coherent pulsecurrent densities, thus leaving the background plasma ini-
radio emission is produceKunzl et al, 1998; Melrose tially homogeneous, neutral, and current free.
etal.,, 1999; Melrose, 2000; Kijak, 2001Due to the dipolar The boundary conditions during the simulation are quite
magnetic field structure the shielding density drops as  simple. In the transversal directiorgndy we chose peri-
(r/rys) 3 that is, at 100 pulsar radii its valueng = n, = odic boundaries and in the longitudinal directithe box is
10*2m~3 which is equal for the beam and the plasma, whichopen, which means that plasma particles and fields can leave
corresponds to a plasma frequency of-2@ s X. Fromthe the box unaffected. In addition at the lovegalane(z=0) an
condition that the emitted frequency must be larger than thelectron component is continuously injected with the den-
plasma frequencyKunzl, 1998 the beam electron Lorenz sity profile mentioned above, a megg of 2 and the tem-
factor was chosen to be= \/5(y = 2). The magnetic field  peratureT,,.
at 100 pulsar radii is still very strong namely about 1000 T The simulation runs for 600 time steps widh= 2.41 ns.
(Pacini, 1967. The total time simulated was 1.4#s, after which the grow-
Especially the strong guiding field is important for the ing nonlinear Langmur waves saturate and a quasi station-
efficiency of the CICS-process. It reduces the electron dyary situation had developed as itis shown in the next section.
namics to the spatial dimension along the magnetic field The beam particles entering the computational box inter-
lines which greatly improves the stability of the excited act with the faint traces of fluctuations we introduced in or
Langmuir waves and thus leads to strong and stable electro-
static wiggler fields(Pelletieret al., 1988. For the tem-
perature of both the beam- and background electrons we Dz
take the value derived from X-ray observatidiaviov & A
Petekhin, 199bof T, = T, = 100 eV as typical polar cap "
temperature of neutron stars. The PIC-code used for thi%ﬂ W
numerical simulation is fully three dimensional and it con-
serves mass and energuhl, 2000. In the simulation the
direction of electron beam propagatipp and of the mag-
netic fieldB is the positivez-direction, which is also called

the longitudinal direction. The simulated box has a numer- o -
ical extension of 80x 80 X 200 grid points and a physical = Hz

extension of 100 nx 100 mx 250 m, which corresponds to -
the size of the expected features. The resolutigixef 5y = !
6z=1.25 m is more than sufficient to resolve the eXpeCtedFig. 1. The initial configuration of electron phase space including the

minimum wavelengths of a}pproximgtely@!ad: 277'/k_Rad: beam. The initial disturbance of the background plasma is heavily exag-
2mc/y2wpe~ 6.7 M. A particle density of 8 m™2is ap-  gerated for reasons of better display.

https://doi.org/10.1017/50263034603211204 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034603211204

Kinetic simulation of the coherent radio emission from pulsars 111

initial setup and excite the appropriate modes to grow. In Time: 964 n (400)
Figure 2 the phase space of the electrorsdirection after 250
400 time steps is presented. In this plot the fully developec o b
Langmuir turbulence is visible. After 962 ns, the distur- 200/ -

bance in the beam and the background has grown so stron

that both components start to mix, that is, there is no dis-

tinction between beam and background electrons anymor¢ —-
Beam electrons are strongly decelerated even unil 0, i) :
whereas background electrons are accelerated uptoaLore ™ 100} G
factor of 5. The extremely strong accelerations are due to th :
strong electrostatic fields of the excited Langmuir waves. 50(-|
Since the Langmuir turbulence structure in Figure 2 moves

150] |€

with a much lower speetWhich is even continuously de- 0 B 0 S
creasing throughout the simulatiotihan the yet unaffected 100{, D" R 0 50 100
beam electrons, it acts as the wiggler field that stimulates thy [m] ®¥ g 50 100 Y [m]

CICS-emission. The electrostatic fluctuations directly cor- z[m]
res_pond to electron density fluctuatigsslid CL_Jrve inFig. 2, Fig. 3. 3D electron density contour surfa¢keft) and the profile of the
which reach a value of- +100% —50% oriented ah = electron densityright) after 400 time steps. In the right plot a cut through
Ne + Ny = 2-10'? m~3. The structure of the electron density the center(x = 50 m) of the electron beam has been made. The color
is better seen in Figure 3, where the contour surface=at represents the value of the electron density at a given point.
1.5-102m~2 and a cut through the electron beam is shown.
The electron density varies between 4 and 1 timeéd 403,
which implies the strong electrostatic fields. It can be clearlyshow this kind of pancake bunches! The number of particles
seen, that the beam decays in a series of “pancakes”. Sugh such a pancake corresponds to the maximum coherence
pancakes are absolutely necessary to explain the cohereg¢hjevable for CICS and it should be noted, that in our
nature of the pulsed radio emission of neutron stars. Sincgimulation the thickness of such a pancake is significantly
the emission from relativistic particles is confined to a for- |arger(= 1 m) than the Debye length which is usually used
ward cone with half angle-1/y and the emission is nearly in analytical model§Katoet al., 1983; Levroret al., 1987;
along the magnetic field. Thus, in Fourier space bunchingyeatherall 1998 A typical volume of one bunch is about
emission corresponds to the componlento the fields be- 10 m? giving a total number of particles per bunch of about
ing smaller than the componekytalong the field line by a 103 Our simulations prove, that a much higher coherence
factor /y. This corresponds to flat pancake shaped bunclis achievable than expected from analytical models.
with the normal within an angle/¥ of B (Melrose, 2000 The growth of Langmuir waves can be deduced by the
This is exactly what we observe in our simulations! We Fourier transform of the electrostatic fiel. In Figure 4
brlefly note that our simulations are the first ones WhIChthe energy density of the electrostatic modes is p|0tted
versus the corresponding wavenumlieand timet. The
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Fig. 2. Electron phase space mdirection after 400 time sted962 n3. . [ / ]
The quasi particles are plotted as dots according to their correspondingig. 4. The electrostatic mode energy density is plotted against wave num-
position inz (ordinatg and their momenturp, (left abscissa The curve berk and timet. The linear growth rate for the fastest growing mode is
presents the particle density of the electrémght abscissp given byl}, =2-1072 ns™ ™.
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k=0.25 m ! mode is growing by four orders of magnitudes  k=510wpefc
within some ten nanoseconds. It should be noted howeve! 1.0 ﬁ 1 iu =5.14wpe
that the fastest growing mod& = 0.25 m'?) is slightly 6 - £
off compared to the initially given wave numb& . = B o E L' mfﬁ
0.21 m%, whereky,« corresponds to the maximum of the —; 4 g% % 1 <087 1 I'I."'
imaginary partofsin 1=1/k2[[(dv/dp)/(v — (w/k))?] fdp), i — i @ !
which can be seen in Figure 4 as the small peak at earl' 3 2 ! o/ 01 %504 ".I'-.‘ul f.
times. This means, that for our simulation the analytical ) ?, ' "-:'-L,".".i
value for the fastest growing mode is not precisely correct § *
and it proves, that although the initial disturbance has giver -2 001 = 0.0l
6-4-202 46 /A 0.5 00 05

a hint to the system it has not forced it toward an unphysical
solution. We note that the wave energy density is distributec.
to higherk when it exceeds a value of about™¥0J m?, Fig. 6. Dispersion relatiorileft) and emission characteristigght) of the
driven by nonlinear wave—wave interactions. emitted radiation. For the left plot the anglg, the angle of maximum

We emphasize that the strong wave-particle interactiorintensity, has been used. The curve in the left plot gives a hint to one of the
which drives the bunching is self-consistently excited amnq}ropagating dispersion branches of electromagnetic radiation. We note that

or our parameters the dispersion branch is very close to the freely propa-

the propagation direction of the beam. The strongest emlsg_ating branch of Appleton-Hartree dispersion relation for oblique propa-

sion originates in regions with the largest density gradientgating electromagnetic waves in strongly magnetized plasmas. The right
(Fig. 5). Every deceleration and acceleration region forcesfiagram presents the intensity of the radiation for a givéma polar plot.
the beam electrons to emit Hertz’ dipole radiation, which isfis the angle between beam direction and direction of emission. The values
beamed in forward direction, as can be seen in Figure &' Poth diagrams are normalized to a value of one.
(right). 6y, represents the angle of maximum intensity, ex-
pected from theoretical considerati@ané,, = 1/2yg) with
ayB = 2. The striking resemblance with a relativistically Figure 7. It is the escaping Poynting flux at the top of the
beamed Hertz’ dipole is obvious, but the emission characeomputational boxz = 250 m) integrated over the top
teristic in our simulation also gives precisely the expectedsurface. After about 850 ns the emitted power rises within
opening angle of the emission cone, which is proposed for gome ten nanoseconds by more than 6 orders of magnitude
CICS-process. In Figure(@eft) the “spectrum” of the emit-  to a value of 1 GW. Afterward the total output power in-
ted radiation is shown, which has a strong peak at5wpe  creases more slowly by one more order of magnitude and
and a couple of minor peaks ab@ and 3v,edue to nonlin-  reaches a maximum of 10 GW continuous radiative power at
ear wave coupling and beating between electromagnetic anle end of the simulation. This is a significant fraction of the
electrostatic waves. Again we find rather precisely the theopower injected by kinetic energy of the beam particles, shown
retically expected value ob = y?wp. The total power in Figure 7 as+ symbols at a constant value of 50 GW. The
emitted by the simulated computational box is shown inrest of the energy leaves the box as kinetic energy of beam
electrons, which would probably be also emitted if the com-
putational box would have a greater sizezidirection.
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Fig. 5. Structure of the emitted Poynting flux as 3D contour surface of theFig. 7. The output power injected by kinetic energy of the beam particles
value 2.510% W/m? (left) and as a cut through the center of the beam atincreases more slowly, as shown by+asymbol, at a constant value of
x =50 m(right). 50 GW.
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